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       Abstract 

Intelligence in children increases with age until adult levels of performance are achieved. Dempster 

(1991) proposed that developmental changes in inhibitory processes underpin these changes in the 

development of intelligence. The evidence Dempster presented to support this thesis typically takes 

the form of noting changes in inhibitory performance that occur in the same time frame as changes 

in psychometric intelligence (Dempster, 1991, 1992, 1993; Dempster & Corkill, 1999). He also 

provides correlational evidence from studies in which intelligence scores are correlated with various 

inhibitory measures.  

 

One problem with much of the evidence presented by Dempster is that it does not distinguish 

between developmental and individual differences in inhibition and/or intelligence. Developmental 

differences are differences in performance between children at different ages. Individual differences 

are differences in performance between children of the same age. The majority of evidence 

Dempster provides concerns individual differences in inhibition and the relationship of these 

differences to intelligence rather than the relationship of any developmental differences to 

intelligence. Anderson (1987) suggests that the processes underpinning these two types of 

differences are not necessarily the same. For example, individual differences may be related to 

speed of processing, while developmental differences may be related to changes in inhibitory ability. 

Therefore, a more accurate test of Dempster’s thesis is to assess whether developmental changes in 

inhibition are related to developmental changes in intelligence, rather than whether individual 

differences in inhibition are related to intelligence. This was the primary goal of this thesis. 

 

A secondary goal was to address whether or not any developmental changes seen were primarily due 

to changes in inhibition or could be accounted for by changes in speed of processing. Measures 

which utilise difference score reaction time (RT) measures as inhibitory indices such as the stroop 

task do not typically account for this potential confound. A number of researchers have addressed 

this problem of difference score measures and proposed alternative analytic techniques (Christ, 

White, Mandernach, & Keys, 2001; Christ, White, Brunstrom, & Abrams, 2003; Faust, Balota, 

Spieler & Ferraro, 1999). Each inhibitory measure used in the current study will attempt to control 

for group and individual speed differences, either by utilising one of these alternative techniques or 

  i 



           Abstract 

using regression analysis to identify the contribution of speed to the developmental shift in 

intelligence. 

 

To assess the relationship of developmental changes in inhibition and the relationship of these 

changes to changes in intelligence seven inhibitory tasks and three psychometric intelligence tasks 

were completed by 360 children aged 7 to 11 and 100 young adults aged 17 to 21. The inhibitory 

measures were the Stop Signal task, the go-nogo task, 2 versions of the Simon task, the spatial 

Stroop task, inhibition of return, and the antisaccade task. The three intelligence measures were the 

Cattell Culture Fair, Ravens Progressive Matrices and the Wechsler Intelligence Scale for Children 

(WISC-III).  

 

Developmental trends in inhibitory measures were found for the Stop Signal task, the go-nogo task, 

the two Simon tasks and the antisaccade task. However, the developmental trends evident for the 

difference scores for the Simon tasks and one of the difference scores for the antisaccade task 

disappeared once the scores were transformed to account for group and individual differences in 

speed, indicating that these changes should not be considered developmental changes in inhibition. 

Performance on the different inhibitory indices was in general not correlated. 

 

Three measures showed a relationship with age and fluid intelligence: Stop Signal RT; go-nogo error 

rate and antisaccade error rate. The relative contribution of each of these inhibition measures to 

fluid intelligence (as measured by Ravens scores) was found to be relatively small with R-squared 

values of 1.8%, 5.2% and 13% respectively. For the go-nogo task the age-related contribution of 

speed was larger than the age-related contribution of inhibition. This is counter to Dempster’s 

thesis. For the Stop Signal RT and antisaccade error rate the age-related contribution was larger 

than the speed-related contribution. These findings provide minimal support for Dempster’s thesis. 

However, the major proportion of developmental variance in fluid intelligence scores between the 

ages of 7 and 11 remains unaccounted for. In conclusion, Dempster’s thesis that developmental 

changes in inhibition underpin the developmental changes in intelligence is not supported by the 

findings from the present study. 
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Chapter 1.  Introduction 

 Many models of cognitive development have explained improvements in intelligence 

over the course of childhood by increases in the capacity to store information (e.g. Case, 1985; 

Halford, 1982), and/or increases in speed of accessing or processing this information (e.g. Kail, 

1992, 1996, 2000; Nettlebeck, 1987; Nettlebeck & Vita, 1992) and/or changes in cognitive 

strategies (e.g. Anderson, 1988; Piaget, 1954; see Demetriou, 1998; Dempster 1992 for reviews). 

Dempster, among others, has criticised each of these positions (Dempster, 1981, 1985) and 

proposed as an alternative explanation that changes in the efficiency of inhibitory processes, a 

process he terms resistance to interference, may underpin developmental differences in 

intelligence (see also Anderson, 2001; Bjorklund & Harnishfeger, 1990; Dempster, 1991, 1992, 

Dempster & Corkill, 1999a; Harnishfeger, 1995; Harnishfeger & Bjorklund, 1993).  

 

 The logic behind Dempster’s proposal is as follows: The frontal cortex is slow to develop 

and continues developing until the early 20s; Intelligence develops through childhood and early 

adulthood, and is primarily a frontal phenomenon; Inhibition develops through childhood, and 

is primarily a frontal phenomenon. Therefore, it is possible that what is underpinning the 

developmental changes in intelligence are developmental changes in inhibition/resistance to 

interference.  

 

 This proposal begs a number of questions: How do the frontal lobes develop? Is 

intelligence really frontal? Is the development of intelligence frontal? What is inhibition and 

what can be classified as a measure of inhibition? Is inhibition frontal? Does inhibition develop 

and how? Is the development of inhibition frontal? Is there any evidence that inhibition and 

intelligence are related? This thesis will seek to address these questions, both generically in this 

introductory chapter, and specifically and empirically in the individual chapters, which will 

focus on different measures of inhibition.  

 

1.1     How do the Frontal Lobes Develop? 

 The frontal lobes are the anterior portion of cerebral cortex, located in front of the 

central sulcus. They comprise 25% to 33% of the human cortex (Stuss and Benson, 1986). There 

is a large body of evidence demonstrating that the frontal lobes continue to develop throughout 
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childhood and adolescence (see Diamond 2002 for a review of the development of the prefrontal 

cortex from birth to early adulthood). 

 

 The size of the frontal lobes increases dramatically from birth to age two, followed by 

less dramatic growth spurts between the ages of three to six and from seven to eleven (Diamond, 

2002). They then increase gradually in size until young adulthood (Luria, 1973). These changes 

are caused by an increase in size and complexity of nerve cells, increased myelination, increased 

cortical fissuration and a reduction in synaptic density (Reinis & Goldman, 1980). In other brain 

regions, myelination of sensory and motor areas is almost complete by the age of two. In the 

frontal lobes myelination is not complete until early teenage years (Reinis & Goldman, 1980). 

Clearly then, the first component of Dempster’s proposal is valid. The frontal lobes undergo 

considerable development during childhood and adolescence. 

 

1.2     Is Intelligence Frontal? 

The idea that intelligence is primarily a frontal function has most recently been proposed 

by John Duncan (1995; Duncan, Emslie, Williams, Johnson & Freer, 1996). This proposition 

was controversial as previous work had found no effect of frontal cortex damage on intelligence 

(Stuss, Benson, Kaplan, Weir, et al., 1983; Wechsler, 1958). Duncan’s explanation for this null 

finding was based on Horn and Cattell’s (1966) distinction between crystallized intelligence and 

fluid intelligence.  

 

Crystallized intelligence refers to the acquisition of knowledge via education and cultural 

experiences over the lifetime, and the application of that knowledge. Fluid intelligence refers to 

innate information-processing abilities demonstrated in the capacity to process and deal with 

novel tasks. It is thought to be relatively less culture bound than crystallized abilities. 

Crystallized and fluid intelligence are positively correlated. This is primarily because crystallized 

abilities depend in part on the investment of fluid abilities in learning experiences found in the 

culture (Gardner, Kornhaber & Wake, 1996). The distinction between the two types of 

intelligence is supported by different patterns of development and decline. Performance on tests 

for both types of intelligence improves through childhood and adolescence. However, fluid 

abilities peak at about the age of 18, while performance on tests tapping crystallized ability 
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continues to improve or plateaux through the adult years (Cattell, 1987).  Thus crystallized 

intelligence is higher on average for older adults than for younger adults, while fluid intelligence 

is higher on average for younger (20s, 30s, 40s) adults than for older adults.  

 

Duncan (1993) argued that intelligence tests such as the Wechsler Scales tap both fluid 

and crystallized abilities such that deficits in fluid processing may be obscured if crystallized 

abilities remain intact. If however, an intelligence test such as Cattell’s Culture Fair Test (Cattell, 

1973) or Raven’s Progressive Matrices (see Raven & Raven, 2003) that primarily taps fluid 

abilities is used, then the deficits in fluid abilities will be more apparent. This was found to be 

the case by Duncan and colleagues in a study where they administered both the Wechsler Adult 

Intelligence Scale (WAIS) and the Cattell Culture Fair test to patients with either frontal or 

posterior lesions. Patients with frontal lobe damage had Cattell scores (fluid intelligence) 

significantly below WAIS IQs (fluid and crystallized intelligence) with a difference of 22 to 38 IQ 

points (Duncan, Burgess & Emslie, 1995). This deficit was not evident in the control patients 

with posterior lesions. Duncan concluded from these results that fluid intelligence was frontally 

instantiated. 

 

Criticisms have been aimed at this study for two reasons, one the small participant 

numbers (3 frontal lesion patients and 5 posterior lesion patients) and two, the lack of lesion 

specificity. Duncan et al. (1996) reported group data with coarse groupings around the centre of 

the lesion mass. This practice may obscure the fine grained relationships between structure and 

function in the frontal lobes. Damage to specific areas may cause different impairment profiles 

not identifiable using these gross averaging techniques.   

 

Apparently more damaging to Duncan’s thesis were the findings of Crinella and Yu 

(2000). They reported on three frontal patients who had unimpaired performance on Raven’s 

Progressive Matrices when compared to WAIS IQ. These findings appear to contradict Duncan’s 

thesis of fluid intelligence being frontal. However, in support of Duncan’s thesis Crinella and Yu 

noted that they also had data on a number of patients who did have both frontal lobe lesions and 

intellectual deficits.  They also offered a number of possibilities to explain the findings for the 

three frontal patients with unimpaired fluid intelligence. They noted that the frontal injuries of 
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Duncan’s patients were more severe than the closed head injuries in their patients. Thus, it 

could be that more severe injuries led to more severe and more noticeable deficits. The lesser 

injuries of the patients in the Crinella and Yu study may have made any fluid intelligence 

decrease less identifiable. It may also be the case that the effects of smaller lesions may be 

compensated for in such a way that fluid intelligence appears intact.  

 

Further evidence of the relationship between fluid intelligence and the frontal lobes comes 

from a small number of imaging studies. A study using functional magnetic resonance imaging 

(fMRI: Prabhakaran, Smith, Desmond, Glover & Gabrieli, 1997) examined the areas of the brain 

activated when 7 participants (3 male) aged 23 to 30 years were completing the Raven’s 

Progressive Matrices. The researchers classified the Raven’s problems into three categories: 

‘figural’, ‘analytic’ and ‘match’. ‘Figural’ problems required predominantly visuo-spatial analysis 

with minimal analytic reasoning. ‘Analytic’ problems required abstract/analytic reasoning and 

couldn’t be solved by figural analysis alone. ‘Match’ problems were included as a perceptual-

motor control. They required matching identical figures without using figural or analytic 

reasoning. Comparisons were made between areas activated by the three categories of problems. 

The comparison of analytic and match scans was thought to identify all cortical areas beyond the 

perceptual-motor demands of task performance. The comparison of figural and match problems 

was thought to identify all cortical areas involved in figural reasoning, because no analytic 

reasoning was required. The comparison of the analytical and figural scans was thought to 

identify the cortical areas involved in analytic reasoning. The analytic/match comparison 

revealed bilateral activation in frontal, parietal, occipital and temporal cortical areas. The 

figural/match comparison was primarily lateralised to the right hemisphere with the greatest 

activation occurring in the right middle frontal gyrus. The analytic/figural comparison revealed 

bilateral activation in the middle and inferior frontal gyri and premotor cortex. The authors 

concluded that the Raven’s activated an extensive but specialised cortical network and that there 

was major frontal activation with fluid reasoning consistent with Duncan’s hypothesis (Duncan 

et al., 1995). However, while frontal involvement was important in performance on analytic 

reasoning tasks it should be noted that it was not exclusively frontal. 
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Similar findings using Positron Emission Tomography (PET) were reported by Esposito, 

Kirby, van Horn, Ellmore & Berman (1997) and Duncan, Seitz, Kolodny, Bor, et al. (2000). 

Esposito and colleagues tested 41 participants aged 18-80 on the Raven’s Progressive Matrices. 

They found increased activation in bilateral dorsolateral prefrontal cortex, anterior cingulate 

and some parietal, temporal and occipital areas during performance on the Raven’s problems 

compared to a baseline condition. 

 

Duncan and colleagues (2000) tested 13 right handed participants using PET. A spatial 

and a verbal task were used. In both tasks the participant was presented with an array of four 

items and had to identify the odd one out of the array. Each task had both a high fluid 

intelligence condition and a low fluid intelligence condition. Results demonstrated that the high 

fluid intelligence condition in the spatial task increased neural activation bilaterally in the 

dorsolateral prefrontal cortex, and the high fluid intelligence condition in the verbal task led to 

increased activation in the left lateral frontal cortex.  

 

Thompson, Cannon, Narr, van Erp, et al. (2001) examined structural differences in the 

brain and the relationship with Spearman’s g or general intelligence. They tested 40 normal 

participants aged between 44 and 61, consisting of 10 monozygotic and 10 dizygotic twin pairs. 

The intelligence measure used was an overall IQ score prorated from four sub-tests of the 

Wechsler Adult Intelligence Scale – Revised (WAIS-R; tests were vocabulary, similarities, block 

design and digit symbol). Structural MRI scans were conducted and it was found that 

differences in frontal gray matter volume were significantly linked with differences in 

intellectual function. Interestingly, in light of Duncan’s distinction between fluid and 

crystallized abilities the four subtests used in the study included two from the vocabulary 

subscale (vocabulary and similarities) which could be thought of as crystallised intelligence and 

two from the performance subscale (block design and digit symbol) which can be thought of as 

fluid intelligence. The paper did not distinguish between these scores when they reported the 

correlation with gray matter. It would be interesting to see if the correlation was the same across 

the two sub-groups of WAIS tests. 
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Gray, Chabris & Braver (2003) used fMRI to examine the neural mechanisms of fluid 

intelligence. The authors took an individual differences approach, correlating fluid intelligence 

with neural function across individuals to identify the neural systems involved. Forty-eight 

participants completed the Raven’s Advanced Progressive Matrices outside the scanner and 

some verbal and nonverbal working memory (WM) tasks while being scanned. For the WM 

tasks, participants viewed a series of stimuli and were asked to identify as quickly as possible 

whether each stimulus matched or did not match the stimulus seen three items previously (i.e. a 

three-back task). If a stimulus matched an item seen three items previously it was considered a 

target response. If it did not, it was considered a non-target response. On some trials the 

stimulus matched a recently seen, but non-target stimulus. For example, it may have matched a 

stimulus two-back or five-back. These non-target trials were called lures and were thought to 

provide a high level of interference and thus a higher demand for attentional control. The crucial 

behavioural measure was accuracy on these lure trials. They found that higher fluid intelligence 

correlated positively with accuracy on the lure trials and also with degree of activation in lateral 

prefrontal cortex, dorsal anterior cingulate and lateral cerebellum. They found that when 

controlling for activity in each of these regions the shared variance between fluid intelligence 

and accuracy decreased by up to 92%, that is, up to 92% of the relationship between fluid 

intelligence and accuracy on the WM task could have been mediated by a single brain region. On 

non lure and target trials the relationship between fluid intelligence and brain activity was far 

weaker. The authors concluded that the study provided the first direct support for the frontal 

basis of fluid intelligence. Not noted by the authors but relevant to the current context is that the 

study also provides support for the link between fluid intelligence and the ability to inhibit 

irrelevant information. Participants with higher fluid intelligence were better able to inhibit the 

irrelevant information from the interfering lure trials. 

Finally, Neubauer, Grabner, Freudenthaler, Beckmann & Guthke (2004) assessed the 

topography and extent of cortical activation by means of event-related desynchronisation (ERD) 

during reasoning tests and related it to psychometric intelligence. Participants were 27 right-

handed males aged from 18 to 40 years. The intelligence measure used was a German test the 

“Leistungs-Pruf-System”. It consists of six sub-scales giving scores for (1) General education (2) 

Reasoning (3) Word fluency (4) Mental rotation, spatial ability (5) Visual memory capacity and 

(6) Perceptual speed. These combine to give an overall IQ score. Significant correlations were 
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found between intelligence and cortical activation only at anterior (frontal) recording sites. The 

authors conclude that the frontal lobes play a central role in higher-order cognitive functions. 

In summary, despite the relatively small number of studies and the small number of 

participants tested it appears that there is growing evidence for Duncan’s proposal that fluid 

intelligence is mediated largely, if not exclusively, by complex frontal systems. Specific areas of 

involvement appear to be the dorsolateral prefrontal cortex and the anterior cingulate cortex. 

1.2.1  Is Developing Intelligence/Cognition Frontal? 

None of the above studies examined the relationship between fluid intelligence and 

frontal activation in children. Nor did any examine whether any relationship that exists changes 

over the course of development. Although maturation in frontal and prefrontal cortex is thought 

to be related to development of cognitive ability (Dempster, 1992; Diamond, 1988) there is as 

yet no direct evidence demonstrating a causal link between changes in frontal function and 

improvements in intelligence across childhood. Indirect evidence for improvement in cognitive 

ability that is related to frontal development is found in a number of recent studies examining 

improvement in inhibitory ability (see Casey, Trainor, Orendi, Schubert, et al., 1997; Luna, 

Thulborn, Munoz et al., 2001). These studies show a change over development in the location 

and extent of cortical circuitry recruited by inhibitory tasks. The general pattern is that as the 

frontal lobes develop these areas are increasingly recruited for performance on inhibition and 

WM tasks. It is not clear whether the same pattern of frontal change exists for improving 

performance on psychometric intelligence tests. Thus, it remains unclear whether the 

development of intelligence in children is mediated by changes in frontal development. 

 

1.3  What Is Inhibition? 

As with other constructs in cognitive psychology, such as executive function (EF) and 

working memory (WM), definitions of inhibition and tasks used to measure the concept vary 

quite markedly between researchers (for a review of earlier psychological approaches to 

inhibition see Bjorklund & Harnishfeger, 1995). However, in the last decade some attempts 

have been made to constrain the meaning of inhibition and create a taxonomy of inhibitory 

processes and tasks. Figure 1.0 presents a summary of four major approaches to defining 

inhibition: Dempster (1991, 1993), Harnishfeger (1995; Bjorklund & Harnishfeger, 1990; 
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1995), Barkley (1997) and Nigg (2000). At a basic level, each of the approaches defines 

inhibition as a cognitive process which controls attention for the task at hand by focusing on 

task-relevant information and stopping or inhibiting the processing of task-irrelevant 

information. Inhibition can take the form of suppressing previously activated content or 

process, clearing irrelevant content or process from the mental ‘work-space’, or by resisting 

interference from concurrent but irrelevant content or process (see Bjorklund & Harnishfeger, 

1995). Note that inhibition as a cognitive process is seen as distinct from neural inhibition (for 

a discussion of neural inhibition and links between neural and cognitive inhibition see Klein 

and Taylor, 1994). 

 

Dempster although titling his original articles on the inhibitory theme “Inhibitory 

processes: A neglected dimension of intelligence” (1991) and “The rise and fall of the inhibitory 

mechanism” (1992) subsequently referred to inhibitory processes as resistance to interference 

(1993). Dempster, like Luria (1973) views resistance to interference as a basic level cognitive 

process linked to the development of the frontal lobes. He views resistance to interference as a 

family of processes that vary on temporal (proactive, concurrent or retroactive interference) 

and formal (motor, perceptual or verbal) dimensions. Additionally he notes that interference 

can originate externally or internally. An example of externally generated interference is 

irrelevant stimuli present in the task or environment. An example of internally generated 

interference is information that has been automatically activated as a result of spreading 

activation through the cognitive system.  Figure 1.0 presents only the three formal aspects of 

resistance to interference according to Dempster. 

 

The principal difference between Dempster’s approach and those of Harnishfeger, Nigg and 

Barkley, is that Dempster sees resistance to interference rather than inhibition as the basic 

level process, while Harnishfeger, Nigg and Barkley see inhibition as the basic level process 

with interference control as one aspect of inhibition.1  Harnishfeger distinguishes inhibition 

from interference control. She says that while inhibition is an active suppression process as 

                                                 
1 Dempster is not consistent in his expression of the relationship between inhibition and interference. In 
some writings (1991; Dempster & Corkill, 1999a) he equates inhibitory processes and resistance to 
interference. In Dempster & Corkill (1999b) he both defines resistance to interference as a psychological 
primitive of which a type is inhibition (p222) yet a few pages earlier (p219) he seems to state the opposite 
view whereby inhibitory processes support resistance to interference. 
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seen in a task like negative priming Stroop2, interference refers to susceptibility to 

performance decrements under conditions of multiple distracting stimuli, such as in dual-task 

performance, selective attention tasks, or the standard Stroop task. That is, inhibition refers to 

a hierarchical relationship in which a higher process controls a lower process while 

interference refers to a competition between two equivalent level processes (see also van der 

Molen, 2000 for a discussion of these issues). Dempster and Corkill in a later work (1999b) 

argued that this distinction between inhibition and resistance to interference is superficial. 

They proposed that both have in common tasks that are interference sensitive, and that 

regardless of what it is named, the ability to inhibit potential sources of interference is an 

important factor in cognitive development. The issue is not an easy one to resolve as both 

authors use data from the same tasks to support their position.  

 

The approaches of Harnishfeger (1995; Bjorklund & Harnishfeger, 1990, 1995) and Nigg 

(2000) are relatively similar, both differentiate between cognitive and behavioural inhibition 

and interference control, and both make a distinction between automatic and effortful 

inhibition. Behavioural inhibition involves the intentional control of overt behaviour, such as 

resisting temptation, delay of gratification, motor inhibition, and impulse control. This can be 

measured with tasks such as the stop-signal task (see chapter 3), and the go nogo task (see 

chapter 4).  Cognitive inhibition involves the suppression of previously activated cognitive 

contents or processes and is measured with tasks such as directed ignoring, rating of intrusive 

thoughts and negative priming. Resistance to interference refers to the inhibition of task-

irrelevant information presented concurrently with the task relevant information. Tasks 

considered to measure this include the Stroop (see chapter 5), Simon (See chapter 5) and 

Flanker type tasks as well as selective attention and dual performance tasks.   

 

Nigg (2000) also includes a separate oculomotor category of effortful inhibition in 

which reflexive eye movements need to be inhibited as in the antisaccade task (see chapter 6). 

                                                 
2 In a standard Stroop task the ink colour of colour name words must be given. When the ink colour and 
colour name are different (e.g. the word ‘red’ is written in green ink) the naming latency is longer than 
when the colour and name are the same (e.g. the word ‘red’ written in red ink). In negative priming 
Stroop when the colour name word on one trial becomes the ink colour on the following trial (e.g. the 
word was ‘green’ on trial one [ignore] and the ink was green on trial 2 [name]) the naming latency is 
slower than when the colour name word on the first trial is unrelated to the ink colour on the second trial. 
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Figure 1.0. Summary representations of the construct of inhibition according to Dempster 
(1991), Harnishfeger (1995), Barkley (1997) and Nigg (2000). 
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Automatic inhibition refers to inhibition which occurs without effortful or conscious cognitive 

control. Examples of such automatic inhibition include inhibition of return (see chapter 5) and 

covert attentional orienting (see Harnishfeger, 1995 for further examples).  

 

 Barkley’s (1997) model was designed with specific reference to Attention Deficit 

Hyperactivity Disorder and focuses on behavioural inhibition. He describes three interrelated 

processes of behavioural inhibition; the inhibition of prepotent responses, the stopping of an 

ongoing response and interference control. He argues that inhibition is a core executive function 

and that a deficit in inhibition will lead to a deficit in any of four neuropsychological abilities he 

describes as partially dependent on inhibition. These four abilities are (1) the self-regulation of 

affect, motivation and/or arousal (2) working memory (3) internalization of speech and (4) 

reconstitution, by which he means the ability to create multiple, novel alternative response 

sequences. He does not posit that inhibition directly causes these four abilities but that it will 

govern the quality of their performance. Each of these in turn will then influence motor control, 

fluency and syntax. Barkley does not make a distinction between automatic and effortful 

cognition but he does see inhibition as primarily a prefrontal process. 

 

1.3.1 Is Inhibition Frontal? 

Nigg (2000) adds another dimension to the taxonomy which elaborates on Barkley’s 

and Dempster’s inhibition/frontal cortex relationship. Nigg proposes neural correlates for 

each of the inhibitory systems or types. These possible neural correlates are presented in Table 

1.0. The most relevant point to note from this table for current purposes is the putative 

involvement of the prefrontal cortex in the effortful inhibitory tasks and the non-frontal 

involvement in the automatic inhibitory tasks.  

 

 Evidence for the involvement of the prefrontal cortex in inhibition comes from four 

major sources; comparative research with animals, lesion studies in humans, human 

developmental research and imaging studies. Each of these areas has produced a huge volume of 

research and a selective review of this research follows. The interested reader will be directed to 

fuller existing reviews where possible (for example see Bjorklund & Harnishfeger, 1995 for a 

review of the first three areas; Heyder, Suchan & Daum, 2004 for a review of inhibition and 
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prefrontal cortex; see Jonides, Badre, Curtis, Thompson-Schill & Smith, 2002 for a selective 

review of imaging studies). The theme running through each of these lines of evidence is that if 

the frontal cortex is not functioning at full capacity, either because of injury or immaturity, then 

inhibitory ability is reduced. Thus inhibitory ability must be related to processing in the frontal 

lobes. For example, animals which have had the prefrontal cortex ablated have an inhibitory 

deficit seen in poorer performance on behavioural inhibition tasks such as the go-nogo task 

(Fuster, 1997). Human patients with frontal lobe lesions have deficits in interference tasks like 

the Wisconsin Card Sorting Task (WCST), the Stroop task, and Brown-Peterson recall tasks (see 

Dempster 1991 for a summary). Children, whose frontal lobes are not fully developed, also show 

poorer inhibitory ability on a whole range of tasks (see section 1.3.2 for studies examining the 

development of inhibitory ability in children). More recently, imaging studies have been able to 

identify regions of the cortex involved in performing inhibition tasks in normal human 

populations. Jonides et al. (2002) conducted a meta-analysis of imaging studies of interference 

resolution tasks such as the Stroop, the Flanker task, go-nogo tasks and various stimulus-

response compatibility tasks. They found across studies a consistency for the involvement of 

three frontal cortical regions in these tasks. These areas were the anterior cingulate cortex 

(ACC), the dorsolateral prefrontal cortex and a region of the supplementary motor area that may 

be continuous with the ACC (see also chapters 3, 4, and 5 for imaging research on particular 

tasks). Thus, the evidence for a frontal basis to inhibition appears strong. 

 

Table 1.0.   Inhibition Systems and Proposed Neural Correlate (adapted from Nigg, 2000) 

Inhibition system and type Possible neural correlate 

Effortful inhibition of motor or cognitive response  

1. Interference control  
Anterior cingulate -> dorsolateral 
prefrontal/premotor cortex -> basal ganglia 

2. Cognitive inhibition  
Anterior cingulate -> prefrontal -> association 
cortex 

3. Behavioural inhibition  Lateral and orbital prefrontal -> premotor 

4. Oculomotor  Frontal eye fields/orbitofrontal cortex 

Automatic inhibition of attention  

1. Recently inspected stimuli – Inhibition of Return 
Superior colliculus -> midbrain or oculomotor 
pathway, respectively posterior or association 
cortex 

2. Information at unattended locations  Posterior association cortex 
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To summarise: each of the approaches to defining inhibition has in common a broad 

concept of inhibition as the suppression of task-irrelevant information. Distinctions have been 

made between cognitive and behavioural inhibition and between automatic and effortful 

inhibition and the possible different neural substrates for both. Effortful inhibition appears to 

be mediated by the frontal cortex while automatic inhibition involves subcortical circuits.  In 

this thesis these same distinctions will be drawn between behavioural inhibition, cognitive 

inhibition and resistance to interference, and also between automatic and effortful inhibition.  

 

1.3.2 Does Inhibitory Ability Develop? 

The short answer to this question is yes. It should be noted there is a difficulty in 

describing developmental trends in inhibition overall because of the different conceptualisations 

of inhibition which has led to a broad range of experimental tasks. In an attempt to minimise 

this difficulty the following sections will describe changes in performance on a selective number 

of inhibitory tasks according to the categories described above; cognitive inhibition, behavioural 

inhibition, resistance to interference and automatic inhibition. For paradigms used in the 

present studies fuller reviews are presented in the relevant chapters. It is also difficult to give a 

full developmental picture because of the limited age ranges used in the studies. That is, it is 

difficult to say when a particular ability emerges as generally performance is not tested from 

infancy. For the same reason but at the other end of the age spectrum, it is not always clear at 

what age a particular inhibitory ability has reached adult levels.  

 

1.3.2.1  Effortful Inhibition 

1.3.2.1.1  Cognitive inhibition – directed forgetting, directed ignoring, WCST 

 In the directed forgetting paradigm participants are asked to read a number of words 

and instructed to forget some words and to remember others. After presentation of the lists 

recall of both the to-be-remembered and to-be-forgotten words is tested. The index of inhibition 

is the number of to-be-forgotten words that are recalled. The smaller the number recalled the 

better the inhibitory ability. This ability appears to continue improving over the course of 

childhood and into adulthood (see Harnishfeger, 1995 for a review; Harnishfeger & Pope, 1996; 

Wilson & Kipp, 1998).   
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 Directed ignoring studies involve participants reading aloud a short passage which 

contains distracting and irrelevant text, typically printed in a different font. Participants are 

required to ignore the different font and continue reading the passage. Different degrees of 

interference from the irrelevant text is found by having either meaningless text, for example, 

XXXX, words not related to the main body of the text, or words related to the body of the text. 

The latter condition is the most distracting for the majority of participants. Kipp, Pope & Digby 

(1998) conducted a directed ignoring study with fifth graders, seventh graders and young college 

students. They found that reading time improved with age and disruptions and intrusions into 

the reading decreased with age. The authors suggested that this demonstrates an improvement 

in the ability to inhibit the activation of task-irrelevant information during cognitive processing. 

 

 The Wisconsin Card Sorting Task (WCST) is one of the gold standard tests of prefrontal 

function. In this task cards can be sorted by colour, pattern, shape or number. The rule for 

sorting must be deduced by the participant on the basis of trial by trial feedback about whether 

the rule they are using is correct or not. The rules for sorting can be changed without warning 

and the participant must then deduce the new rule. People with frontal lobe damage are unable 

to inhibit responding to the previous rules and will continue to respond or perseverate to the 

previous rule.  Chelune & Baer (1986) tested 105 children from grades 1 to 6 with the WCST and 

found a reduction of perseverative errors with increasing age, that is, children were increasingly 

able to inhibit responding to the previous rule. The most marked improvement in this ability 

occurred between the ages of 6 and 7. By age 12 most children were responding at adult levels 

(for similar results see also Levin, Culhane, Hartmann, et al., 1991; Welsh, Pennington & 

Grossier, 1991;  Weyandt and Willis, 1994).  

 

1.3.2.1.2     Behavioural inhibition – go-nogo, Stop Signal 

In the go-nogo task stimuli are designated a priori as either “go” stimuli to which a 

response must be made, or a “nogo” stimuli to which a response must be withheld or inhibited. 

Children who are 3 or 4 years of age cannot withhold a response to the nogo stimuli, despite 

knowing the rules (Livesey & Morgan, 1991). Children cannot begin to perform this task 

correctly until approximately four and a half years of age and then continue to improve into 
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adolescence (Dowsett & Livesey, 2000; Levin et al., 1991; van der Meere & Stemerdink, 1999; 

see Chapter 4 for a fuller review). 

 

The Stop Signal task is typically presented as a speeded choice reaction time task. On a 

small number of trials a Stop Signal is presented at varying intervals after the presentation of 

the imperative stimulus and participants must try and stop the already prepared motor 

response. A handful of studies have used the Stop Signal paradigm with children (see chapter 3). 

The majority of papers report a developmental improvement in the ability to stop the prepotent 

go response (Carver, Livesey & Charles, 2001a; Carver, Livesey & Charles, 2001b; Ridderinkhof, 

Band & Logan, 1999; Stevens, Quittner, Zuckerman & Moore, 2002; van den Wildenberg & van 

der Molen, 2004; Williams, Ponesse, Schachar, Logan & Tannock, 1999). Given differences in 

methodologies and participant ages it is difficult to accurately identify onset of the ability and 

maturity of the ability but children as young as 6 are able to perform the task successfully 

(Williams et al., 1991) and it does not appear to have reached adult levels of performance by 12 

years of age. 

 

1.3.2.1.3 Interference control – A not B, Stroop, Simon and Flanker tasks 

 The A not B task has been used to study infant cognitive development since its 

introduction by Piaget (see Diamond, 2002 for a review; Wellman, Cross & Bartsch, 1987 for a 

meta-analysis). In the task an infant watches as a desired object is hidden in one of two hiding 

places (A or B). After a delay they are then required to find this object. The retrieval of the object 

acts as reinforcement for the reaching response to that location. When the object is hidden in 

the other location the infant must inhibit the now prepotent response to look in the previous 

location, and then look in the new location. Infants, between 7½ and 12 months of age, show 

improvement in the amount of time that they can hold the new location in their mind while 

inhibiting the response to the old location. At 7½ months they can hold this delay for 

approximately 2 seconds, by 12 months they can hold the delay for as long as 10 seconds 

(Diamond, 1985, 1988, 1990). 

 

 In the standard colour naming Stroop task participants must name the ink colour of a 

colour word. In the conflict condition the word colour is different to the ink colour (e.g. the word 
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red written in blue ink) thus interfering with the speed of naming. Comalli, Wapner & Werner 

(1962) tested over 200 participants ranging in age from 7 to 80 on the colour naming Stroop. 

They found that interference reduced from 7 years to adulthood and then increased again in old 

age (65-80).  

 

 There are a number of Stroop-like tests on which children show a large degree of 

improvement from the age of 3 onwards. A Stroop-like task designed for younger children is the 

day-night test (Diamond, 2002; Gerstadt, Hong & Diamond, 1994). In this task children are 

shown a picture of night to which they must respond “day” and a picture of day to which they 

must respond “night”. That is, they must inhibit stating what the picture represents and state it’s 

opposite. Improvements in accuracy on this task occur gradually from the ages of 3-4 to 7, by 

which age most children can do the task easily. A variant on the day-night Stroop is the sun-

moon Stroop developed by Archibald and Kerns (1999). It was modified to avoid the ceiling 

effects apparent on the day-night task by age 7. They tested 89 children aged 7 to 12 years and 

found improved ability to inhibit a prepotent response in the Stroop with increasing age. 

 

Diamond (2002) reports a developmental improvement on another Stroop variant she 

names the directional Stroop task. In this task one stimulus requires a participant to respond on 

the side the stimulus is presented, that is, if the stimulus is presented on the left a left response 

is required. A second stimulus requires a participant to always respond to the opposite direction, 

that is, if the stimulus is presented on the left a right response is required. This task is a hybrid 

of a spatial Stroop task (see chapter 5) in which the location is the relevant response dimension, 

as in this case, but where the stimulus contains spatial information that is irrelevant, unlike this 

case; and a Simon task (see chapter 5) in which the response is made according to information 

in the stimulus and the location is considered irrelevant. In the Simon task the irrelevant 

dimension of the location of the stimulus interferes with the information in the stimulus and 

must therefore be inhibited. Diamond employs the logic of the Simon task whereby participants 

are faster responding to stimuli on the ipsilateral side to the directional Stroop task. She and her 

colleagues found improvement in both speed and accuracy on the task over the ages 4 to 45. 
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In the Simon task mentioned above there are also significant improvements with age in 

the ability to inhibit information for the irrelevant dimension (see chapter 5). Children as young 

as 3 years of age have been shown to demonstrate a Simon effect. Maturity on the task appears 

to occur somewhere between 10-12 years of age (Jerger, Pearson and Spence, 1999). 

 

The Flanker task (Eriksen & Eriksen, 1974) requires participants to respond to a target 

stimulus while ignoring distracting stimuli presented adjacent to the target stimulus. These 

flanking stimuli can be neutral or interfering relative to the target. For example if the target is an 

O then Flankers of Xs will not be too distracting when trying to identify the O (XXXOXXX). 

Conversely, if the Flanker is morphologically similar to the target the information from the 

Flankers will be more difficult to inhibit and thus make the response to the target slower and 

less accurate in comparison (for example DDDODDD). A number of studies have showed a 

developmental improvement in this task over the ages 4 to 12 with adult level performance 

being reached by approximately 12 years of age (Enns & Akhtar, 1989; Enns, Brodeur & Trick, 

1998; Enns & Cameron, 1987; Ridderinkhof, van der Molen, Band & Bashore, 1997). 

 

1.3.2.1.4 Oculomotor inhibition – antisaccade task 

 In the antisaccade task there are two conditions, a prosaccade and an antisaccade. In 

the prosaccade condition a visual stimulus appears at fixation and then moves to the periphery 

and the participant must follow the stimulus with their eyes. In the antisaccade condition the 

participant must inhibit this reflexive movement towards the stimulus and move their eyes in 

the opposite direction. Performance on this task improves from ages 7 to approximately 25 

(Fischer, Biscaldi & Gezeck, 1997; Klein, 2001; Klein & Foerster, 2001; Munoz, Broughton, 

Goldring & Armstrong, 1998; see chapter 6 for a full review). 

 

1.3.2.2  Automatic Inhibition – Negative Priming 

 In a negative priming procedure, a to-be-attended and a to-be-ignored stimulus are 

presented at the same time in close proximity. For example, the subject may be told to respond 

to green stimuli and ignore red ones. Subsequently, the to-be-ignored item on Trial n-1 becomes 

the to-be-attended item on Trial n. For example, in a Stroop colour-naming task with negative 

priming, the participant might get the word "red" in blue ink (the correct response being "blue") 
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and then the word "green" in red ink (the correct response now being "red", which was the to-

be-ignored stimulus aspect on the previous trial). It is found that responding to a target item on 

Trial n is slower when that item was the to-be-ignored stimulus aspect on Trial n-1 than when it 

was not. This delay is known as the "negative priming effect" (see Tipper, MacQueen, & Brehaut, 

1988).  It is thought to occur due to attentional inhibition. The assumption is that inhibition is 

exerted during Trial n-1 in order to prevent incorrect responding to the to-be-ignored item and 

that it has not yet dissipated by Trial n. 

 

 Tipper, Bourque, Anderson, and Brehaut (1989) compared performance of adults and 

children in grade two on the standard Stroop and the negative priming Stroop. They did not find 

negative priming for the second graders and concluded that this inhibitory process was not 

active at this age. Harnishfeger, Nicholson and Digby (1993) compared children from first, third 

and fifth grade, again on a standard Stroop and a negative priming Stroop. In support of Tipper 

et al.’s findings the first graders did not demonstrate a negative priming Stroop. Interestingly, 

the third graders did show a negative priming effect but the fifth graders did not. Harnishfeger 

concluded from this that developmental change in inhibition is not necessarily a matter of linear 

improvements with age. Maturity on this task appears to occur around 10 -12 years of age. 

 

1.3.2.3  Developmental Trajectories 

As can be seen from this brief review inhibitory abilities appear to develop and mature at 

different rates. Dempster (1993) argued that the different forms of resistance to interference 

have different developmental trajectories and that the development is stage-like. He claimed the 

first ability to develop is motor inhibition, followed by perceptual inhibition, and finally 

linguistic inhibition. Additionally, it is important to note that developmental change in some of 

these tasks may not be a straightforward matter of quantitative improvement with age. For 

example, as described above, Harnishfeger (1995) reported that in a negative priming Stroop 

task third graders showed significant inhibition effects but fifth graders did not. 

 

 A number of papers have examined the different trajectories in inhibitory tasks over 

childhood. To illustrate the problems in establishing a definitive time table of inhibitory 

development two of these will be discussed in more detail.  Passler, Isaac and Hynd (1985) 
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looked at changes in children’s inhibitory ability over the ages 5 to 12 with a range of tasks. The 

tasks included verbal and nonverbal proactive and retroactive interference from word list 

learning and action series learning respectively; a Stroop like day-night task (as described 

above); and a tapping task in which they had to tap once each time the experimenter tapped 

twice and vice versa. Passler et al. found a developmental dissociation on the tasks with 

performance on the verbal conflict tasks reaching maximum around 6 years of age, performance 

on the nonverbal conflict and proactive inhibition reaching maximum by age 8, and full 

maturity on all tasks being reached between ages 10-12. Passler et al. did not find patterns 

among the dissociations as suggested by Dempster. Dempster argued that inhibitory tasks 

involving verbal ability would mature later than other inhibitory abilities and this was not the 

case in Passler et al.’s data. However, one problem with comparisons of this kind is that the 

different verbal and nonverbal tasks across studies may differ in complexity. The verbal tasks 

used by one may be more difficult than those used by another thus leading to different patterns 

of results.  

 

 Welsh (2002) attempted to summarise the ages of emergence of inhibitory abilities in 

particular domains and the age at which they reached maturity. She separated inhibitory tasks 

into three categories; self-control tasks, motor inhibition and flexibility. Self-control paradigms 

are also referred to as delay of gratification tasks. Typically a child is presented with an 

attractive stimulus (e.g. chocolate) and told that they must wait before being allowed to eat the 

chocolate. The amount of time the child can wait is considered a measure of the degree to which 

they can inhibit the need for gratification (see Olson, 1989; Olson, Bates & Bayles, 1990). 

Performance on these tasks appears to reach maturity by the age of 4 (Logue & Chararro, 1992).  

Welsh stated that inhibition of simple motor actions may be mature by the age of 7 while 

inhibition of external distractors such as in the Stroop task may not reach maturity until 

adolescence. The Stroop task is also an example of a task which requires switching (see 

Pennington, 1998) and these tasks as well as tasks with a large WM component in addition to 

the inhibitory demands may also not be completed to adult levels until late adolescence. Thus, 

the age at which inhibition is successfully achieved depends to a large degree on the processing 

requirements and response demands of a particular task (Welsh, 2002). 
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 In summary, findings about the specific developmental trajectories of the various 

inhibitory abilities are inconclusive. Inconsistent findings occur due to different methodologies, 

different levels of task difficulty and complexity within and between inhibitory domains, and 

different definition and categorisation of tasks and inhibitory domains. 

 

1.4 The Relationship between Inhibition and Intelligence 

 To summarise findings so far: There is evidence that inhibitory processes and fluid 

intelligence share an anatomical substrate (at least in adults) and that both inhibition and 

intelligence develop through childhood. However, a shared anatomical substrate is not strong 

evidence by itself for the thesis of inhibitory processes underpinning the development of 

intelligence, particularly given that we are talking about approximately a third of the area of the 

cortex. In addition we need evidence that there is a relationship between measures of 

intelligence, specifically fluid intelligence, and the development of resistance to 

interference/inhibition.  

 

 Dempster (1991, 1992, 1993) and Harnishfeger and Bjorklund (1993, 1994) discuss 

inhibition in relation to both individual and developmental differences in intelligence. Figure 

1.1 clarifies what is meant by these two types of differences.  

 

 

                                

Figure 1.1. Representation of individual and developmental differences in intelligence for 
children 
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 Individual differences in intelligence refer to the differences between children at the 

same age. For example, two 7-year-old children may have quite different levels of intelligence; 

one may be relatively intelligent while the other may be substantially less intelligent. As these 

two children develop both their levels of intelligence will increase yet the relative distance 

between their intelligence scores will stay approximately the same. This change in intelligence 

with increasing age is a developmental change and refers to the difference in intelligence 

between the 7-year-old child and the same child at another age, say 10 years of age. In practice 

longitudinal studies which would capture the changes between the same child at different ages 

are difficult and expensive to conduct. Therefore, most developmental studies examine 

developmental differences with a cross-sectional design, for example comparing 7-year-olds 

with 10-year-olds to identify the developmental changes that have occurred. Anderson (1987; 

Davis & Anderson, 2001) provides evidence that there are both developmental and individual 

changes in fluid intelligence.  However, it is not clear whether the same process underpins 

both types of difference. For example, inhibitory ability at any point in time may underpin 

individual differences in intelligence; it may also underpin developmental changes in 

intelligence. Alternatively, two different processes may be involved. For example, speed 

differences may underpin individual differences in intelligence, while changes in inhibitory 

ability may underpin developmental differences in intelligence. A final possibility is that two or 

more processes may be involved in both kinds of difference. For example, both speed and 

inhibitory ability may underpin both individual and developmental differences in intelligence. 

Given the possibility that different processes may underpin the two types of change it is 

important that both the age-related (developmental) and non-age-related (individual) 

differences are considered when examining any relationship between a process such as 

inhibition and fluid intelligence.  Confusingly, empirical evidence for one type of difference is 

often presented as evidence for the other. 

 

1.4.1 Raw Versus Age-Adjusted Intelligence Scores 

 A second concern in identifying developmental changes in the relationship between 

inhibition and intelligence is the use of age-adjusted intelligence scores. A number of studies 

examining the relationship between inhibition and intelligence across different age-groups 

present intelligence scores as an intelligence quotient or IQ. This is a measure calculated from a 
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child’s raw score on a psychometric intelligence test which is then age-adjusted. IQ norms are 

calculated separately for each age group. This is problematic for the current question because 

the use of age norms has already removed the majority of chronological age and related 

developmental differences (see Fry & Hale, 2000 for further discussion of this issue). So 

although these studies are examining differences in the inhibition/intelligence relationship at 

different ages they cannot be said to be examining developmental changes in the relationship.  

To do this the relationship between the raw scores of the intelligence tests and the inhibition 

measures need to be compared across different age groups. 

 

 The following reviews of the relationship between inhibition and intelligence have been 

carried out separately for individual and developmental differences. As discussed above 

evidence for the latter requires changes in the relationship between inhibition and raw 

intelligence scores over different ages.  Thus, a number of studies in the following reviews which 

may appear to examine the developmental relationship between inhibition and intelligence do 

not due to the use of age-adjusted intelligence measures.  

  

1.4.2 The Relationship Between Inhibition And Intelligence  -  

Individual Differences 

 Earlier work examining the relationship between inhibition and intelligence focused on 

group differences between higher and lower IQ groups. For example, Denny (1964) proposed a 

deficiency in inhibition in what he called retardates. A large body of work followed examining 

differences in inhibitory capacities between normal and intellectually retarded individuals (for a 

review see Heal & Johnson, 1970). Results of these studies were mixed largely owing to the very 

different measures of intelligence and inhibition employed. No relationship was found between 

inhibition and IQ when comparing retarded and normal IQ groups with paired associate 

learning (Johnson & Blake, 1960; McManis, 1967), proactive or retroactive inhibition (Johnson 

& Sowles, 1970) or serial learning (Baumeister, Hawkins & Hollands, 1967; Fagan 1966; Pryer, 

1960). However, varying degrees of relationship between inhibition and IQ were found for 

Stroop interference (Jensen, 1965 in Dempster, 1991), serial learning (Fagan 1968), proactive 

interference measured with nonsense trigrams (Borkowski, 1965), motor inhibition in a walk-

slowly and draw-slowly test (Chalsa, Loo & Wenar, 1971), and a matching task (Constantini & 
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Hoving, 1973). It is difficult to make any conclusions from these findings owing to vast 

differences in methodologies, measures, analysis and participant groups. 

 

 The relationship between inhibition and intelligence has also been examined in studies 

comparing normally developing children and children with developmental disorders. For 

example, Christ, White, Brunstrom and Abrams (2003) tested normal controls and children 

with cerebral palsy aged 6 to 18. They found no relationship between intellectual ability (as 

measured by the picture-vocabulary subtest from the Woodcock-Johnson Psycho-Educational 

Battery – Revised) and any of the inhibition measures (derived from the antisaccade task, colour 

naming Stroop, and a stimulus-response reversal task) for either group.  

 

 Oosterlan and Sergeant (1996) tested normal control children and children with 

Attention Deficit Hyperactivity Disorder (ADHD) aged from 6 to 12. The inhibition measure 

they used was from the Stop Signal task and intelligence was assessed with 4 sub-tests of the 

WISC-R. They did not find any correlation between the inhibitory variables and intelligence.  

 

 Rubia, Oosterlaan, Sergeant, Brandeis and Leeuwen (1998) also tested ADHD and 

normal controls. The intelligence measure was the Raven’s Standard Progressive Matrices and 

the inhibitory measure was derived from the Stop Signal task. No relationship was found 

between intelligence and inhibition.   

 

 With a normal population there have been far fewer studies, nevertheless, reported 

results have been more favourable in reporting a relationship between some measure of 

inhibition and some measure of intelligence. Dempster and Corkill (1999a) reviewed a number 

of studies examining the relationship between individual differences in interference measures 

and measures of cognitive ability. These studies, and others not discussed by Dempster and 

Corkill, are summarised in Table 1.1. The majority of these studies used young adult college 

students as participants. The results are mixed; some report significant relationships between 

intelligence/cognitive ability and interference/inhibition while others do not. There is not 

enough commonality between the measures used in different studies to explain the differences. 

However, Valentine (1975) suggests two major reasons for the differing results between her 
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study which did find a significant relationship and previous studies which had also used the 

colour naming Stroop yet did not find a significant relationship. These possibilities are firstly 

that the intelligence test she used, the AH5, may have an increased sensitivity in the range of 

intelligence scores in her study as opposed to the Raven’s for detecting differences. Secondly, the 

studies which failed to find a relationship may have failed to allow for differences in variance in 

reading times in the Stroop test and thus have contaminated their measures of interference with 

speed differences.  

 

 The studies which examined the relationship between inhibition and intelligence in 

children (marked with a superscript in Table 1.1) are discussed in more detail below, however 

these studies do not specifically examine age-related differences in the relationship. This is a 

crucial distinction to make as at least one of these studies (Welsh et al. 1991) is often cited as an 

example of the non-existence of a relationship between inhibition and intelligence in children. 

In fact it is an example of the non-existence of the relationship between individual differences in 

inhibition and intelligence in children but has nothing to say about the existence or otherwise of 

age-related aspects of the relationship.  

 

 Bornstein and Sigman’s (1986) review and McCall and Carriger’s (1993) meta-analysis 

of infant habituation and recognition memory (HRM) performance demonstrate a predictive 

relationship between performance early in life on an interference type task and later measures 

of intelligence. Bornstein and Sigman’s review found that HRM performance assessed in the 

first year of life correlated at .47 (median raw correlation) with intelligence assessed between 1 

and 8 years of age. McCall and Carriger found an almost identical correlation of .45 (median raw 

correlation) in their meta-analysis. McCall (1994) followed the meta-analysis with a paper which 

speculated that the processes underlying this relationship were inhibition and speed of 

processing, with inhibition being the primary source of the relationship. Although these review 

papers appear to show a developmental relationship the majority of the intelligence measures 

were age-adjusted. Therefore, what the findings are showing is that early HRM performance 

predicts individual differences in intelligence.  They don’t have anything to say regarding 

whether early HRM performance predicts the developmental pattern of intelligence.  
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 In the study mentioned above Welsh et al. (1991) tested normal children and adults 

aged 3-28 using a battery of executive function tasks including the WCST. They also assessed 

intelligence for a subset (n = 40) of the sample ranging from 6 to 12 years of age with the Iowa 

test of basic abilities. This is a group administered intelligence test which includes verbal, 

quantitative and nonverbal abilities scales. They found an age related improvement on 

performance on the WCST and found that adult level performance was reached by age 10. 

However, in their analysis of task performance and intelligence they partialled age out prior to 

examining the correlations thus again it is not possible to evaluate the developmental 

contribution of age to the relationship.   

 

Table 1.1. Summary of Studies Which Have Examined Individual Differences in the Relationship 
between Interference/Inhibition and Cognitive Ability/Intelligence 
 
Study Intelligence Measure Interference Measure Relationship 

Callaway, 1959 Raven’s  Colour Stroop No 

Leedy, 1963 (cited by Jensen 

& Rohwer, 1966) 
Raven’s  Colour Stroop No 

Jensen, 1965 (cited by 

Valentine, 1975) 
Raven’s  Colour Stroop No 

aMaccoby, Dowley, Hagen & 

Degerman, 1965  
Stanford-Binet 

Draw-a-line-slowly; walk-

slowly-; wind-a-truck-slowly  
Yes, r = .44 

Hunt, Frost & Lenneborg, 

1973 

College-level test of 

quantitative reasoning 
Brown-Peterson task Yes 

Valentine, 1975 AH5  Colour Stroop 
Yes, Kendall’s S 

= 130; z=2.55 

Underwood, Boruch & 

Malmi, 1978 

Maths-Scholastic 

Aptitude Test (SAT-M) 

A-B, A-Br paired associate 

task 
Yes, r = -.36 

Heaton, 1981 (cited in 

Dempster, 1991) 
WAIS WCST perseverative errors Yes 

Smith and Baron, 1981 

(cited in Dempster, 1991) 
SAT; Raven's speeded classification Yes 

Dempster & Cooney, 1982, 

Expt 1 

Variety of measures 

e.g. SAT; SAT-M; SAT- 

reading and vocab 

Serial position recall task, 

proactive interference  
No 
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Table 1.1 (cont) 

Study 
Intelligence Measure Interference Measure Relationship 

Dempster & Cooney, 1982, 

Expt 2 
Variety of 

aptitude/achievement 

measures 

Brown-Peterson task 

verbal ability - 

yes 

maths ability  - 

no  

Dempster, 1985 

American College Test 

scores (english, maths, 

social science, natural 

science) 

Brown-Peterson 

reading 

comprehension 

- yes.  Other 

abilities - no 

aBorstein & Sigman, 1986 
Varied IQ and ability 

measures 

Habituation and recognition 

memory 
Yes, r = .47 

Aks & Coren, 1990 General mental ability speeded visual search Yes 

aWelsh, Pennington & 

Grossier, 1991 

Iowa test of basic 

abilities 
WCST  No 

aMcCall and Carriger 1993 
Varied IQ and ability 

measures 

Habituation and recognition 

memory 
Yes, r = .45 

Blanco & Alvarez, 1994 Cattell; Raven's Flanker task interference No 

aRiccio, Hall, Morgan et al., 

1994 
WISC-R IQ WCST 

Yes for 9-12 

years, no for 

older children 

Dempster, Corkill & Jacobi, 

1995 (in Dempster & Corkill, 

1999) 

Raven's; block design 

from Wechsler; maths 

aptitude 

WCST, colour naming Stroop, 

paired associate 

Yes -Stroop 

interference, 

paired 

associate.  

aArffa, Lovell, Podell & 

Goldberg, 1998 
WISC-III IQ WCST 

Yes for younger, 

no for older 

aArdila, Pineda and Rosselli, 

2000 
WISC-R IQ WCST 

Yes for VIQ and 

FSIQ, no for 

PIQ 

aJohnson, Im-Bolter & 

Pascual-Leone, 2003) 
WISC-III IQ Negative priming; Stroop 

No for negative 

priming, yes for 

Stroop 

aEspy, McDiarmid, Cwik et 

al., 2004 

Picture Vocabulary 

and Maths subtest of 

the Woodcock-

Johnson Psycho-

Educational Battery-

Revised (WJ-R; 

Woodcock & Johnson, 

1989) 

Inhibition composite score 

from continuous performance 

task, delayed response task, 

delayed gratification task, 

movement inhibition task 

Yes, r = .36 

p>.001, (picture 

vocabulary) and 

r = .55, p>.001, 

(maths subtest).  

aindicates study participants were children, discussed in more detail in text 
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 Riccio, Hall, Morgan et al. (1994) studied children with Attention Deficit Disorder 

aged from 6-16 and found that Wechsler Intelligence Scale for Children-Revised (WISC-R) 

performance correlated with WCST variables for children between 9 and 12 but not the older 

children. This difference in relationship between inhibition and intelligence across different 

ages suggests a developmental link between the two measures that becomes less evident once 

maturity on a task is reached. Children largely achieve adult levels of performance on the 

WCST around age 12. However, as discussed above because the IQ scores have removed age-

related variance from the intelligence scores this is not a correct interpretation. The change in 

relationship is more likely to be due to ceiling effects in WCST scores for the older children. 

 

 In a study with 50 normal children aged 9-14, Arffa, Lovell, Podell & Goldberg (1998) 

examined the relationship between intelligence, age and scores on the WCST.  They measured 

intelligence with the WISC-III and divided the children into four groups based on their age 

(younger 9-11; older 11-14) and IQ scores (high intelligence IQs above 130; average intelligence 

IQs ranging from 110 to 129). Perseverative errors on the WCST were analysed according to 

these four groups. There was a main effect of IQ and also a significant Age x IQ interaction, 

whereby there were significant differences in perseverative errors related to IQ but only for the 

younger group. High IQ children made significantly fewer perseverative errors than the 

average IQ children in this younger group. There were no differences in preservative errors 

according to IQ group for the older children. Comparison of the scores in the study with adult 

norms indicated that adult level performance was reached by 9 to 11 year olds in children with 

above average to superior IQs. These findings support those of Riccio et al. (1994) in 

suggesting a link between inhibition and intelligence that disappears once development on the 

task has reached adult levels.  However, once again the intelligence scores are age-adjusted 

and the differences in error performance are likely to be due to ceiling effects on the WCST.  

WISC-III raw scores were used to examine the amount of variance that intelligence accounted 

for in WCST error rates (18% of total error rate) however the reverse analysis, which is the 

relevant one for the current thesis, was not reported. 

 

 Ardila, Pineda and Rosselli (2000) tested 13-16 year olds on the WCST and the WISC-

R. They found that the perseverative errors on the WCST correlated significantly with verbal 
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IQ and full scale IQ but not with performance IQ. Once again, IQs are age-adjusted scores so 

these findings cannot be used as evidence for or against developmental relationships between 

inhibition and intelligence. 

 

 Johnson, Im-Bolter & Pascual-Leone (2003) examined performance of 6-11 year old 

children on measures of attentional capacity, inhibition and speed of processing. Children 

were classified as gifted (WISC-III IQs in the 99th percentile) or mainstream intelligence. The 

inhibition measures were a spatial negative priming task and a Stroop interference task.  

Children were divided into four groups according to age (younger and older) and intelligence 

(gifted and mainstream).  No effects of age or intelligence were found for the spatial negative 

priming task. This had been predicted by the researchers as negative priming is thought to be 

an automatic form of inhibition with low mental demands. The Stroop task yielded a number 

of main effects and interactions. In the initial analyses older and gifted children exhibited less 

interference than younger and average intelligence children, thus it appeared that there was a 

relationship between age, inhibition and intelligence. However, once the Stroop scores were 

transformed to account for differences in speed in the control condition the differences in 

inhibitory ability between the average and gifted children disappeared. This suggested the 

reduced Stroop interference for the gifted children was due to greater speed in basic colour 

naming rather than superior inhibitory ability. However, the age differences in Stroop 

interference remained after controlling for speed differences suggesting that there are 

developmental improvements in inhibition not related to speed but, however, also not related 

to intelligence. Thus, in contrast to the findings from studies using the WCST there does not 

seem to be a relationship between Stroop interference, age and intelligence as measured by the 

WISC. Bearing in mind that the WISC is a combined measure of both fluid and crystallised 

intelligence, it would be interesting to examine the same relationship between Stroop 

interference, age and fluid intelligence to see whether developmental improvements in Stroop 

interference relate more to fluid intelligence.  

 

 Espy, McDiarmid, Cwik, Stalets, Hamby and Senn (2004) reported correlations 

between age, intelligence and inhibition but did not examine age related variance contributing 

to the intelligence/inhibition relationship. In their study they examined the contribution of 
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WM and inhibitory control to mathematical ability in preschool children aged 2 to 5 years. 

They tested the children with a battery of executive function tests. The results of these were 

used in a principal components analysis which identified three components; WM, inhibition 

and set shifting. The inhibitory component was composed of scores from percent commission 

errors on a children’s continuous performance test, total correct on a delayed response task 

(similar to the A-not-B task), a self control score derived from the length of time it took a child 

to touch a gift they had been instructed not to touch, and a statue score derived from the 

length of time the child was able to stand still with their eyes closed. The mean score on the 

Picture Vocabulary subtest of the Woodcock-Johnson Psycho-Educational Battery-Revised 

(WJ-R; Woodcock & Johnson, 1989) was used as an estimate of overall intelligence, and the 

applied problems standard score from the same battery was used as the indicator of maths 

ability. Inhibitory control and age were significantly correlated at .50 (p<.001), inhibitory 

control and both sub-tests of the WJ-R were also correlated at .55 (p <.001; maths score) and 

.36 (p<.001, picture vocabulary score). Inhibitory control was found to account for 32% of the 

variance in mathematical ability after age was controlled for statistically. Unfortunately, the 

study does not report how much of the variance in the maths score was accounted for by both 

age and inhibitory control so it is not possible to determine the developmental contribution of 

inhibitory control in addition to the individual differences contribution. 

 

 The relationship between individual differences in inhibition and intelligence is also 

supported in work by Engle and colleagues which examines the role of WM capacity 

differences and their relationship to fluid intelligence. The authors conceptualise the notion of 

WM capacity as being composed of two elements. One, the ability to maintain an active 

representation of goal or task relevant information in the face of interference, and two,  a short 

term memory storage component (Engle, Kane & Tuholski, 1999; Engle, Tuholski, Laughlin & 

Conway, 1999; Kane & Engle, 2002; Kane, Bleckley, Conway & Engle, 2001; Tuholski, Engle & 

Baylis, 2001). The finding of Engle and colleagues work is that individual differences in the  

ability to resist interference by internal or external distractors are highly correlated with fluid 

intelligence (for further examples of relationships between WM and fluid intelligence see 

Colom, Flores-Mendoza & Rebollo, 2003; Colom, Rebollo, Palacios, Juan-Espinosa & 

Kyllonen, 2004; Kyllonen & Christal, 1990). These studies demonstrate a link between 
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inhibition and cognitive ability in individuals; however, they are not directly relevant to the 

current thesis, that is, that developmental differences in inhibitory ability mediate the 

developmental differences in intelligence.  

 

1.4.3 Relationship Between Inhibition And Intelligence – 

Developmental Differences 

 Surprisingly, given it is the crux of Dempster’s and others oft-cited argument, there 

appears to be very few empirical studies directly examining the relationship between the 

development of intelligence and inhibition across childhood and adolescence. Dempster and 

Corkill’s (1999a, 1999b) approach is typical in linking the two by simply equating improvement 

in inhibition and interference sensitive tasks with development in intellectual competence. This 

provides only indirect evidence. 

 

 No studies were found which specifically addressed the relationship between age-

related changes in inhibition and age-related changes in fluid intelligence. However, if the 

definition of WM described in section 1.4.2 is seen as equating the concepts of WM and 

inhibition at some level, then it could be argued that studies examining the relationship between 

age-related changes in WM and fluid intelligence are relevant to the current thesis. Four studies 

which have examined the relationship between age, speed, working memory and fluid 

intelligence/cognitive ability are included in this review.  A fifth study (Miller & Vernon, 1996) 

examined the relationship between age, WM and general intelligence, but not fluid intelligence, 

and so will not be discussed here.  

 

 Fry and Hale (1996; see also Fry & Hale, 2000 for a discussion of further analyses of 

the original 1996 data) used a cross-sectional design to examine changes in children aged 7 

and 19 years. They were tested on four speeded tasks, four WM tasks (verbal and visuospatial 

span tasks) and the Raven’s Standard Progressive Matrices. Importantly, in light of the 

distinction made above concerning raw versus age-adjusted intelligence scores, the study used 

raw Raven’s scores.  The authors conducted a path analysis and found that most of the 

variance in fluid intelligence that could be accounted for by age was shared variance (i.e. 

shared between age and WM). The path analysis indicated that although WM was important in 
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explaining variance in fluid intelligence nearly all of the age-related differences in WM were 

due to age-related differences in speed. However, the authors concluded that much of the age-

related increase in intelligence test scores may be attributed to developmental improvements 

in WM. If the link between inhibition and WM is considered valid then this study provides 

empirical evidence of a developmental link between age and inhibitory ability. However, in a 

discussion on this paper Conway, Cowan, Bunting, Therriault & Minkoff (2002) point out that 

two of the WM tasks used in this study to create the composite WM score were actually short 

term memory (STM) rather than WM tasks. They argue that because of this collapsing of STM 

and WM ability the predictive value of each of the constructs is indeterminate. 

 

 Hitch, Towse and Hutton (2001) examined the relationship between WM span 

(measured by reading and operation span), processing speed and two subtests of the British 

Abilities Scale (word reading and number skills) in a group of 81 children aged 9, 10 and 11.  

No developmental differences were found in WM span. That is, the older children did not have 

higher reading or operation span. However, older children were faster at processing. Of these 

81 children 60 were retested after a year providing longitudinal data. This data was used to 

identify whether WM span could be used to predict a child’s reading and arithmetic ability 

over a one-year period. Fixed-order multiple regressions were run with age and WM span at 

time 1 and time 2 as predictors and either the BAS word reading or number skills subtest 

scores as the dependent variable. Results showed that WM span from the first year predicted 

significant variance in the BAS reading and arithmetic scores in the second year, over and 

above the variance explained by the concurrent span scores. However, this predictive power 

must be considered in light of the finding that the developmental changes in WM span were 

primarily due to speed of processing rather than WM.  This suggests that it is not WM, or for 

current purposes, interference control that is predicting changes in ability, but speed of 

processing. 

 

 Chang (2004) tested 243 children from 10 to 18 years of age on measures of working 

memory, processing speed and fluid intelligence and came to a different conclusion. He found 

that nearly all of the age-related improvements in fluid intelligence were accounted for by 

developmental changes in working memory and that working memory also accounted for the 
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changes in speed of processing.  In addition, he found that the changes in speed of processing 

didn’t mediate age-related changes in fluid intelligence once WM was accounted for.  Chang 

suggested that WM underpins the development of fluid intelligence while processing speed 

underpins individual differences in fluid intelligence.  

  

 Bayliss, Jarrold, Baddeley, Gunn and Leigh (2005) examined the relationship between 

age-related changes in WM, speed and storage and developmental improvements in reading, 

mathematics and performance on Raven’s Coloured Progressive Matrices.  By including 

separate storage measures this study overcame the limitations of the Fry and Hale (1996) 

paper as discussed by Conway et al. (2002) above.  The participants were 120 children between 

the ages of 6 and 10.  A series of hierarchical regression analyses was conducted to examine the 

unique and shared variance that each variable contributed to reading and arithmetic 

performance and Raven’s scores.  Only the data for the Raven’s scores is reported here.  The 

variance values of interest for the current question are those showing the contributions of the 

age-related, that is, developmental variance, to Raven’s scores. The highest value reported was 

for the shared contribution of age, WM, speed and storage. The shared variance of these four 

variables accounted for 33% of the variance in Raven’s scores. Much smaller values were 

reported for the shared contribution of each combination of three variables.  Age, WM and 

speed, independent of storage, accounted for 2% of the variance. Age, WM and storage, 

independent of speed accounted for 5% of the variance. Age, speed and storage independent of 

WM accounted for 1% of the variance.  The values for the proportions of shared variance 

explained by each pair of variables are not reported in the paper. This is unfortunate for the 

current question as the most relevant R-squared value would be the shared contribution of age 

and WM to the Raven’s scores. A footnote states that the paired variable contributions were 

relatively small ranging from 0% to 3.8%.  Thus, although the three-variable shared variance 

contributions are suggestive of an age-related contribution of WM to Raven’s scores, the lack 

of the actual figures for the two-variable contributions means it is not possible to state this 

unequivocally. 

 

 To summarise: no study has been found that specifically addresses the relationship 

between age-related changes in inhibition and age-related changes in intelligence. However, if 



 Chapter 1. Introduction 

 33

the definition of WM as a process that requires both short-term storage and an ability to 

control interference from irrelevant sources is adopted, then the four studies which examined 

the relationship between age-related changes in WM and age-related changes in 

intelligence/cognitive ability could be said to address Dempster’s thesis. Of the four studies, 

Chang (2004) provides the strongest evidence that WM underpins the development of fluid 

intelligence. Bayliss et al. (2005) study provides minimal support for the thesis. In that study 

WM does appear to predict age-related changes in cognitive ability. However, this is only when 

age-related variance for WM is shared with the variance for either storage and/or speed. The 

R-squared value for the shared age-WM variance contribution by itself is not reported, 

therefore, the conclusion remains tentative.  Similarly, the WM construct used in the Fry and 

Hale (1996) study included STM measures in addition to WM measures and as such it is not 

clear whether the predictive power of the measure was due to WM or STM.  Finally, the Hitch 

et al. (2001) paper found that it was speed and not WM which drove the developmental 

changes in reading and arithmetic ability. However, although WM may contain an aspect of 

resistance to interference, the concepts are not synonymous. A task may require 

inhibition/resistance to interference yet have very few working memory requirements. 

Therefore, the findings from the above studies should not be accepted unequivocally as 

support for Dempster’s thesis. 

 

1.5 General Aims and Hypotheses 

 Given the lack of unambiguous empirical evidence for Dempster’s thesis that the 

development of inhibition underpins the development of intelligence, the primary aim of the 

present study is to examine the age-related relationship between a number of measures of 

inhibition and fluid intelligence. In line with the definitions of inhibition that differentiate 

between behavioural inhibition, cognitive inhibition, resistance to interference, oculomotor 

inhibition and automatic and effortful inhibition a selection of inhibitory tasks from each 

category (with the exception of cognitive inhibition) will be selected. These measures are the 

Stop Signal task (behavioural inhibition), the go-nogo task (behavioural inhibition), the spatial 

Stroop (resistance to interference), two versions of the Simon effect (resistance to 

interference), and the antisaccade task (oculomotor inhibition). Each of these measures is 

considered a measure of effortful inhibition. In addition a measure of automatic inhibition, 
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inhibition of return, will be examined as a control condition with the measures of resistance to 

interference. Each potential measure will need to meet two a priori criteria to be in line with 

Dempster’s theory:  

1. That they are primarily an inhibition measure and  

2. That they show some evidence of being frontally instantiated. 

The two empirical questions that will then be asked for each measure are  

1. What is the developmental trajectory, and  

2. Is there any evidence of a developmental relationship with intelligence?  

 

 Evidence for each of these four points will be addressed at the commencement of each 

experimental chapter. It is predicted that each of the tasks will show a developmental 

trajectory with inhibitory ability improving with age. An additional aim will be to examine the 

relationship between the various inhibitory measures and to determine if there are any 

developmental patterns between the types of inhibition, that is, behavioural compared with 

oculomotor compared with resistance to interference (chapter 7). If Dempster and others are 

correct then each of the effortful inhibitory measures should show an age-related relationship 

with fluid intelligence. Some methodological considerations will now be discussed and the 

general methodology for each of the studies introduced. Specific aims and hypotheses will be 

addressed in the individual chapters. 
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Chapter 2.  General Method 

 In this chapter, a number of methodological issues are discussed and the general 

methodology for all studies is outlined. The specific procedures and detailed discussion of the 

inhibition tasks are presented separately for each experiment.  

 

2.1  Participants 

2.1.1 Child Participants 

 All the children participating in the present study were children aged 7 to 11 years of 

age. This age group was chosen as this age is considered a time of dramatic growth spurts in 

both frontal function and behavioural ability (Diamond, 2002). The children were recruited 

through metropolitan primary schools in Perth, Western Australia to take part in PROJECT 

KIDS (Kids Intellectual Development Study); a research project investigating numerous aspects 

of children’s intellectual development run in the School of Psychology at the University of 

Western Australia. This project has been running since 1995 and has tested over 1800 children. 

Schools are selected to encompass a range of socio-economic groups.  

 

2.1.2 Project KIDS General Procedure 

 Children attend the project for a full day and complete a range of tasks over the course 

of the day. A maximum of 12 children attend in any one day. Testing occurs in 30 minute blocks 

interspersed with 5 minute breaks at the end of each 30 minutes, and 30 to 60 minute breaks 

every 90 minutes. Children are tested individually or in groups of no more than 4 per group. 

Each child may complete the tasks in a slightly different order. The data in the present study was 

collected over a 2 year period with 2 different groups of children.  One group completed the 

antisaccade task (chapter 6), the Simon task (chapter 5), and the spatial Stroop task (chapter 5). 

The other group completed the Stop Signal task (chapter 3).  Both groups completed the go nogo 

task (chapter 4).  

  

 Each year the specific set of tasks used in Project KIDS can change however there are a 

number which are used each year. Each of those relevant to the current study will be discussed 

in more detail below (section 2.2) with the rationale for its inclusion. 
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2.1.3 Adult Participants 

 Adult participants were included as controls for as many tasks as possible. The rationale 

for their inclusion is that if the relationship between inhibition and fluid intelligence is primarily 

a developmental relationship then once development is complete the relationship should no 

longer be evident. Therefore, no significant correlations would be expected between age, 

inhibition and fluid intelligence in the adult population.  

 

 The adult participants in the study were all first year psychology undergraduate 

students at the University of Western Australia who completed the study for course credit. Only 

students aged from 17 to 21 were included in the study. The students were recruited in 2 

different years and completed different groups of tasks. One group completed the Simon and 

spatial Stroop tasks (chapter 5), and the Cattell Culture Fair test of intelligence (Form 3A). The 

second group of adults completed the antisaccade task (chapter 6), and the Cattell Culture Fair 

test of intelligence (Form 3A). The tasks were all administered individually. The testing session 

for the participants who completed the Simon and spatial Stroop tasks was approximately 90 

minutes, for those who completed the antisaccade the session was approximately 1 hour. 

 

2.2 Measures 

2.2.1 Intelligence Measures  

 Three measures of intelligence were collected: the Raven’s Standard Progressive 

Matrices (Raven, 1989), the Cattell Culture Fair test (Cattell, 1973), and the Wechsler 

Intelligence Scale for Children – III (WISC-III; Wechsler, 1991). 

 

2.2.1.1    Raven’s Standard Progressive Matrices 

 Raven’s Standard Progressive Matrices is a nonverbal test that requires inductive 

reasoning about perceptual patterns. It is considered to be a test of fluid intelligence (Jensen, 

1994). The test is divided into 5 sections, A, B, C, D, and E, each consisting of 12 problems. Each 

problem takes the same form. A large rectangle on the top half of the page contains a pattern or 

a series of patterns. A small portion in the bottom right hand corner of this pattern is missing. 

Six possible choices for the missing portion are presented on the bottom half of the page and the 
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participant must choose which piece they think completes the pattern. Each sequence of 12 

problems increases in difficulty and each of the 5 sequences of problems also increases in 

difficulty. Participants are given 20 minutes to complete as many of the problems as possible. 

The score for each participant is the total number of correct responses completed within the 20 

minutes. Possible scores range from 0 to 60. Children were tested in groups of 4 with a 

minimum of 2 experimenters assisting. 

 

2.2.1.2      The Cattell Culture Fair Test 

 Cattell’s Culture Fair Test (Scale 2, Cattell, 1973) is also a nonverbal test that requires 

inductive reasoning about perceptual patterns. It is considered to be a test of fluid intelligence 

(Horn & Cattell, 1966). It is composed of four separate paper and pencil tests. As with the 

Raven’s the items within each subtest increase in difficulty. The first subtest has 12 questions 

and asks the child to complete a sequence in which the last item is missing. They can select from 

a possible 5 options. The second subtest has 14 items and asks the child to select which 1 of 5 

items is the ‘odd one out’. Subtest 3 has 12 items and presents the child with a square matrix 

containing 4 smaller squares which create a pattern. The pattern in the lower right square is 

missing and the child must complete the pattern by selecting 1 of 5 options. Subtest four has 8 

items. It presents a square with a geometric arrangement of shapes. The child must deduce the 

pattern of shapes and choose 1 of 5 options in which the same pattern is used. The times for 

completing the respective subtests are 3, 4, 3 and 4 minutes. Each child receives an overall 

Cattell score which is the sum of the 4 subtests. Possible scores range from 0 to 46. Children 

were tested in groups of 4 with a minimum of two experimenters assisting. 

 

 Cattell’s Culture Fair Scale 3 used with the adult participants is a similar test to Scale 2 

described above. It has 4 subtests. The number of items in the subtests is slightly different than 

Scale 2 with 13, 14, 13 and 10 items for test 1, 2, 3, and 4 respectively. Times for the 4 subtests 

are also slightly different than for Scale 2 requiring 3, 4, 3 and 2 ½  minutes respectively. Each 

subtest examines essentially the same domains as those described above for Scale 2. One slight 

difference for subtest 2 is that it requires selecting the 2 items that are different from a set of 5 

items, rather than the 1 item required in Scale 2. Possible scores range from 0 to 50. 
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2.2.1.3      The Wechsler Intelligence Scale for Children (WISC-III) 

 The Wechsler Intelligence Scale for Children (WISC-III) consists of 12 subtests. The 

scores of these sub-tests are age-adjusted and combined to calculate an overall IQ. Additionally, 

half of the subtests can be used to calculate a performance IQ, the other half to calculate a verbal 

IQ. The performance and verbal IQs are sometimes mapped onto the fluid-crystallized 

distinction (Eysenck, 1987). The subtests are not timed, and the child completes as many as they 

can before incorrectly answering a predetermined number of items, at which point the subtest is 

discontinued. The children in Project KIDS complete 8 of the subtests, 4 verbal and 4 

performance. The verbal subtests are information, similarities, vocabulary and digit span. The 

performance subtests are picture completion, coding, block design and symbol search. Children 

were tested individually for all WISC-III subtests. A raw score for each subtest is calculated as 

the correct number of responses for that subtest. 

 

2.2.1.4  Raw Versus Age-Adjusted Intelligence Scores 

 Studies examining intelligence often report intelligence scores as an intelligence 

quotient or IQ which is a measure calculated from a child’s raw score which is then age-

adjusted. IQ norms are calculated separately for each age group. When using IQ as a measure of 

intelligence in studies examining developmental relationships it should be borne in mind that 

the use of age norms has already removed all chronological age and related developmental 

differences. Therefore, in the present study the raw score of the intelligence tests will be used as 

the main index of development in fluid intelligence. This is simply done for the Raven’s and 

Cattell where the raw score is simply the sum of the subtests. For the WISC the process is 

slightly more complex. In this case the raw scores for each subtest will be transformed to z-

scores for each participant. These z-scores for each subtest are then summed to create 

composite raw scores for the performance and verbal subscales of the WISC. These two 

measures will be referred to as verbal mental age (VMA) and performance mental age (PMA). In 

order to compare the relationship between non-age-adjusted and age-adjusted intelligence 

measures an age-normed WISC IQ will also be calculated. If a relationship exists between non-

age normed intelligence measures and the variables of interest, it indicates a developmental 

relationship, if a relationship also exists between age-normed intelligence measures and the 

variables of interest this indicates some additional individual differences relationship.  
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 To summarise, five separate measures of intelligence were calculated for each child.  

Two fluid intelligence measures (Raven’s and Cattell total raw scores), two mental age measures  

(verbal and performance) calculated from the verbal and performance subscale scores from the 

WISC-III, to be referred to as VMA and PMA, and an age-normed full IQ score from the WISC-

III. The first four of these will provide age-related intelligence measures, which give an 

indication of developmental intelligence and the last will provide a non-age related measure of 

intelligence, that is, individual differences in intelligence.  The adult participants had only one 

measure of intelligence, the Cattell. 

 

2.2.2 Inspection Time 

 Given the important role of speed of processing in studies examining the contribution of 

WM to the development of cognitive ability (Bayliss et al, 2005; Fry & Hale, 1996; Hitch et al, 

2001) it is important to control for any confounds between inhibitory ability and speed of 

processing (see section 2.3.2 for further discussion). To assess speed of processing an inspection 

time (IT) was acquired for each child. IT is considered to index processing speed (see Anderson, 

1992) and is designed to be relatively independent of confounding response factors. It reflects 

the minimum time necessary to make a single inspection of sensory input (Vickers & Smith, 

1986). In an inspection time task a very simple perceptual discrimination is made such as 

whether the left or the right line is longer in a simultaneous presentation of two lines. The 

exposure duration of these stimuli is varied by the timing of the onset of a backward mask. IT is 

defined as the minimum exposure duration (up to the onset of the mask) of the lines to meet a 

pre-established criterion of accuracy, for example, 90%, 70% and so forth.  

 

 In the present study the discrimination required of the children was whether the two 

antennae of a monster were the same length or different in length (see Figure 2.1). Half the 

children responded with a left button press for “same” and a right button press for “different”. 

Antennae pairs that were the same length were either 2cm in length for ‘long’ or 1cm in length 

for ‘short’. For monsters that had different length antennae, the difference in height between 

long and short antennae was 1cm. Therefore, the antennae on one side measured half the length 

of the longer antennae. This discrepancy in height between the short and long antennae 

corresponds to standard IT stimuli used in previous research.  
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 Figure 2.1. Inspection time stimuli used in the low encoding load conditions (a and b) 
 with either (a) same, or (b) different length antennae. 
 
 

 

 The temporal sequence for any one trial consisted of a blank central screen for 500ms, 

followed by a fixation cross which appeared for 500ms. This fixation cross prepares the subject 

for the appearance of the stimulus, and is followed by a blank screen for a further 500ms. A 

target then appears on the screen for a certain exposure duration.  The target is then followed by 

a backward mask designed to prevent further processing of the stimuli. After 42ms, a similar 

mask is presented which remains on the screen until the subject makes a response and initiates 

the next trial. The two types of mask are selected randomly from a set of eight for each trial and 

are presented in succession to create a dynamic backward masking effect.1 The exposure 

durations of the stimuli were determined by the parameter estimation by sequential testing 

(PEST) procedure. This procedure systematically varies the exposure duration of the stimulus to 

determine the exposure duration at which a participant performs at a 70% accuracy level. The 

first exposure duration in the IT task was 284ms (20 frames at 14.2ms per frame) and the initial 

step size was 114ms (8 frames). The exposure duration continues to decrease until accuracy falls 

below 70%, at which point there is a reversal and the exposure duration increases. The step size 

is halved at each reversal, and a participant’s IT is estimated as the average exposure duration of 

the last four reversals of the psychometric function.  

 

 IT is used as the speed control measure for the antisaccade task, the Simon task, and the 

spatial Stroop task.  The IT data collected in the year the Stop Signal data and half the go-nogo 

                                                 
1  This is a design feature that attempts to avoid some purely psychological cues to the identity of the 
stimuli (see Knibb, 1992) 
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data were collected was unusable due to computer error. Therefore, for the Stop Signal and the 

go-nogo data the RT for the go trials (GoRT) is used as the speed measure. 

 

2.3 Analysis 

2.3.1 What is a Developmental Change? 

 There are no set criteria for determining age groupings in developmental studies. Some 

studies compare two adjacent year groups, say 4 and 5 year olds, others compare a larger 

number of adjacent year groups, say, 6, 7, 8, 9 and 10 year olds. Yet others compare “younger” 

and “older” age groups of children. Younger may mean 6-7 years old if the older group is 10-11 

year olds or it may mean 6-11 year olds if the older group is 15-19 years old. Also common are 

studies that compare children (which can be any grouping of children from 3-19) with adults 

(anything from 18 onwards). Each of these combinations may report significant or non-

significant developmental trends on particular tasks. This lack of equivalence of developmental 

groupings makes comparisons between studies problematic, and conclusions about the 

existence or otherwise of a developmental trend difficult to interpret.  In studies that attempt to 

contrast developmental and individual difference effects the range of these variables and the 

choice of analytic techniques can radically influence results (Anderson, 1987). Given this two 

conditions of studies should be met. (1) Ranges of relevant variables must be reported and (2) 

Different analytic strategies should be engaged to look for converging evidence. In an attempt to 

clarify some of these issues three developmental groupings will be used in the present study.  

1. Adjacent year groups (7, 8, 9, 10, 11) will be compared to each other 

2. Younger children (7-8) will be compared with older (10-11) children and 

3.  Children (7-11) will be compared with an adult population for the tasks for which adult 

data is available.  

 

2.3.2 Determining Whether Age Group Differences in Difference 

Scores are Mediated By Speed or Inhibition. 

 A number of the paradigms employed in the inhibition literature employ difference 

scores as the measure of inhibition or interference. For example in the Stroop and Simon tasks 

the interference measure is the difference between the RT for the incompatible (incongruent or 

interference) condition and the RT for either a neutral condition or the compatible (congruent) 
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condition. Similarly, in the antisaccade task the index of inhibition is considered to be the 

difference in RT between the prosaccade and antisaccade conditions.  

 

 In using these measures as an index of inhibition in developmental studies an 

assumption is being made that any reduction in difference RT with increasing age reflects an 

age-related improvement in the ability to inhibit (see Ridderinkhof and van der Molen, 1997 for 

a related discussion on the Eriksen Flanker task). However, the question must be raised as to 

whether the developmental trends are seen because there is a real difference in the time it takes 

participants of different ages to inhibit information, or because there is a relative difference 

driven by a longer overall RT, or a combination of both. Faust, Balota, Spieler & Ferraro (1999) 

give a clear example of how spurious conclusions may be reached using a subtractive logic with 

individual participants. Their argument can be adapted to the age group differences found in RT 

difference scores as follows:  imagine a younger age group is on average twice as slow as an older 

age group minus a constant of 200 ms. Then imagine that in an RT task the older age group 

produces a neutral condition latency of 300 ms and an incongruent condition latency of 400 ms 

to give a difference RT of 100 ms. If we then calculate the younger groups neutral and 

incongruent RTs using this speed difference and plot the results (see Figure 2.2 A) we can see 

that it appears as if the younger group has a  difference RT twice that (200 ms) of the older 

group (100 ms).  That is, the younger group appears to have a much poorer inhibitory ability.  

 

 

A.      B. 
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Figure 2.2. A. Neutral and Incongruent RT data for hypothetical 7 and 12 year olds using the 
relationship young = (2* old) – k(200) . B. Actual RT data for 7 and 12 year olds for the 
antisaccade task (adapted from Fukushima, Hatta, & Fukushima (2000). In the original the 
neutral is the prosaccade and the incongruent the antisaccade). 
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 However, in example A the true difference between the groups is one of overall 

information processing rate, and not inhibitory ability. What then can be said about Figure 2.2 

part B which presents real group data for 7 and 12 year olds in the antisaccade task (from 

Fukushima et al., 2000)? The data pattern is remarkably similar to the hypothetical data set in 

which the only difference was processing speed. Typically this type of result is interpreted to be 

an index of inhibitory differences. However, it is possible that the two groups may differ on 

inhibitory ability and/or processing rate. Clearly analytical techniques which utilise simple 

subtractions can’t answer this question. Researchers attempt to overcome these problems by 

transforming the RT data to take account of group speed differences. More traditionally scores 

have been transformed using a proportional transformation with a formula such as: 

(incompatible RT – neutral RT)/neutral RT. However these transformations have been shown 

to not fully control for age-related differences in processing speed (Faust, Balota, Spieler & 

Ferraro, 1999). Faust and colleagues suggest using z-transformations for controlling for group 

differences in processing speed. Following Faust’s lead, Christ (Christ, White, Mandernach & 

Keys, 2001; Christ, et al. 2003) suggests a transformation whereby for each participant an 

overall mean and standard deviation is calculated for each participant using RTs from correct 

trials across conditions. The z-scores are calculated by subtracting this overall mean RT from 

each individual trial RT and then dividing this value by the overall standard deviation according 

to the formula: 

z = (individual trial RT – mean RT for correct trials)/ SD for correct trials 

For tasks in the current study in which difference scores are calculated RT data will be analysed 

using both simple subtractions and z-transformations. If the age groups differ primarily in 

processing speed then any developmental effects seen in performance on the difference RTs 

should disappear once the z-transformation is carried out. If however, the developmental effects 

include age related changes in inhibition then group differences should remain even in the z-

transformed data.  

 

2.3.3 Separating Individual and Developmental Differences in the 

Inhibition/Intelligence Relationship 

 As mentioned in the previous chapter cognitive performance varies both with age and 

between individuals. It is unclear whether the same processes underpin both developmental and 
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individual changes in fluid intelligence so an analytical technique is needed to identify if sources 

of variance in performance are developmental or individual differences or both.  

 

 One methodology to determine the relative contributions of age-related and non-age-

related variance for a particular criterion variable is one used by Salthouse in the aging literature 

(Salthouse, 1994; see also Chuah & Maybery, 1999 for the specific technique described below). 

The technique involves conducting a series of regression analyses for the predictor variables of 

interest.  For example, in the Venn diagram below (see Figure 2.3) each circle represents the 

amount of variance contributed to a criterion variable, say fluid intelligence, by the predictor 

variables age, inhibition and speed. Each area in the diagram is identified by a letter such that 

areas contributing unique and shared variance can be identified.  Area ‘A’ in the diagram 

represents the unique contribution of age to the variance in fluid intelligence. Area ‘B’ 

represents the unique contribution of inhibition to the variance in fluid intelligence. Area ‘E’ 

represents the shared contribution of age and inhibition, that is, the age-related inhibition 

variance. To identify the values for each of these areas a series of regression analyses is 

conducted. The sequence of these analyses is presented in Table 2.0.  The R2 values from each 

analysis are then subtracted from each other in various permutations in order to determine the 

age-related and non-related components of variance contributing to the criterion variable. The 

subtractions used are shown in Table 2.1. This technique of variance partitioning will be used for 

each of the inhibition measures to examine the age-related and non-age-related variance of 

inhibition, speed, and age to fluid intelligence.  

                      

 Figure 2.3. Example representation of unique and shared variance components for the 
 predictor variables inhibition, age and speed. 
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 Table 2.0. Example Table Describing the Series of Regression Equations Run to 
 calculate R-squared Values 

Regression number Predictor variables 

1 Age, inhibition, speed 

2 Inhibition, speed 

3 Age, speed 

4 Age, inhibition 

5 Age 

6 speed 

7 inhibition 

 
 
 
 
Table 2.1:.Example Table Describing Components of Variance and the Subtractions Required 
to Obtain R-squared Values for Each 

Label 
from 
Venn 
diagram 

Component 
Derived from above R-squared values 
by subtraction  

A Unique contribution of age 
Regression 1 R-squared subtract 
regression 2 R-squared (1-2) 

B Unique contribution of inhibition 1-3 

C Unique contribution of speed 1-4 

D 
Shared age-independent contribution of 
inhibition and speed 1-5-B-C 

E Age-related contribution of inhibition 1-6-A-B 

F Age-related contribution of speed 1-7-A-C 

G 
Age-related shared contribution of 
inhibition and speed 1-A-B-C-D-E-F 

 
 
 
The relevant comparisons in this analysis for the present study are: 

1. Is the age-related contribution of inhibition (area E) greater than the age-related 

contribution of speed (area F)? If yes, this supports Dempster’s thesis. 

2. Is the age-related contribution of inhibition (area E) greater than the non-age related 

contribution of inhibition (area B)? If yes, this supports Dempster’s thesis. 

 These questions will be answered for each inhibition variable. 
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Chapter 3. The Stop Signal Task 

 As discussed in the introduction, tasks used to examine the question of whether 

developmental changes in the efficiency of inhibitory processes may underpin developmental 

differences in intelligence need to meet two criteria according to Dempster’s hypothesis. These are  

1. That it provides an index of inhibition. 

2. That the task utilises frontal areas of the brain. 

Evidence for each of these points will be discussed before turning to existing evidence for the two 

empirical questions. 

3. Does performance on the task develop with age? 

4. Is there evidence of a relationship between performance on the task and developmental 

changes in intelligence? 

Following these reviews the study will be introduced and specific aims and hypotheses addressed. 

 
3.1 The Stop Signal Task as a Measure of Inhibition 

 The Stop Signal task is considered an example of behavioural inhibition. The paradigm 

(Band, van der Molen & Logan, 2003; Lappin & Eriksen, 1966; Logan, 1994; Logan & Cowan, 1984; 

Vince, 1948) investigates the ability to inhibit actions that are planned or in progress. Participants 

perform a speeded task, typically a two choice RT task. This RT task is the primary or go task. The 

RT for correct go trials is referred to here as GoRT. On a small number of trials (around 25-30%) a 

Stop Signal, typically a tone, is presented at some interval after the go stimulus is presented. This 

Stop Signal requires the participant to stop or inhibit the planned or prepotent response to the go 

signal. In adults the time taken to encode and process the Stop Signal is relatively invariant, around 

200 ms, and appears to be unrelated to the nature of the primary task (Logan & Cowan, 1984). 

 

 One of the reasons the Stop Signal task is considered a particularly strong measure of 

inhibition is its theoretical underpinning. The theory underlying the task is known as the race model 

(Logan, 1994; Logan & Cowan, 1984). This model argues that the go and stop processes are 

independent and that the eventual outcome in any stop trial will depend on which process wins the 

race, the stop process or the go process. If the go process wins, stopping is unsuccessful, and a 
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response will be made to the stimulus. If the stop process wins, then stopping or inhibition of the go 

response is successful. Therefore, inhibitory control is dependent on the speed of both the go 

process and the stop process. Inhibitory failure could result from responding too fast to the go 

signal or too slow to the Stop Signal.  

 

 During the task the race is ‘handicapped’ in favour of one process or the other by adjusting 

the interval between the onset of the go signal and the onset of the Stop Signal. This interval is 

known as the Stop Signal delay (SS delay). A tracking procedure (Levitt, 1971) allows this SS delay to 

change after each Stop Signal trial according to the participant’s performance. If the participant is 

able to inhibit responding successfully at one SS delay then on the next stop trial the SS delay is 

increased by some amount, usually 50ms. This makes the stopping task more difficult. If the 

participant is unable to inhibit successfully on a stop trial then on the next stop trial the SS delay 

will reduce by 50 ms. This makes the stopping task easier.  

 

 Band and colleagues (Band et al., 2003) recommend that the goal of this tracking procedure 

should be to force a tie between the stop and go processes by allowing participants to inhibit the go 

task on only 50% of the stop trials (see Williams, Ponesse, Schachar, Logan, & Tannock, 1999). At 

the SS delay where participants get 50% stop trials correct the outcome of the race will depend on 

random variation. This tells us the point in time on average at which the inhibition process finishes. 

This value is used in calculating the actual length of the inhibitory process or the Stop Signal 

reaction time (SSRT) which cannot be measured directly. SSRT is the time from the presentation of 

the Stop Signal (the start of the stop process) to the finish of the stop process. It is the primary 

inhibitory index for the Stop Signal task.  

 

 A number of methods have been suggested for calculating the SSRT (see Band et al., 2003 

for a discussion of each method). The method Band and colleagues recommend is described in 

detail in the appendix of Williams et al. (1999) and follows directly from the calculation of the Stop 

Signal delay which gives the 50% correct point.  As discussed, the three variables in the race are the 

go signal RT, the SSRT and SS delay. The go signal RT and the SS delay are known. Because 
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participants are 50% correct at the SS delay determined by the tracking procedure, the SSRT plus 

the SS delay must equal the average GoRT. Therefore, SSRT is calculated by subtracting the SS 

delay from the GoRT (see Figure 3.1 for illustration of these points). 

 

 

                                    

 

SSRT

Go signal RT 

Stop signal 

Stop signal delay 

Go signal 
Time

 

Figure 3.1. Schematic representation of the SSRT and its relationship to GoRT and SS delay.  
 
 

 One of the advantages of using the tracking procedure is that it accounts for individual 

differences in GoRT. This is important because slower go responses are easier to stop than faster 

ones if the SS delay is equivalent (Williams et al., 1999). In developmental studies this control is 

crucial as speed of responding increases with increasing development. If speed of GoRT wasn’t 

controlled younger children who “go” more slowly would also “stop” more slowly than older 

children at an equivalent Stop Signal delay. Thus a comparison of Stop Signal times would make it 

appear that younger children were slower at inhibiting the Stop Signal when it may be that they 

were only slower in responding overall. By controlling for individual differences in GoRT any 

differences in Stop Signal reaction time can be assumed to be an inhibitory speed difference rather 

than a global speed difference.   
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3.1.1 Stop Signal Inhibition Plus Resistance To Interference: 

Compatibility Effects In The Stop Signal Task. 

 A handful of studies have attempted to examine whether the speed of inhibition in the Stop 

Signal task (SSRT) is affected by adding an additional inhibitory component to the task (Kramer, 

Humphrey, Larish, Logan & Strayer, 1994; Logan & Irwin, 2000; Ridderinkhof, Band & Logan, 

1999; van den Wildenberg & van der Molen, 2004). These studies give some insight into the degree 

of independence of the different inhibitory processes.  

 

 The additional inhibitory component is typically added by manipulating stimulus-response 

compatibility for the go trials. For example, if the go stimuli are left and right arrows then in a 

compatible condition a left arrow would require a left response and a right arrow a right response. 

In an incompatible condition this would be reversed such that a left arrow would require a right 

response and a right arrow a left response. Incompatible responses are generally slower than 

compatible responses as inhibition of the prepotent or compatible response is required (for a review 

of the effect of stimulus-response compatibility on RT see Sanders, 1998; also see chapter 5). If we 

refer to Harnishfeger’s (1995) definitions of inhibition (see Chapter 1.4) this type of compatibility 

task is categorised as a resistance to interference task. Thus manipulating compatibility in a stop 

task effectively creates a task with an inhibitory component (the stopping) and a resistance to 

interference component (interference from incompatible stimuli for the go trials).  

 

 Following the logic of the race model if the go and stop processes are independent it would 

be expected that incompatibility would result in slower go responses but not slower stop responses 

(see van den Wildenberg & van der Molen, 2004). An alternative view is that if both the go process 

and the stop process require inhibition as they do in the incompatible condition, then it is possible 

that the two types of inhibition will interact (Ridderinkhof et al., 1999). In this case the SSRT will be 

affected by the depletion of inhibition resources used by the go process and will show a 

compatibility effect. That is, the SSRT will be different across the two compatibility conditions.  
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 Of the four studies which have examined this question two used Eriksen’s Flanker task 

(Kramer et al., 1994; Ridderinkhof et al., 1999) with an adult population. Both of these studies 

reported an interaction between stopping and compatibility whereby the SSRT was longer for the 

incompatible condition. This suggests non independence of the go and stop processes and an 

interaction between the two inhibitory processes.  Interestingly, in the Ridderinkhof et al. (1999) 

study they found a bidirectional interaction. The incompatible condition for the go task interfered 

with the stopping in the stop trials, but the Stop Signal also influenced the incompatible condition 

for go trials, slowing them down compared to those in the compatible condition. 

 

 The other two studies (Logan & Irwin, 2000; van den Wildenberg & van der Molen, 2004) 

used left and right pointing arrows as stimuli for their task. One tested young adult participants 

(Logan & Irwin, 2000). The other tested children aged 7 and 10 and adults (van den Wildenberg & 

van der Molen, 2004).  

 

 Logan and Irwin reported no difference in SSRT between the compatible and incompatible 

condition suggesting independence of the stop and go processes and the two inhibitory processes. 

However, there was also no difference in GoRT between compatible and incompatible conditions. 

This means they did not find a resistance to interference effect at all in the experiment. This is 

unusual and renders invalid the conclusion that there was no compatibility effect for the SSRT. The 

study had only 8 participants so the problem may be one of insufficient power for detecting effects.   

 

 Van den Wildenberg and van der Molen (2004) employed both a simple stopping and a 

selective stopping paradigm in their study, and manipulated compatibility for both. Simple stopping 

required stopping every time a Stop Signal was presented. Selective stopping required stopping to 

the Stop Signal only when it appeared in a particular location. Thus the working memory load for 

the selective stopping was increased in comparison to the simple stopping paradigm. Trials on 

which Stop Signals appeared in the designated stopping location were termed valid Stop Signals. 

Trials on which Stop Signals appeared on the non-designated side were termed non-valid and were 

to be treated as go trials.  
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 For the simple stopping condition significant age and compatibility main effects for GoRT 

and a significant age by compatibility interaction for GoRT were found. RTs were slower for 

incompatible go trials than compatible go trials and this effect was largest in the younger group. 

Percentage of successful stop trials didn’t differ according to age or compatibility. The mean Stop 

Signal delay decreased significantly with age and delays were longer in the incompatible condition 

than the compatible. Importantly, SSRT decreased significantly with age but there was no effect of 

compatibility and no interaction. That is, the speed of inhibition although decreasing with age, was 

the same for compatible and incompatible conditions within age groups, suggesting independence 

on the stop and go processes and the two inhibitory processes. Thus the one study which has 

examined the compatibility effect in children found no effect of compatibility on SSRT in a simple 

stopping paradigm, while the two studies which have examined adult populations found an 

interaction between compatibility and stopping. This may suggest changes in the processing of the 

two types of inhibition with increasing age. However, the two groups of studies also employed 

different experimental paradigms and stimuli which may have influenced the differing results.  

 

 By contrast, in the selective stopping task in the same study, compatibility effects were 

found for all ages for GoRT, SS delay and notably for SSRT. Each age group stopped compatible 

responses faster than they stopped incompatible responses. The compatibility effects for SSRT were 

explained by the authors in terms of rule interference between go task and stop task selection rules. 

Stop signals were deemed valid if they occurred on the same side as the required response for both 

compatible and incompatible trials. For compatible trials the go target stimulus points in the 

direction requiring a response, that is, they are compatible, and the valid Stop Signal is on the same 

side, also compatible. For example, if an arrow points right, this requires a right handed response, 

and the valid Stop Signal also appears on the right hand side. The go stimulus selection rule and the 

stop task selection rule are congruent. For incompatible trials the go target selection rule and Stop 

Signal selection rule are incongruent. For example, for incompatible trials a right pointing arrow 

would require a left response, an incompatible mapping. In contrast, as in compatible trials, the 

valid stop stimulus is on the side at which a correct response is to be made. In the above example, 

this is the left side. It is this interference on the selection rules that they suggest caused the delay in 
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SSRT. As the Stop Signals for the compatible and incompatible conditions have different response 

rule congruencies it is not possible to draw conclusions regarding the independence or otherwise of 

the stop and go processes from this selective stopping task. 

 

 To summarise, of the three valid studies examining compatibility effects with the Stop 

Signal paradigm one did not find compatibility effects and two did. A lack of compatibility effects 

suggest that the two inhibitory processes (behavioural inhibition in the stop task and resistance to 

interference in the go task) do not interact, which in turn suggests a degree of independence 

between the two inhibitory processes. Conversely, the existence of a compatibility effect suggests an 

interaction between the two types of inhibition, whereby resources used for one type of inhibition 

deplete resource available for the other. One possibility to explain these discrepant findings is that 

the relationship between inhibitory processes may be different in children compared with adults. 

Notably the study which did not find compatibility effects was conducted with children while the 

two studies which did find compatibility effects used adult participants. However, given the minimal 

number of studies that have addressed this question, and the fact that the two groups of studies also 

used different experimental paradigms it is premature to reach any conclusions. Therefore, one of 

the aims of the present study is to address the question of whether the two types of inhibition 

(behavioural inhibition and resistance to interference) interact with each other in children by 

including a compatibility manipulation in a simple Stop Signal task.   

 

3.2 Does Inhibitory Performance on the Stop Signal Task Involve 

Frontal Cortex? 

 A number of studies cited as examples of frontal involvement in the Stop Signal task 

actually employ the go-nogo paradigm (see Chapter 4). The two paradigms are closely related in 

that each requires inhibition of a response to a stimulus. It could be argued that the go-nogo 

paradigm is the stop paradigm with simultaneous presentation of the go and Stop Signals, that is, a 

Stop Signal delay of zero. However, a recent ERP study (Kok, Ramautar, De Ruiter, Band & 

Ridderinkhoff, 2004) found a pattern of results which suggested that Stop Signal processing cannot 

be simply equated with processing of stimuli in a typical go-nogo task. Accordingly, the decision was 
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made in the current chapter to limit evidence to studies which have specifically used the Stop Signal 

paradigm. Findings specific to frontal utilization in the go-nogo task are presented in section 4.2. 

 

 Evidence from psychophysiology, lesion studies, and imaging studies appear to indicate a 

frontal involvement in successful performance on the Stop Signal task. Each of these research areas 

will be considered in turn.  

 

3.2.1 Lesion Studies 

 Four recent studies have employed the Stop Signal paradigm in patient groups with lesions. 

Two reported a relationship between frontal lobe damage and performance on the Stop Signal task 

(Aron, Fletcher, Bullmore, Sahakian & Robbins, 2003; Rieger, Gauggel & Burmeister, 2003) and 

two did not (Dimitrov, Nakic, Elpern-Waxman, Granetz, et al., 2003; Rieger & Gauggel, 2002).  

 

 Rieger et al. (2003) tested 17 patients with frontal lesions, 20 patients with lesions outside 

the frontal cortex, 8 patients with lesions to the basal ganglia and 20 orthopaedic controls. They 

found that the patients with frontal lesions and basal ganglion lesions had significantly longer 

SSRTs than the control group. They also conducted analysis within the frontal group and found that 

patients with right and bilateral lesions showed significantly longer SSRTs than patients with left 

lesions. 

 

 Aron et al. (2003) tested 18 patients with lesions of the right frontal lobe and 16 normal 

controls. They found that SSRTs were significantly longer for the frontal patients compared to the 

controls. They also divided the frontal lobe into 5 areas of interest, conducted an MRI scan and then 

correlated the SSRT with the damage to each specific area of interest. They found the greatest 

correlation with the inferior frontal gyrus, indicating that this area of the prefrontal cortex appears 

to be critical for response inhibition. 

 

 In contrast, Dimitrov et al. (2003) tested a group of 22 frontal lobe lesion patients, a group 

of 15 frontal lobe dementia patients, and a group of 37 normal controls. Unlike the two previous 
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studies no differences in SSRT were found between the group with frontal lobe lesions and the 

normal controls. Similarly Rieger and Gauggel (2002) in their study comparing patients with 

traumatic brain injury (TBI) with orthopaedic patient controls found no differences in SSRT 

between groups. Furthermore, subgroups of the TBI, with frontal and non-frontal lesions, and with 

focal versus diffuse damage, did not show any differences in SSRT performance.  

 

 Rieger attempts to explain this null finding in her previous study by examining the different 

etiologies of the patients (Rieger et al., 2003). She concludes that the patients in her previous study 

(Rieger & Gauggel, 2002) may have had a lesser degree of frontal dysfunction. It is unclear whether 

this argument is also applicable to the Dimitrov et al. (2003) study. However, given the results from 

the Aron et al. (2003) study whereby very specific lesion areas had quite different correlations with 

performance on the stop task it is possible that the patients in the Dimitrov study did not have 

lesions in the areas such as the inferior frontal gyrus which did show a strong relationship with Stop 

Signal inhibition. 

 

3.2.2 Imaging Studies 

 The six studies to date which have examined performance on the Stop Signal task with 

functional magnetic resonance imaging (fMRI) techniques have all been run by Rubia and her 

colleagues (Rubia, Smith, Brammer & Taylor, 2003; Rubia, Overmeyer, Taylor, Brammer, et al., 

1999; Rubia, Smith, Lidzba, Toone, et al., 2001; Rubia, Overmeyer, Taylor, Brammer, et al., 2000; 

Rubia, Overmeyer, Russell, Brammer, et al., 2000; Rubia, Russell, Overmeyer, Brammer, et al., 

2001). The first two studies focused on adolescents and are particularly relevant for the current 

study. Rubia et al. (1999) used fMRI with a population of seven adolescent boys with Attention 

Deficit Hyperactivity Disorder (ADHD) and nine normal controls. They found that the ADHD boys 

showed less activation than controls in the right mesial prefrontal cortex, the right inferior 

prefrontal cortex and the left caudate during the stop task.  

 

 They then investigated whether these findings of a less active frontal lobe in the ADHD 

children could be attributed to delayed maturation of the frontal cortex by comparing performance 
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in typically developing groups over different ages (Rubia, Overmeyer, Taylor et al., 2000). They 

tested 17 participants, 9 adolescents and 8 young adults with the Stop Signal task and fMRI. They 

found that the young adults and adolescents appeared to use two separate neuronal routes. Adults 

used a bilateral middle and inferior frontal system while adolescents used a right hemispheric 

middle and inferior-fronto-insular-striatal system. Nevertheless adolescents and adults achieved the 

same level of performance on the Stop Signal task.  These findings suggest that hypo-frontality is 

not necessarily a marker of poorer inhibitory ability but is more likely an indicator of a less mature 

but functionally adequate frontal cortex. They speculated from this that the poorer performance in 

the ADHD sample may have been due to delayed maturation of the frontal cortex rather than a 

deficit in frontal functioning per se. This finding has implications for Dempster’s hypothesis 

regarding frontal involvement in inhibitory tasks in children and the issue will be addressed more 

fully in the final discussion. 

 

 Two studies compared areas of brain activation involved in the go-nogo and the Stop Signal 

tasks (Rubia, Overmeyer, Russell et al., 2000; Rubia, Russell Overmeyer et al., 2001). In both 

studies different versions of the Stop Signal task the go-nogo task were compared in healthy adult 

males. Areas found to be shared between all tasks were the mesial, medial, and inferior frontal and 

parietal cortices.  As well as these common areas of activation the go-nogo and stop tasks showed 

unique task activations. The go-nogo task appeared to activate a more left hemisphere infero-

prefronto-parietal network while the stop task activated a predominantly right hemisphere infero-

fronto-parietal network. This network for the stop task included predominantly right hemispheric 

anterior cingulate, supplementary motor area, inferior prefrontal and parietal cortices.  

 

 The studies discussed to this point seem to indicate that performance overall on the stop 

task is mediated by a frontal network. A more important question for current purposes is whether 

there is any evidence showing that successful inhibition is a specifically frontal process 

distinguishable from unsuccessful inhibition or performance on the go trials (which do not require 

inhibition). Two studies have addressed the first question (Rubia, Smith, Brammer et al., 2003; 

Rubia, Smith et al., 2001). They found that successful response inhibition was associated specifically 
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with activation of the right inferior prefrontal cortex (PFC). Activation to unsuccessful stopping 

compared to successful stopping was found in the anterior cingulate and bilateral inferioparietal 

lobes.  

 

 To summarise, the Stop Signal task in healthy adults activates a predominantly right 

hemisphere infero-fronto-parietal network. This is a different activation pattern than that found for 

the go-nogo task. Notably a different pattern of activation is found for the Stop Signal task for 

adolescents compared to adults, despite equivalent performance on the task. Adolescents engage a 

right hemispheric middle and inferior-fronto-insular-striatal system rather than the bilateral 

middle and inferior frontal system used by the adults. No imaging studies have been done 

examining Stop Signal performance in children under eleven so the extent of frontal lobe 

involvement in performance of the Stop Signal task for this population is unknown. Finally, in 

adults, successful Stop Signal performance as compared to unsuccessful Stop Signal performance 

activates the right inferior prefrontal cortex.  

 

3.2.3      Psychophysiology 

3.2.3.1     Adults 

 Only a small number of psychophysiological studies have been carried out employing the 

Stop Signal task in adults (De Jong, Coles & Logan, 1995; De Jong, Coles, Logan & Gratton, 1990; 

Kok, et al., 2004; Van Boxtel, van der Molen, Jennings & Brunia, 2001.  For an early review see 

Band & Boxtel, 1999). The main findings from these studies involve two components: the lateralized 

readiness potential (LRP) and the N200.  

 

 The LRP is a measure of response activation in the motor cortex and can indicate over 

which side of the motor cortex a response is being prepared  (for reviews see Coles, 1989; Eimer, 

1998). The logic behind using this measure is that central inhibitory processes should affect central 

motor preparation and therefore the LRP should be attenuated in trials which are inhibited 

successfully (de Jong et al., 1990). The findings support this theory. LRPs for successful stop trials 
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are typically significantly smaller than LRPs associated with normal responding indicating reduced 

motor activity on stop trials (De Jong et al., 1990, 1995; van Boxtel et al., 2001). 

 

 At the same time as the LRP reduces on these successful stop trials, the N200 is typically 

increasing. The N200 is a negative potential occurring approximately 200 ms after the Stop Signal 

presentation. It occurs over the frontal cortex. Stop signals elicit an N200 component larger in 

amplitude than those elicited by go trials, thus leading some to claim that the N200 is an index of 

inhibition. For example, Van Boxtel and colleagues (2001) identify the N200 as an index of 

inhibition for a number of reasons. Firstly, the timing of the component corresponds to the typical 

inhibition time of 200ms. Secondly, the N200 amplitude is related to inhibition efficiency, that is, 

the N200 amplitude is greater for faster inhibitors (but note - only for trials in which inhibition 

partially or completely failed. The N200 for successful inhibition trials showed no difference 

between in amplitude between fast and slow inhibitors). Thirdly, N200 amplitude is largest at the 

time that inhibitory cardiac effects are maximal.  

 

 Kok et al. (2004) disagree with this interpretation of the N200 as an index of inhibition. 

They examined the differences between successful and unsuccessful stop trials in more detail than 

previous studies and point out that the amplitude of the N200 in the Van Boxtel et al. (2001) study 

does not distinguish between successful and unsuccessful inhibition. In fact they point out that in 

Figure 5 of that paper the N200 for unsuccessful stop trials is larger than that for successful stop 

trials; thus making it difficult for this to be the index of successful inhibition.  

 

 Kok et al. (2004) did not examine the LRP but focused on the N200/P300 component and 

conducted brain electrical source analysis (BESA; Scherg & Berg, 1996) to identify the neural 

sources underlying successful and unsuccessful stopping. The P300 typically follows the N200 and 

in go-nogo studies is referred to as the nogo P300.  As in previous studies Stop Signals always 

elicited a sequence of N200/P300 components that were larger in amplitude than those in the go 

trials.  
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 However, the N200/P300 amplitude was also larger in unsuccessful stop trials than for 

successful stop trials. The authors suggested that the increased amplitude may reflect aspects of 

monitoring of responses that participants were not able to suppress. Results also demonstrated 

differences in latency and scalp topography between the unsuccessful Stop Signal trials and the 

successful stop trials. The latency of the N200/P300 waveforms was longer for unsuccessful stop 

trials than for successful stop trials. Additionally, the locations of the dipole for successful stop trials 

were fronto-centrally distributed while those for unsuccessful stop trials were more ventral.  

 

 Kok et al. (2004) suggested that the processes underlying unsuccessful and successful 

stopping may not be equivalent but that the exact nature of the processes remains to be discovered. 

Although the N200/P300 has greater amplitude on stop trials compared to go trials the greater 

amplitude on unsuccessful rather than successful stop trials appears to diminish support for the 

N200 as an index of inhibition. They suggested that the early onset of the P300 component for 

successful stop trials (around 250 ms after Stop Signal onset) reflects efficiency of inhibitory 

control. A large number of neural generators of the P300 have been found (for example see Mulert, 

Pogarell, Juckel, Rujescu, et al., 2004). These include the inferior parietal lobe/temporo-parietal 

junction, the supplementary motor cortex and the anterior cingulate cortex, the superior temporal 

gyrus, the insula and the dorsolateral prefrontal cortex. Further research will need to specify the 

location of the neural generators of this component specific to successful stop task performance.  

 

3.2.3.2      Children 

 Three studies to date have examined event related potentials (ERPs) for the Stop Signal 

paradigm in children with and without ADHD (Dimoska, Johnstone, Barry, & Clarke, 2003; 

Overtoom, Kenemans, Verbaten, Kemner, et al., 2002; Pliszka, Liotti, & Woldorff, 2000). Pliszka et 

al. (2000) found that the N200 was reduced in ADHD children and interpreted this as an index of 

the deficient inhibitory process analogous to that seen in the behavioural data. They localized the 

N200 effect to right inferior frontal cortex and concluded that ADHD children are impaired in a 

right frontal cortex response inhibition process that occurs approximately 200 ms after the Stop 

Signal. However, as with some of the adult data there was no difference in N200 between successful 
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and unsuccessful stop trials making it difficult to conclude that the N200 is telling the compete 

story. 

 

 Overtoom et al. (2002) found that in normal children a fronto-central positive component, 

occurring 100-400ms after the onset of the Stop Signal was larger for successful stop trials than for 

unsuccessful stop trials. This was reduced in ADHD children. This component may be analogous to 

the adult go-nogo P300 described by Kok et al. (2004) as the index of successful inhibition. Not 

discussed in the paper but evident from the waveforms is an N200 component that is larger to 

unsuccessful stops than successful stops.  

 

 Dimoska et al. (2003) found a reduced N200 to stop trials in the ADHD group. In contrast 

to Plinszka et al. (2000), but in line with Overtoom et al. (2002), they found that the N200 was not 

just an indicator of the need for inhibition but that it reflected the degree of inhibitory activation. 

The N200 was larger for unsuccessful stop trials than for successful stop trials, a finding similar to 

that of Van Boxtel et al. (2000); a finding which Kok et al. (2004) found difficult to reconcile in 

terms of N200 as an index of response inhibition. Dimoska and colleagues however interpreted this 

enhanced N200 for unsuccessful stop trials as reflecting the greater difficulty participants had in 

inhibiting responses on these trials, resulting in greater activation of the inhibitory process. 

 

 In line with Kok et al. (2004), Dimoska et al. (2003) found that P300 was associated with 

the success of inhibiting a response. However, they did not find any group differences in amplitude 

or latency in the P300. If as Kok argued the P300 is the index of efficient inhibitory control surely 

differences between the normal and ADHD group would be expected. 

 

 To summarize, earlier studies identified that the amplitude of the N200, a frontally 

generated component, was larger for Stop Signal trials compared to go signal trials. This led to the 

conclusion that the N200 was a psychophysiological index of frontal inhibition. However, a more 

recent study by Kok et al. (2004) has pointed out that the N200 does not effectively distinguish 

between successful and unsuccessful stopping trials and as such can not be considered an index of 
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inhibition. Countering this argument are the findings from some of the studies that the N200 for 

unsuccessful stop trials is larger than that for successful stop trials.  Dimoska and colleagues (2003) 

interpret this enhanced N200 for unsuccessful stop trials as reflecting the greater difficulty 

participants had in inhibiting responses on these trials, resulting in greater activation of the 

inhibitory process. Kok et al. (2004) disagrees with this interpretation and suggests that the P300 

for successful stop trials, which has a different latency and scalp topography than the P300 for 

unsuccessful stop trials is a more appropriate candidate and that further research is required to 

specify the neural generators.  

 

 In conclusion, in healthy adults successful performance on the Stop Signal task utilizes a 

network of brain areas, but appears particularly to depend on the right inferior prefrontal cortex. 

However, given the findings from Rubia, Overmeyer et al. (2000) whereby adolescents and adults 

showed different degrees of frontal activation despite equivalent behavioural performance on the 

stop task a caution is required as to how far this finding is extrapolated down the age range. Imaging 

studies with younger age groups are required before final conclusions can be drawn. 

 

3.3 Does Inhibitory Performance on the Stop Signal Task Develop 

with Age? 

 Findings from 9 studies which have employed the simple stopping paradigm to examine 

inhibitory function in childhood development are summarized in Table 3.0. Of these 9 papers, 6 

reported a developmental trend in SSRT whereby time to inhibit the Stop Signal decreased with 

increasing age (Carver et al., 2001a; Carver et al., 2001b; Ridderinkhof et al., 1999; Stevens et al., 

2002; van den Wildenberg & van der Molen, 2004; Williams et al., 1999). The remaining three 

papers did not report significant developmental trends (Band et al., 2000; Jennings et al., 1997; 

Schachar & Logan, 1990). Band et al. (2003) suggested that the reason these three studies failed to 

find a developmental trend was inadequate statistical power (see also Williams et al., 1999).   

 

 Van den Wildenberg and van der Molen (2004) proposed a second possible reason for the 

failure to find a developmental trend. Of the studies they reviewed they noted that those which 
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employed a fixed Stop Signal delay rather than a tracking algorithm were less likely to find 

significant developmental trends. The reason for this difference is possibly the greater ability of the 

tracking procedure to control for individual speed-accuracy trade-offs. In addition the tracking 

procedure is able to more precisely identify the SSRT.  This finding of differences between the two 

methodologies was independent of sample size such that studies with small sample sizes that used 

the tracking procedure found developmental trends while studies with larger sample size but that 

used a fixed Stop Signal delay did not find developmental trends. This was with the exception of 

Band et al. (2000) who used a tracking algorithm yet did not find a significant developmental trend. 

They explained this exception by Band et al.’s use of tracking at three different delays rather than 

just at the 50% failed inhibit delay, which they suggested may have compromised the results.  

 

 However, van den Wildenberg and van der Molen (2004) did not include in their review the 

two Carver et al. (2001a; 2001b) papers which used fixed SOAs, had relatively small age group sizes 

(Ns of 21, 25, 20 and 26 in 2001a) yet still found significant developmental trends. One possibility 

for these exceptional results is that Carver and colleagues in an effort to make the task more user-

friendly for the under-5 participants utilized touch screen technology whereby participants had to 

actually touch the correct stimulus on the screen. This made the RTs for their version of the task 

much longer than in more typical button press methodologies particularly for the younger 

participants, thus creating a wider range of RTs. This wider spread of RTs may have made the age 

differences easier to detect.  

 

 Two papers (Bedard, Nichols, Barbosa, Schachar, et al. 2002; van den Wildenberg & van 

der Molen, 2004) have also reported a significant developmental trend in selective inhibitory 

control using a modified Stop Signal task. Bedard and colleagues introduced a second tone to the 

task. One tone remained the Stop Signal, the other tone was to be ignored and trials on which this 

occurred were to be treated as go trials. Van den Wildenberg and van der Molen modified the Stop 

Signal task by adding two visual Stop Signals. In their task a left or right pointing arrow was flanked 

by two squares which changed colour to indicate a stop trial. A valid Stop Signal was a square which  
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Table 3.0. Summary of Findings from Studies Which Have Employed the Stop Signal Paradigm with Children 

SSRT  ms 
Authors Year 

Age 
group 

Set 
SOA 

Track
ing 

50% AGES 

Develop- 
mental 
Effect 

     
<=5 

5 -7 7 6- 8 7 -9 8 9 - 12 10 11 12 10 -12 adult  

Schachar & Logan 1990 8, 10, 12 yes       326  276  253   No 

Jennings, van der 
Molen, Pelham, 
Debski & Hoza 

1997 
7-9, 

10-12 yes      358      346  No 

Williams, Ponesse, 
Schachar, Logan & 
Tannock 

1999 6-81  yes    274   223      Yes 

Ridderinkhof, Band 
& Logan 1999 6-21  yes    305   234     188 Yes 

Band, van der Molen,  
Overtoom & Verbaten 

2000 5 to adult  yes 251     285   250   225 No 

Carver, Livesey & 
Charles 2001a 5 to adult yes  2875 2150   1633       1067 Yes 

Carver, Livesey & 
Charles 

2001b 5-9 yes  2200 1375   758        Yes 

Stevens, Quittner, 
Zuckerman & Moore 2002 7-12  yes 

No data reported however children in 11 to 12 age group had significantly lower 
SSRT than children in 7 to 8 and 9 to 10 age groups   Yes 

van den Wildenberg 
& van der Molen 2004 

7, 10, 
young 
adults 

 yes   282     247    205 Yes 

Note. SOA = stimulus onset asynchrony; SSRT = Stop Signal reaction time
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changed colour on the same side as the go stimulus; an invalid Stop Signal was a square which 

changed colour on the opposite side to the stimulus. 

  

 To summarize, evidence for a developmental trend in inhibition using the Stop Signal 

paradigm is mixed. The small number of studies that have been carried and out and the 

methodological differences between these studies make it difficult to come to any clear conclusions. 

However, studies employing the tracking procedure described above seem to demonstrate 

developmental trends to a greater extent than those employing fixed SOAs. Therefore, the present 

study will use the tracking procedure to assess whether a significant developmental trend in 

behavioural inhibition can be observed with the Stop Signal task. 

 

3.4 Is There a Relationship between Stop Signal Inhibition and 

Intelligence? 

 None of the studies examining the development of performance in the Stop Signal task as 

listed in Table 3.0 reported any intelligence measures or any analysis involving intelligence 

measures. The only studies using the Stop Signal task which have reported intelligence measures are 

those examining inhibitory differences between normal children and ADHD children (see Table 

3.1). The intelligence measures here are used to match control and experimental participants.  A 

first glance at these studies and the picture looks clear. No study reported a relationship between 

intelligence and SSRT; therefore it would seem inhibition as measured by the Stop Signal task 

cannot underpin intelligence. However, a number of issues make this conclusion premature. Firstly, 

the question we are trying to answer is whether the development of inhibition underpins the 

development of intelligence. Each of the above studies has reported a full scale IQ that is an age 

adjusted measure. Therefore, the developmental component of intelligence has been adjusted for in 

these measures (see discussion in chapter 2.2.1.4). What we require in order to answer the question 

is a correlation with non-age adjusted intelligence scores.  

 

 Secondly, following the same line of argument the inhibition measure must also show a 

developmental trend in order for this question to be answered. Of the six studies examining the 
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relationship between inhibition and intelligence only three examined age effects (Schachar & Logan, 

1990; Schachar, Mota, Logan, Tannock, & Klim, 2000; Stevens et al., 2002). Only one of these three 

(Stevens et al., 2002) reported an age effect for SSRT whereby SSRT decreased with increasing age.   

 

 Thirdly, both the intelligence measures used in the above studies (WISC and Kaufman) are 

measures combined of crystallized and fluid intelligence as opposed to fluid intelligence alone. As 

discussed in chapter 1.3, Duncan (1995; Duncan et al., 1996) noted that patients with frontal lobe 

dysfunction were impaired on measures of fluid intelligence but not on measures which combined 

crystallized and fluid intelligence. It may be that any relationship between the inhibitory measure 

and fluid intelligence is being masked by a lack of relationship between crystallized intelligence and 

inhibition. Given these caveats it seems reasonable to argue that no study has in fact provided data 

that enables the question of whether developmental changes in inhibition as measured by the Stop 

Signal task underpin developmental changes in fluid intelligence to be answered.  

 
 
 
 
Table 3.1. Summary of Studies Which Have Examined the Relationship between Intelligence 
and Inhibition as Measured by the Stop Signal Task. 

Study Intelligence measure 
Inhibition 
measure Relationship 

Schachar & Logan, 1990 WISC FSIQ  
1.    SSRT 
2.    % correct  
       inhibition 

No 

Oosterlaan & Sergeant 
1996 
 

WISC-R FSIQ  SSRT No, r = .05 

Rubia et al., 1998 WISC-R FSIQ  SSRT No 

Schachar, Mota, et al., 
2000 
 

WISC-R FSIQ  SSRT No 

Stevens, et al., 2002 
 

Kaufman Brief Intelligence test 
  SSRT No, r = -.13 

Bedard, et al., 2003 
 
 

WISC-III FSIQ 

1. SSRT 
2. % correct 

inhibition 
3. % missed 
 

No  
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3.5 Aims and Predictions  

 The Stop Signal task meets the two primary criteria for providing a test of Dempster’s 

hypothesis, one it is a measure of inhibition and two, successful performance on the task (at least in 

adults) is mediated by frontal areas of the cortex.  In addition there is some evidence that 

performance on the task follows a developmental trajectory. Given this the aims of the present study 

are: 

1. To replicate the finding of a developmental effect in SSRT. It is predicted that SSRT will 

show a developmental trajectory where SSRT reduces with increasing age for both 

compatible and incompatible trials. 

2. To determine whether there is any relationship between SSRT, age and fluid intelligence. In 

line with Dempster’s thesis it is predicted that there will be a relationship between SSRT, 

age and fluid intelligence such that older and more intelligent children will have a shorter 

SSRT. 

3. To identify whether any relationship between SSRT and fluid intelligence is primarily age-

related or non-age-related. If Dempster and others (Anderson, 2001; Bjorklund & 

Harnishfeger, 1990; Dempster, 1991, 1992; Harnishfeger, 1995) are correct in their 

conjecture that developmental changes in inhibition mediate the major part or all of the 

developmental changes in fluid intelligence then more variance in the fluid intelligence 

scores will be accounted for by age-related inhibition variance than either non-age-related 

inhibition variance or age-related speed variance.   

4. To determine whether there is an interaction between two types of inhibition in the task 

(behavioural inhibition as indexed by the SSRT and resistance to interference as indexed by 

the difference between compatible and incompatible go trials). Only one study has 

examined this interaction in children (van den Wildenberg & van der Molen, 2004). They 

did not find an interaction. If there is no interaction between the two types of inhibition 

then it is predicted that SSRT will not differ between the two compatibility conditions. 

However, if the two types of inhibition do interact then SSRT will differ between the two 

compatibility conditions. 
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3.6 Method 

3.6.1 Participants 
 
 One hundred and nine participants aged 7-11 were tested. The age and gender distribution 

of the participants are reported in Table 3.2.  

 
 
   Table 3.2. Age and Gender Distribution of Participants  
   Completing the Stop Signal Task 
                                            ____________________________________ 
                                                            _______________ Age _____ ______ 

  7 8 9 10 11 
 

Total   20 19 32 23 15 
 

Male   8 13 16 10 8 
 

Female   12 6 16 13 7 
 
 
 
3.6.2 Procedure  
 
 The Stop Signal task was presented as a two alternative forced choice RT task. A trial 

sequence is presented in Figure 3.2. Each trial began with the presentation of three green 

rectangular outlines, one central, and one each to the left and right of centre on a dark grey 

background. The rectangles were 20 mm x 30 mm in size. In the central rectangle a blue fixation 

cross, 10 mm x 10 mm, in size appeared for 500 ms. Following this the target, a white arrow, 10 mm  

x 10 mm, pointing either left or right appeared in the central box. The target remained visible until a 

response was made, or until 2000 ms had elapsed. If an incorrect response on a go trial was made, 

including a missed response or a response was made on a stop trial, a tone sounded to provide error 

feedback. On thirty percent of the trials the two peripheral rectangles flashed yellow for 100 ms to 

indicate a stop trial. Auditory Stop Signals are typically used in this paradigm however in studies 

which have utilized visual Stop Signals no differences in performance have been reported (van 

Boxtel et al., 2001; Rubia, Oosterlaan, et al., 1998; van den Wildenberg & van der Molen, 2004). 

Visual warning signals have not been found to be any less alerting than auditory signals (Zeigler, 

Graham & Hackley, 2001) with the caveat that they are presented more than 100 ms apart from the 

response stimulus (Davis & Green, 1969). This is the case in the present study. 
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 The time between the presentation of the go signal (the target) and the Stop Signal began 

for all subjects at 300 ms and was then adjusted according to a tracking algorithm whereby an 

incorrect response decreased the interval by 50 ms and a correct response increased the interval by 

50 ms.  The aim of the tracking procedure was to find the SS delay at which the participant would be 

able to correctly inhibit 50% of the stop trials. A fixation screen consisting of the three rectangular 

outlines appeared following response or after 2000 ms. To reduce predictability of initial stimulus 

presentation inter trial intervals varied randomly but equiprobably from 700 ms to 1200 ms in steps 

of 125 ms.  

 

 Participants completed two conditions, a compatible condition whereby a left pointing 

arrow required a left button press response and a right pointing arrow a right button response, and 

an incompatible condition whereby a left pointing arrow required a right button response and a 

right pointing arrow required a left button response. For each condition 50% of the trials were left 

pointing arrows and 50% right pointing arrows. Participants completed the conditions in the 

following order: 17 practice trials for the compatible condition; 102 compatible trials; 17 practice 

trials for the incompatible condition; 102 incompatible trials. The first two trials for the main tasks 

for each condition were used for familiarization and were not saved. The remaining 100 trials were 

broken into 4 blocks of 25 trials each. The participants were able to rest between these blocks.  

 

 Participants also completed the Cattell Culture Fair Intelligence Test, The Raven’s Standard 

Progressive Matrices, the Wechsler Intelligence Scale for Children (version III), and an inspection 

time task. (For a full discussion of these tasks and the rationale for their inclusion see chapter 2.2). 

 

 

3.7 Results 

Results from the compatible condition will be presented first, followed by findings from the 

incompatible condition.   
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3.7.1  Compatible Condition 

3.7.1.1   Data screening and analysis 

 All data were screened for deviation from normality, outliers and homogeneity of variance 

according to Tabachnick and Fidell (2001). Data were considered normal with acceptable levels of 

skewness and kurtosis, and outliers were removed as described below. Plots of Stop Signal delay 

over the 100 trials were examined for each participant. The tracking algorithm was considered to 

have been effective as the mean percent correct for stop trials across all participants was 52%.  

 

   
  Figure 3.2. A representative Stop Signal trial sequence.  
 

 

 Examination of the plots for Stop Signal delay revealed that the Stop Signal delay stabilized 

for the majority of participants after approximately 50 trials. Therefore, the first 50 trials for each 

participant were discarded. The remaining 50 trials contained 35 go trials and 15 stop trials for each 

+
Fixation 
500 ms 

Target remains on screen until response or 2000 ms 

Once participant responds or time 
exceeds 2000 ms the ITI 
commences. This varies between 
700-1200ms. 

On 30% of the trials a visual Stop Signal 
occurs when the two peripheral boxes flash 
yellow for 100 ms.  
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participant. For 5 participants the Stop Signal delay did not stabilize after the first 50 trials 

indicating a failure to stop successfully. These participants were one 9-year-old male, one 10-year-

old female, one 10-year-old male and two 11-year-old males.  They were eliminated from further 

analysis.  

 

 Individual mean GoRTs and mean Stop Signal delays for correct trials were calculated after 

the removal of outliers +/- 2 standard deviations from the RT distribution for each participant. 

SSRT was calculated for each participant by subtracting the mean SS delay from the mean GoRT.  

Percent correct go trials, percent incorrect go trials (responded left when should have responded 

right and vice versa), percent missed go trials (failed to respond when should have, i.e. errors of 

omission), percent correct stop trials and percent incorrect stop trials (responded when shouldn’t 

have, i.e. errors of commission) were calculated as proportions of the number of trials for each 

participant. Participants who failed to inhibit on more than 70% of the stop trials were eliminated 

from further analysis. This resulted in the loss of two participants; an 8- and a 9-year-old boy. As 

per Ridderinkhof et al. (1999) participants with go trial accuracy below 60% were also removed. 

This resulted in the loss of another seven participants; a female and two male 7-year-olds, two male 

8-year-olds, and a female and a male 9-year-old. This meant a total of 14 participants were removed 

from the analysis to give an N of 95. 

 

 Multivariate ANOVAs were conducted for all dependent variables; GoRT, SS delay, percent 

correct GoRT, percent missed go trials, and SSRT for the factors age and gender. No main effects of 

gender or interactions of gender with age were found. Therefore, gender was not included in further 

analyses and the data were collapsed across gender.  

 

3.7.1.2 Analysis of Developmental Trends  

 No adult participants completed the Stop Signal task therefore the developmental trends 

will be examined with two groupings rather than the three proposed in the introduction. These two 

groupings are (1) adjacent year groups and (2) younger compared with older children.  
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3.7.1.2.1      Developmental trends for adjacent year groups  

 Descriptive statistics for the dependent variables for each age group are presented in Table 

3.3. 

 

Table 3.3. Means and Standard Deviations (brackets) for RT and Error Variables for Compatible 
Trials for Each Age Group for the Stop Signal Task. 
 
 Age 

 7 (N = 17) 8 (N=16) 9 (N=28) 10 (N = 21) 11 (N = 13) 

GoRT (ms)     

 
  964.19   
 (172.42)  

 852.79 
(177.00) 

 868.82 
(208.56) 

 789.59 
(134.86) 

  
 793.43      
 (214.31)    
        

SS delay (ms)   541.63  
 (186.13) 

 435.00  
(139.68) 

  477.13  
(207.52) 

 439.05  
(153.40) 

   
433.23  
(206.63) 
 

SSRT (ms)   422.56 
 (169.86) 

  417.79 
(113.38) 

  391.69 
(124.86) 

  350.55 
  (88.90) 

                       
360.20             
(96.11) 
 

% correct go      91.09  
     (7.35) 

   93.75  
   (5.64) 

   95.00  
    (5.48) 

    93.20  
     (6.67) 

  
 92.75     
( 6.96) 
 

% incorrect go        2.35  
     (4.07) 

      2.14  
    (2.66) 

       1.63  
     (3.05) 

       3.54 
     (4.86) 

   
    2.20   
 ( 2.65) 
 

% missed go       6.22 
    (6.87) 

     3.93  
    (3.89) 

       3.37  
     (4.26) 

       2.99  
      (4.19) 

    
   4.84 
  (5.99) 
 

% correct stop      56.99  
     (7.62) 

     51.95  
     (5.92) 

     50.89  
    (10.72) 

     52.38 
      (8.26) 

  
  49.52  
   (8.64) 
 

 
 
 

 

 With age group defined by adjacent years the only significant main effect of age was found 

for GoRT (F(4, 97) = 2.5, p = .044). The partial eta squared for this main effect was 0.10 indicating a 

medium to large effect size. Older children were faster responding to go trials than younger 

children. Post hoc tests revealed no age group was significantly faster than its adjacent age group. 

Surprisingly, the decrease in SSRT from 7 year olds (422 ms) to 11 year olds (360 ms) was not 

significant.  
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3.7.1.2.2 Developmental trends for younger and older children 

 The data was then reanalyzed with age group defined as younger (7 and 8) and older (10 

and 11).  Descriptive statistics for the dependent variables for the younger and older age groups are 

presented in Table 3.4. 

 

 
Table 3.4. Means and Standard Deviations for RT and Error Variables for Compatible Trials for 
Younger and Older Children for the Stop Signal Task. 
___________________________________________________________________ 

___________________________________Age______________________________ 

 Young (7-8) N = 33 Old  (10-11)  N= 34_____________ 

                                        Mean     SD Mean   SD__________ 

GoRT (ms)  910.17 180.95 791.06 166.51 

SS Delay (ms) 489.93  171.45 436.82 172.61 

SSRT (ms) 420.25 143.03 354.24 90.40 

% correct go   92.38      6.61   93.03   6.68 

% incorrect go      1.58     2.39     2.12    2.91 

% missed go    11.92   13.20    8.63  11.55 

% correct stop   58.18    7.69   54.71  8.96_________ 

 

 

 When age group was defined in this manner main effects of age were found for both GoRT, 

t(65) = 2.80, p = .007, and SSRT t(65) = 2.26, p = .027. Cohen’s d for the main effects were 0.71 and 

0.73 respectively, indicating that each of these effect sizes was medium to large. Older children were 

faster at responding to the go stimulus and faster at stopping to the stop stimulus than younger 

children. Importantly, there were no significant age differences in error variables demonstrating 

that the difference in RT with age is unlikely to be a speed-accuracy shift. 

 

3.7.1.3 Are the Age-Related Changes in SSRT Global Speed Changes or Specific to 

Inhibition? 

 The tracking procedure used to calculate SSRT accounts for individual differences in GoRT. 

However, it does not account for developmental changes in GoRT.  Ridderinkhof et al. (1999) point 

out that the age-related change in SSRT could be interpreted to reflect a generalized effect of speed 
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rather than a specific effect on response inhibition. If the age trends in SSRT and GoRT are the 

result of generalized speeding then these variables should be correlated, which they are , r (94) = 

.379, p<.001; Cohen’s d = 0.8. According to Ridderinkhof, if the changes in SSRT are the result of 

age-related changes in GoRT then when the age related variance in GoRT is partialled out, the 

amount of variance in SSRT explained by age should almost be eliminated. To look at age-related 

variance in SSRT over and above age-related variance in GoRT three linear regressions were run 

and variance partitioned according to the technique used by Chuah and Maybery (1999) and 

described in the introduction. Results are presented in Tables 3.5 and 3.6 and Figure 3.3.  

 
 
 
 
 Table 3.5. R-squared and F-Values for Regression Equations Examining the Relative  
 Contributions of Age and Speed to SSRT. 

Regression Number Predictor Variables R-squared and F-values  

1 Age, GoRT .158          F(2, 92) = 8.63, p <.001 

2 Age .047          F(1, 94) = 4.59, p = .035 

3 GoRT .144          F(1, 94) = 15.81, p< .001 

 
 
 
 
 
Table 3.6. Components of Variance and Value for Area Represented in Venn Diagram (Figure 
3.3) 

Label 
in 

figure 

Component Derived from R-
squared values by 

subtracting regression 
equations 

Calculation Value 

A Unique age 1-3 .158-.144 .014 

B Unique GoRT 1-2 .158-.047 .111 

C Shared contribution of age and 

GoRT 
1 – A- B .158-.014-.111 .033 
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Figure 3.3: Venn diagram illustrating components of variance in SSRT as predicted by age and 
speed (GoRT). 
 
 
 
 

 Age explained a significant 4.7% proportion of the variance in SSRT, F(1, 94) = 4.59, p = 

.035. When the age-related variance shared between GoRT and SSRT was partialled out the unique 

age contribution only explained 1.4% of the variance in SSRT. GoRT explained a significant 14.4% of 

the variance in SSRT, F (1, 94) = 15.81, p < .001. When the age-related variance shared between 

GoRT and SSRT was partialled out, GoRT still explained 11.1% of the variance in SSRT. Therefore, it 

appears that the majority of the change in SSRT was due primarily to global speed changes in the 

individual rather than specific changes in the speed of inhibition. This is in opposition to the 

findings of Ridderinkhof et al. (1999) who found that age explained 20.2% of the variance in SSRT 

which reduced only a small amount to 19.2% when the age-related variance in GoRT was partialled 

out.  Unfortunately, they don’t report the amount of variance in SSRT accounted for by GoRT so it is 

not possible to say whether age or GoRT explained more of the variance in SSRT. It is not clear why 

the two studies have such different findings. 

 

3.7.1.4   Is There a Relationship Between Stop Signal Inhibition, Age and 

Intelligence? 

 The two questions of interest are (1) is inhibition related to age and (2) if so is it related to 

fluid intelligence. To answer these questions Pearson’s correlations were calculated for each DV, age 

and the three intelligence measures. Given the results from the above analysis which showed that 

the age related changes in SSRT appeared to be driven more by global speed changes than specific 

changes in speed of inhibition it was decided to include the GoRT in the current analysis to 

 
A 
.014 

C 
.033 

B 
.111

AGE    GoRT 
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determine whether these global speed changes may be driving any relationship with the 

development of intelligence to a greater extent than the inhibition variable. Results are shown in 

Table 3.7. Correlations were also calculated between age and the fluid intelligence measures to 

confirm that there was an age related change in fluid intelligence. Age and fluid intelligence were 

significantly correlated with the Raven’s, .44 (93) p<.001 and with the Cattell, .40 (93) p<.001. 

 

 Inhibition, as measured by SSRT, is significantly related to age and each of the intelligence 

measures. None of the other Stop Signal variables are related to both age and fluid intelligence. Of 

particular interest is the finding that GoRT, although significantly related to age, is not related to 

either of the fluid intelligence measures. This is surprising given the previous analysis. If the age 

changes in SSRT are primarily due to global speed changes then you would expect GoRT and SSRT 

to be similarly related to other variables, for example, intelligence measures. This is not the case. It 

would appear that some component of SSRT is related to fluid intelligence but not related to GoRT.  

 

 

Table 3.7. Correlations between Age, Intelligence and the Stop Signal Task Variables for the 
Compatible Condition. 

Variable Age Cattell Raven’s 
VMA 

WISC-III 

PMA  

WISC-III 

FSIQ 

WISC-III 

GoRT  -.271**   -.072   -.140  -.245* -.035 -.016 

SS delay   -.136    .076    .021   -.092   .120  .088 

SSRT -.217* -.225* -.247*  -.242* -.234* -.158 

%correct go trials    .074    .120   .049    .086   .118  .082 

% incorrect go trials    .054 -.249*   -.110 -0.028 -.135  -.151 

% missed go trials   -.132   .042   .039   -.099 -.033  .005 

% correct stop trials -.206* -.004  -.195   -.108  .046  .045 

* significant at the 0.05 level (2-tailed). ** significant at the 0.01 level (2-tailed).  
Note. Significant correlations are in bold type. N = 95.  
VMA = verbal mental age; PMA = performance mental age. These scores are z-transformed non-age 
normed sums for the WISC-III verbal and performance subtests. FSIQ = full-scale IQ. 
 
 

 To determine whether this fluid intelligence-related component of SSRT is age-related or 

not a series of regression analyses were run, again based on the Chuah and Maybery (1999) 

technique. As mentioned in chapter 2 inspection times were not available for use with the Stop 
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Signal data, therefore, the GoRT was employed as the speed control. The Raven’s score was used as 

the criterion variable in the regression and the predictor variables were inhibition (SSRT), age, and 

global speed (GoRT). Results are presented in Table 3.8 and Table 3.9 and Figure 3.4.                 

 

 

 Table 3.8. R-squared and F-Values for the Regression Equations Examining the Contribution of 
Age, Inhibition and Speed to Raven’s Score. 
Regression number Predictor variables R squared                F- value 

1 Age, inhibition, GoRT .196                 F(3, 91) = 7.39,     p<.001 

2 Inhibition, GoRT .064                 F(2, 92) = 3.12,    p =.049 

3 Age, GoRT .17 0                 F(2,92) = 9.41,     p<.001 

4 Age, inhibition .195                 F(2, 92) = 11.15,    p<.001 

5 Age .169                 F(1, 93) = 18.91,   p<.001 

6 GoRT .020                F(1, 93) = 1.85,     p =.177 

7 inhibition .061                 F(1, 93) = 6.05,    p = .016 

 
 
 
 

Table 3.9. Components of Variance and Value for Area Represented In Venn Diagram (Figure 
3.4) 

Label in 
figure 

Variance Component 
Derived from 
R-squared 
values  

Calculation Value 

A Unique contribution of age 1-2 .196-.064 .132 

B Unique contribution of inhibition 1-3 .196-.170 .026 

C Unique contribution of GoRT 1-4 .196-.195 .001 

D 
Shared age-independent 
contribution of inhibition and 
GoRT 

1-5-B-C .196-.169-.026-.001 .000 

E Age-related contribution of 
inhibition 

1-6-A-B .196-.02-.132-.026 .018 

F Age-related contribution of GoRT 1-7-A-C .196-.061-.132-.001 .002 

G Age-related shared contribution of 
inhibition and GoRT 

1-A-B-C-D-E-F 
.196-.132-.026-.001-

.018-.002 

.017 
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Figure 3.4. Venn diagram demonstrating components of variance in Raven’s scores as predicted by 
age, inhibition (SSRT compatible) and global speed (GoRT). 
 
 
 
 
 
 In this analysis the area in Figure 3.4 of particular interest for the question of whether 

developmental changes in inhibition underpins developmental changes in fluid intelligence is area 

E, which is the age related contribution of inhibition to intelligence. This is only a small 1.8%. The 

Cohen’s d for this r2 value is approximately 0.1 indicating a very small effect size. That means 

according to this analysis, 1.8% of the age related variance in inhibition contributes to fluid 

intelligence as measured by Raven’s. Non-age related inhibition, that is area B, predicts 2.6% of the 

variance in Raven’s scores. The Cohen’s d for this r2 value is approximately 0.3 which is a small to 

medium effect size. Therefore, both individual and developmental differences in inhibition are 

contributing to fluid intelligence, albeit an extremely small amount. Interestingly, GoRT barely 

contributes to the variance in Raven’s regardless of whether it is age-related (0.2%) or non age-

related variance (0.1%). This suggests that although the majority of age-related change in SSRT is 

due to GoRT there is an aspect of SSRT not related to GoRT that appears to be related to the 

development of fluid intelligence. 
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3.7.2     Incompatible Condition 

3.7.2.1   Data Screening and Analysis 

 A second tracking algorithm was run for the incompatible trials. Analysis proceeded as for 

the compatible condition. The tracking algorithm was considered to have been effective as the mean 

percent correct for stop trials across all participants was 48%.  For the incompatible condition Stop 

Signal delay did not stabilize for 6 participants, two 9-year-old males, two 10-year-old males, a 10-

year-old female and an 11-year-old male. These participants were eliminated from further analysis. 

Three of these (9-year-old male, 10-year-old male and female) were participants also removed from 

the compatible condition. No participants failed to inhibit on greater than 70% of the stop trials. As 

per Ridderinkhof et al. (1999) participants with go trial accuracy below 60% were also removed. 

This resulted in the loss of eight participants; 3 female and 2 male 7-year-olds two of whom were 

deleted from the compatible analysis for the same reason, plus three 10-year-old females. This gave 

a final N of 95. 

 

 Multivariate ANOVAs were conducted for all dependent variables; GoRT, SS delay, percent 

correct GoRT, percent missed go trials, and SSRT for the factors age and gender. No main effects of 

gender or interactions of gender with age were found. Therefore, gender was not included in further 

analyses and the data were collapsed across gender.  

 

3.7.2.2      Analysis of Developmental Trends  

3.7.2.2.1      Developmental trends for adjacent year groups 

 Means and standard deviations for the dependent variables across adjacent age groups are 

presented in Table 3.10. With age group defined by adjacent years the only significant main effects 

for age were for percent correct go trials, F(4, 90) = 4.59, p = .002 and percent missed go trials, F(4, 

90) = 5.91, p = .001. Younger children made more errors on go trials and missed a greater number 

of go trials than older children. Partial eta squared for the main effects were 0.17 and 0.19 

respectively, indicating that both effect sizes were large. Post hoc analyses revealed that the main 

effects were driven by 7 year olds having fewer correct go trials and a greater number of missed go 

trials than each of the other age groups.  It was surprising that there was no age effect for GoRT 
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given that the reduction in RT was from 1003ms to 862 ms, that is, a reduction of 141ms which is 

only 30 ms less change than in the compatible condition.  

 

 

Table 3.10. Means and Standard Deviations (brackets) for RT and Error Variables for 
Incompatible Trials for Each Age Group.  
 Age 

 7 (N = 15) 8 (N=19) 9 (N=30) 10 (N = 17) 11 (N = 14) 

GoRT (ms)     
1003.77 
 (172.06)   924.25 

(194.48) 
  918.41 
(216.83) 

  836.57 
 (162.55) 

 862.08 
(247.00) 

SS delay (ms)  566.07 
(212.60) 

  534.04 
(188.95) 

  526.59 
(228.08) 

  496.96 
 (214.50) 

  
   467.25 
  (216.94) 

SSRT (ms)   437.71 
(154.32) 

  390.21 
  (161.11) 

  391.82 
 (125.78) 

   339.61 
  (147.04) 

   394.83 
  (104.47) 

% correct go     81.14  
  (10.62) 

     91.13 
   (10.07) 

    91.52 
    (7.52) 

      92.10 
       (6.11) 

 
    91.22 
    (8.93) 

% incorrect go     10.16  
    (6.41) 

      6.03 
     (5.97) 

       4.54   
      (2.87) 

        7.43 
       (5.59) 

      7.30  
     (7.44) 

% missed go      12.76  
      (8.14) 

      6.02  
     (6.73) 

       5.90 
      (6.36) 

         3.53 
       (4.46) 

 
     4.08  
    (3.49) 
 

% correct stop    48.24 
    (8.95) 

    49.23 
     (9.65) 

     47.25 
      (7.49) 

      46.02 
     (10.45) 

   48.32 
    (9.28) 

 
  
 
 
3.7.2.2.2 Developmental trends for younger and older children 

 As with the compatible condition the data was reanalyzed with age group defined as 

younger (7 and 8) and older (10 and 11) children. Means and standard deviations are presented in 

Table 3.11.  Main effects of age were again found for both percent correct go trials, t(63) = -2.07, p = 

.042 and percent missed go trials, t(63) = 3.26, p = .002. Additionally, there was a main effect for 

GoRT, t(63) = 2.31, p = .024. Older children were faster at responding to the go stimulus than 

younger children. Cohen’s d for the three main effects was 0.67, 1.3 and 0.59 for percent correct go, 

percent missed go and GoRT respectively, indicating the effect sizes were all medium to large. The 

effect of age on SSRT remained non-significant.  
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Table 3.11. Means and Standard Deviations for RT and Error Variables for Incompatible Trials for 
Younger and Older Children for the Stop Signal Task. 
____________________________________________________________________ 

 __________________Age_Group____________________________ 

 Young (7-8) N = 34 Old  (10-11)  N= 31______________ 

 Mean SD Mean SD___________ 

GoRT (ms) 959.33 186.54 849.09 201.73 

SS Delay (ms) 548.17 197.26 483.54 212.51 

SSRT (ms) 411.16 157.59 364.55 130.54 

% correct go  86.72  11.34    91.71     7.39 

% incorrect go    4.29   6.14      4.42     6.17  

% missed go    8.99   8.02                3.78     4.00 

% correct stop 48.79_________     9.22__________  47.06_________    9.84______ __ 

 
 
 
 
3.7.2.3      Is there a relationship between Stop Signal inhibition, age and 

intelligence? 

 Pearson’s correlations were calculated between each Stop Signal variable, age and the three 

intelligence measures. Results for the incompatible condition are shown in Table 3.12.  

 

Table 3.12. Correlations between Age, Intelligence and the Stop Signal Task Variables for the 
Incompatible Condition. 

Variable Age Cattell Raven’s 
VMA 

WISC-III  

PMA 

WISC-III  

FSIQ 

WISC-III 

GoRT -.185 -.087 -.207* -.240* -.048 -.062 

SS delay -.095 .020 -.079 -.213*   .087 -.020 

SSRT -.128 -.158 -.184 -.029 -.204* -.060 

%correct go  .308** .278** .304** .232*   .311* .213* 

% incorrect go  -.070 -.108 -.167 -.002  -.183 -.127 

% missed go  -.375** -.299** -.286** -.321** -.283** -.192 

% correct stop   .015  .000 -.133 -.260* -.091 -.281** 

* significant at the 0.05 level (2-tailed). ** significant at the 0.01 level (2-tailed). 
Note. N = 95. VMA = verbal mental age; PMA = performance mental age. These scores are z-
transformed non-age normed sums for the WISC-III verbal and performance subtests. FSIQ = full-
scale IQ. 
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 The only variables that show significant relationships with both age and intelligence are the 

percent correct go trials and the percent missed go trials. Older and more intelligent children had 

more correct go trials and missed fewer go trials than younger and less intelligent children. 

Interestingly, percent incorrect go trials, which has a strong relationship with percent correct go 

trials, r (93) = -0.7, p <.001, is not related to either age or intelligence.  This suggests that correct 

trials and incorrect trials although the inverse of each other are differentially related to age and 

intelligence. 

 

 It could be argued that in this incompatible condition the ability to resist interference from 

the prepotent compatible response is a measure of inhibition or resistance to interference. In this 

case successful performance on the go task as indexed by percent correct go trials may be an 

indication of inhibitory control. Given this possibility a series of regression analyses were run to 

determine whether the relationship with fluid intelligence was age-related or not (Chuah & 

Maybery, 1999). The criterion variable was again the Raven’s score and the three predictor variables 

were GoRT (speed), percent correct go trials (resistance to interference) and age. Results are 

presented in Table 3.13 and Table 3.14 and Figure 3.5.                 

 
 
 
 
Table 3.13. R-squared and F- values for the Regression Equations Examining the   
Contribution of Age, Inhibition and Speed to Raven’s Score. 
Regression number Predictor variables R squared and F- values 

1 Age, inhibition, GoRT .230        F(3, 91) = 9.07,      p<.001 

2 Inhibition, GoRT .107         F(2, 92) = 5.49,     p =.006 

3 Age, GoRT .208        F(2, 92) = 12.07,   p<.001 

4 Age, inhibition .223         F(2, 92) = 13.21,   p<.001 

5 Age .192         F(1, 93) = 22.04,   p<.001 

6 GoRT .043        F(1.93) =     4.15,   p =.044 

7 inhibition .092        F(1, 93) = 9.47,      p = .003 
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Table 3.14.  Components of Variance and Value for Area Represented in Venn Diagram (Figure 
3.5) 

Label in 

figure 
Variance Component 

Derived from R-

squared values  
Calculation Value 

A Unique contribution of age 1-2 .230-.107 .123 

B Unique contribution of inhibition 1-3 .230-.208 .022 

C Unique contribution of GoRT 1-4 .230-.223 .007 

D 
Shared age-independent 
contribution of inhibition and 
GoRT 

1-5-B-C .230-.192-.022-.007 .009 

E Age-related contribution of 
inhibition 

1-6-A-B .230-.043-.123-.022 .042 

F Age-related contribution of GoRT 1-7-A-C .230-.092-.123-.007 .008 

G Age-related shared contribution of 
inhibition and GoRT 

1-A-B-C-D-E-F 
.230-.123-.022-
.007-.009-.042-
.008 

.019 

 
 
 
 

                      

Figure 3.5. Venn diagram demonstrating components of variance in Raven’s as predicted by age, 
inhibition (SSRT incompatible) and global speed (GoRT). 
 
 
 
 
 As in the previous regression analysis the area in Figure 3.5 that is of particular interest for 

the question of whether developmental change in inhibition underpins developmental changes in 

fluid intelligence is area E. This represents the age-related contribution of inhibition or more 

correctly in this context resistance to interference, to fluid intelligence. Again the numbers are 

small. The age-related contribution of resistance to interference to fluid intelligence is 4.2%. This 

equates to a Cohen’s d effect size of 0.4 which is medium to small. This variance accounted for is a 
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larger figure than the 1.8% contributed by SSRT in the compatible condition. Non-age related 

resistance to interference accounts for only 2.2% of the variance in the Raven’s scores. This equates 

to a Cohen’s d effect size of 0.2 which is considered small. However, the figure is comparable to the 

2.6% of non-age related inhibition variance in the compatible condition. Speed as measured by 

GoRT contributes only negligible amounts of variance to the Raven’s score.  

 

 It is not clear what the relationship between missed go trials and intelligence indicates. 

Missed go trials occur when a participant should have made a response but didn’t. In the compatible 

condition there was no age effect for missed trials. The higher rate in the incompatible condition 

may have been caused by one of three reasons.  

 

 One, it may have taken longer to process the primary or go task in the incompatible 

condition because of the need to inhibit the prepotent compatible response. This may have meant 

that the 2000 ms post-target interval was not long enough for a decision to be made before the 

response interval was over. The overall mean GoRT is longer for the incompatible condition (910.11 

ms) than the compatible (855.14 ms) condition however is not close to the 2 second mark so this 

explanation is not probable. Additionally, inspection of the scatter plot for the incompatible trials 

indicates that most participants were responding around this mean figure and that it is not an 

artefact of a large number of late and early responders.  

 

 A second reason for the higher miss rate may be that the children shifted their response 

criteria from speed of the go task to accuracy in the stop task, and thus waited too long for a possible 

Stop Signal. If this was the case one would expect it to be reflected in a correlation between GoRT 

and percentage of missed go trials. Indeed there is a significant correlation, r (93) = .50, p<.001 

between GoRT and percentage of missed trials. Children who were slower at responding were 

making more omission errors. However, this would not necessarily explain the correlation between 

omission errors and fluid intelligence.   
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 A third possible reason for the higher rate in the incompatible condition is that missed go 

trials or errors of omission may be considered an index of attention as in the go-nogo task (see 

chapter 4). The higher the omission rate the less attention was being paid to the task. Thus it could 

indicate less attention being paid to the task perhaps due to fatigue, perhaps due to the increased 

difficulty of the task. If the higher rate is due to decreased attention this could also explain the 

relationship with the fluid intelligence measures as attention and intelligence have been shown to be 

correlated (see for example Hunt, 1980; Schweizer, Zimmerman & Koch, 2000). 

 

 The main inhibitory index SSRT shows no significant relationship with age or the fluid 

intelligence measures apart from a small relationship with the non-age normed performance 

subscale of the WISC-III. Thus the compatible and incompatible conditions produced quite 

different results with respect to SSRTs relationship to age and to intelligence. Given that the 

incompatible condition had an additional inhibitory load it is surprising that neither percent 

incorrect go trials, which may have indicated a problem with inhibition of the prepotent response to 

the arrow direction, nor SSRT showed age effects or relationships with intelligence. However, as 

discussed above it is possible that the percentage of correct go trials is an indication of the 

successful ability to resist interference from a prepotent response.  

 

3.7.3 Compatibility Effects 

 The question to be answered here is whether the two types of inhibition, that is, behavioural 

inhibition in the stop task and resistance to interference in the go task interact. This issue can be 

addressed by comparing the SSRT across the two compatibility conditions. If there is no difference 

in SSRT between the two conditions this would suggest that the two inhibitory processes do not 

interact, which in turn suggests a degree of independence between the two inhibitory processes. A 

repeated measures ANOVA was run with condition (compatible and incompatible) as the within-

subjects variable and age as the between group variable. Results are presented in Table 3.16. Note, 

due to slightly differing participant pools for each condition the combined pool required the loss of a 

number of participants that were included in the individual condition analyses. The age and gender 

breakdown of the combined participant pool of 86 is reported in table 3.15. 
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   Table 3.15. Age by Gender Distribution of Participants  
   for the SSRT Combined  Analysis across Compatibility  
   Conditions 
                                        _______________________________________ 
                                            _________________Age__________________ 

______      7        8        9 10 11____ 

   Total (N) 14 16 27 17 12 

   Male (N) 5 10 12 8 5        

           ___  Female (N)       9     6      15   9           7 ___ 

 

 

 

Table 3.16. Means, Standard Deviations and ANOVA Results for each Dependent Variable of the 
Stop Signal Task across Compatible and Incompatible Conditions. 
____________________________________________________________________

_____________________________Condition_______________________________ 

 Compatible Incompatible    __ANOVA_____ 

Variable Mean SD Mean                  SD F (1, 76) p_____ 

GoRT (ms) 851.34 188.70 920.03 203.39 22.59 <.001 

SS delay (ms) 467.77 181.84 537.96 211.16 16.94 <.001 

SSRT (ms) 383.37 122.48 382.07 133.46     .01    .917 ns 

% correct GoRT   93.36     6.32   90.37     8.40 14.25 <.001 

% incorrect GoRT      1.51     2.52     3.72     5.24 21.89 <.001 

% missed go     9.45   11.72     5.88     6.16 10.99    .001 

% correct stop    52.21    8.84  47.67     8.93   8.02    .006___ 

 

 
  
 All variables showed a significant compatibility effect except for SSRT. This replicates the 

findings of van den Wildenberg and van der Molen (2004) for their simple stopping task. There was 

no age by compatibility interactions for any of the variables. It appears that the two types of 

inhibition did not interact in the present experiment. 

 

3.8   Discussion 

3.8.1   Developmental Effects in Inhibition in the Stop Signal Task 

3.8.1.1   Compatible Condition 
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 Significant developmental trends were dependent upon the definition of the age group. 

When age group was defined by adjacent years only GoRT showed a significant developmental trend 

with speed of responding decreasing from 964 ms in the 7 year olds to 793 ms in the 11 year olds. 

When age group was defined by grouping the 7 and 8 year olds together in a ‘young’ group, and the 

10 and 11 year olds in an ‘old’ group then both GoRT and SSRT showed a significant developmental 

trend with SSRT decreasing from 420 ms in the younger group to 354 ms in the older group. These 

values are slightly higher than the SSRTs reported by Williams et al. (1999), Ridderinkhof et al. 

(1999) and van der Wildenberg & van der Molen (2004) for comparable younger and older age 

groups. These values were 274-223ms; 305-234ms; 282-247ms respectively. Although the absolute 

values appear quite different the relative differences between the youngest and oldest groups are 

comparable between studies; 66 ms in the present study, and 51ms, 71 ms and 35 ms for the cited 

studies.  

 

3.8.1.2      Incompatible Condition 

 Developmental trends were again dependent upon the definition of the age group. However, 

findings were quite different for the incompatible condition compared to the compatible condition. 

With age group defined by adjacent year group the only significant developmental effects were for 

the percentage of correct go trials and the percentage of missed go trials. Younger children made 

fewer correct responses on go trials and missed responding to a greater number of go trials than did 

older children. These differences were driven by the 7-year-old age group which was significantly 

poorer in performance than all older children. It did not appear that the incompatible task itself was 

more difficult for the younger children as there was no age difference in the percent incorrect for the 

go trial. It was more likely to have been caused by a strategy adopted by the youngest children of 

waiting to see if a Stop Signal was going to appear. This was despite repeated reminders by the 

experimenters that it was just as important to go fast as it was to get the stop trials correct.  

 

 With age group defined by younger and older groups these two variables again showed 

significant developmental trends. Additionally, GoRT now showed a significant main effect of age 

whereby children responded faster as they got older.  SSRT did not show any significant age trend. 



 Chapter 3.     The Stop Signal Task 

 86

The only study which has comparable data for the incompatible condition is van der Wildenberg & 

van der Molen (2004). Their mean SSRT values were again slightly faster than the current study, 

267ms and 250 ms for 7 and 10 year olds respectively, compared to current values of 438 ms and 

340 ms for 7 and 10 year olds respectively. If relative rather than absolute differences are compared 

the children in their study improved the speed of inhibiting from ages 7 to 10 by 17 ms while the 

children in our study sped up over the same age period by 98 ms. Examination of their data reveals 

that separate analyses for age effects in compatible and incompatible conditions were not 

calculated. Analysis was done with data collapsed across both conditions. Therefore it is possible 

that one or the other condition did not show an age effect for SSRT. Furthermore, the differences for 

SSRTs for 7 and 10 year olds (collapsed across compatible and incompatible conditions) were not 

actually significant (they report marginal significance at p = .06). The developmental trend they 

reported was driven by the difference in SSRT between the children and the adults. The current 

study therefore, shows a larger although nonsignificant developmental trend over the same age 

period in incompatible SSRT than in the van der Wildenberg & van der Molen, (2004) study.  

 

3.8.2 Are the Developmental Changes in SSRT Global Speed Changes? 

 Ridderinkhof et al. (1999) point out that the age related change in SSRT could be 

interpreted to reflect a generalized effect of speed on age rather than a specific effect on response 

inhibition. If the changes in SSRT are the result of age related changes in GoRT then when the age 

related variance in GoRT is partialled out, the amount of variance in SSRT explained by age should 

almost be eliminated. This was the case in the current study. For the compatible condition age 

explained 4.7% of the variance in SSRT. When the age related variance in GoRT was partialled out 

age explained only 1.4% of the variance in SSRT. These results are in stark contrast to those of 

Ridderinkhof et al., (1999) who found that age explained 20.2% of the variance in SSRT, which 

reduced to 19.2% once the age related variance in GoRT was partialled out. It is unclear why the 

present results are so different. One possible explanation may reside in the different analytical 

procedures used by the two studies. In the present study the first 50 trials in a block were excluded, 

as visual inspection of the data revealed that it took this long for the tracking algorithm to stabilize. 

In the Ridderinkhof et al. study the full 96 trials for each of the two blocks was included in the 
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analysis and so the staircase may not have stabilized. To check whether this may have influenced the 

data, I repeated the analysis on my data including the full 100 trials.  In this second analysis age 

now explained 12.5% of the variance in SSRT (F(1, 96) = 13.67, p<.001. When the age related 

variance in GoRT was partialled out the variance explained by age in SSRT reduced to 1.5%. Thus, 

although a greater amount of initial variance in SSRT was accounted for by age in this second 

analysis, it was still mostly due to the age-related variance in GoRT.  

 

 A second possibility arises from the use of a wider age spread in the Ridderinkhof et al. 

(1999) study. They included a young adult population as part of their developmental trend. It may 

be that the current study gives a clearer picture of age related variance over the ages 7 to 11 whereas 

the Ridderinkhof et al. values pertain more to changes over the ages 6 to 21. As the current study did 

not include an adult group it is not possible to assess this hypothesis. However, it appears from the 

current data that the age related changes in SSRT in the compatible condition from ages 7 to 11 are 

primarily due to global speed changes rather than inhibition specific speed changes.  

 

3.8.3 Relationship between Age, Inhibition and Fluid Intelligence 

 For the compatible condition SSRT showed a significant relationship with age and each of 

the intelligence measures with the exception of the age-adjusted full scale WISC IQ. This is notable 

as previous studies that have reported the lack of a relationship between intelligence and inhibition 

typically correlate inhibition with age-adjusted IQ. Also notable is that no other variable showed the 

same pattern of correlation. Those that correlated with age, such as GoRT did not correlate 

significantly with fluid intelligence, and those that correlated with fluid intelligence, such as percent 

incorrect go trials, did not correlate significantly with age. The pattern of correlations for GoRT is 

interesting. If the age changes in SSRT are primarily due to global speed changes as the analysis 

reported above appears to indicate, it could be expected that GoRT and SSRT may be similarly 

related to other variables, particularly as developmental speed changes are known to correlate with 

changes in intelligence.  Thus some component of SSRT not related to global speed changes as seen 

in GoRT appears to be related to fluid intelligence. However, when the age-related and age-

independent components of variance for fluid intelligence as measured by Raven’s matrices were 
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examined, age-related inhibition as measured by the SSRT only accounted for 1.8% of the variance. 

Age-independent inhibition accounted for only a slightly higher proportion of variance in 

intelligence at 2.6%. Therefore, both individual and developmental differences in inhibition as 

measured by SSRT are contributing to fluid intelligence. However, neither is contributing much 

variance and individual differences in inhibition are predicting slightly more variance than 

developmental differences.  

 

 For the incompatible condition inhibition as measured by SSRT did not correlate with age 

or intelligence thus no regression analyses were conducted for SSRT. However, it was hypothesized 

that the percent correct of go trials in the incompatible condition may be an index of the ability to 

resist interference from the prepotent compatible response. Regression analyses revealed that this 

variable accounted for slightly more of the age-related variance in the Raven’s scores (4.2%) than 

did SSRT in the compatible condition (1.8%). Notably, non-age related variance contributed to the 

Raven’s scores by the percent correct go task was smaller (2.2%) than the age-related variance. 

Variance contributed by speed of processing as indexed by GoRT was negligible.  Therefore, a 

similar conclusion can be reached for this variable as for the SSRT in the compatible condition. Both 

individual and developmental differences in resistance to interference as measured by percent 

correct go trials are contributing to fluid intelligence. However, neither is contributing much 

variance. In contrast to the SSRT results age-related differences in performance on the percent 

correct go trials are predicting slightly more variance than non-age-related differences.  

 

3.8.4 Compatibility, Inhibition and Fluid Intelligence 

 No effect of compatibility was found for SSRT. The SSRT remained consistent across the 

two conditions despite an increase in GoRT and error rate in the incompatible condition. This 

supports the findings of van der Wildenberg & van der Molen (2004) who found no compatibility 

effect in their simple stopping task with a similarly aged population. It also supports the assumption 

of the race model that the go and stop processes are independent and suggests that the two types of 

inhibition (behavioural inhibition and resistance to interference) are independent. 
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 It is not clear why SSRT in the compatible condition showed a relationship with age and 

fluid intelligence while SSRT in the incompatible condition did not. It is an unexpected finding for 

three reasons. Firstly, the incompatible condition has a higher inhibitory load than the compatible 

condition. If Dempster’s argument about inhibitory function and fluid intelligence is correct then it 

might be expected that the incompatible condition which has a higher inhibitory load would have a 

stronger relationship with fluid intelligence. Secondly, the incompatible condition makes the Stop 

Signal a slightly more complex task. More complex tasks are typically found to have a stronger 

correlation with fluid intelligence (Stankov, 1994, 2000).  Thirdly, if as the compatibility analysis 

suggests the two inhibitory processes are independent then it is unclear why adding an inhibitory 

load in the incompatible condition would alter the relationship of the first inhibitory process with a 

third variable, that is, fluid intelligence. 

 

 One possibility may involve thinking about the incompatible condition as two separate tasks 

rather than as one complex task. In this case we have one task which has been practiced (i.e. the 

stop task) and a new task (i.e. the inhibition of the now prepotent compatible responses).  The 

novelty of the second task may require more intellectual resources for successful performance than 

the practiced task, particularly for the younger children.  Thus the new task may show a stronger 

relationship with age and fluid intelligence. This hypothesis could perhaps be examined by 

repeating the incompatible block or by counterbalancing order of presentation. Once the novelty of 

the task has diminished the nature of the relationship between the two tasks, age and fluid 

intelligence may shift again. 

 

 In conclusion the present study found that inhibition in the Stop Signal task does develop 

from the ages of seven to eleven. Inhibition, measured by SSRT in the compatible condition and 

percent correct go trials in the incompatible, is related to both age and fluid intelligence. However, 

only minimal amounts of variance in fluid intelligence scores are explained by the inhibition 

measures. Therefore, the findings do not support Dempster’s argument that developmental changes 

in inhibition drive developmental changes in fluid intelligence, at least when inhibition is indexed 

by SSRT.
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Chapter 4. The Go-nogo task  

 As discussed in the introduction, tasks used to examine the question of whether 

developmental changes in the efficiency of inhibitory processes may underpin developmental 

differences in intelligence need to meet two criteria according to Dempster’s hypothesis. These are  

1. That it provides an index of inhibition. 

2. That the task utilises frontal areas of the brain. 

Evidence for each of these points will be discussed before turning to existing evidence for the two 

empirical questions. 

3. Does performance on the task develop with age? 

4. Is there evidence of a relationship between performance on the task and developmental 

changes in intelligence? 

Following these reviews the study will be introduced and specific aims and hypotheses addressed. 

 

4.1 The Go-Nogo Task as a Measure of Inhibition  

 The go-nogo task is considered an example of behavioural inhibition. However, it is not as 

formalized in theory or practice as the Stop Signal task. The task is presented as a reaction time 

task with two stimuli types, go and nogo, which are defined a priori. The go stimulus requires a 

response, the nogo stimulus require participant to withhold a response. It has been characterized 

as a stop-signal task in which the go and Stop Signals are simultaneous (van Boxtel, van der Molen, 

Jennings & Brunia, 2001). This is not strictly accurate. A stop-signal trial in which the go and Stop 

Signals were presented simultaneously would still require the presentation of two stimuli, whereas 

in the go-nogo only one stimulus, the nogo stimulus is presented. In the Stop Signal paradigm any 

go stimulus may subsequently require a response to be withheld, in the nogo paradigm a go 

stimulus will never require a response to be withheld. Thus, the go-nogo task has a higher load on 

response selection than the Stop Signal task and stop task has a higher load on response inhibition 

processes compared to go-nogo (Rubia, Russell, Overmeyer, Brammer et al., 2001). 

 

 The primary indices obtained from the task are reaction time for correct go trials (GoRT), 

percent correct for the go trials, percent missed go trials (or omission errors) in which the 
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participant fails to make a response to a go stimulus, and percent incorrect for the nogo trials (or 

commission errors) in which the participant fails to inhibit on a nogo trial. The inhibitory index is 

percent incorrect for the nogo trials. The higher the number of commission errors the worse the 

inhibitory ability. Typically the majority of trials (70-80%) are go trials requiring a response. 

Therefore, successful performance on nogo trials requires inhibition of the prepotent go response 

(although note that some studies do use equivalent probabilities for go and nogo responses which 

would reduce the inhibitory load). The omission errors on the go trials are considered an index of 

attention to the task, the higher the error rate the less attention paid to the task. This is an 

important control. If inattention to the task is high, poor inhibitory performance may be the result 

of inattention rather than lack of inhibitory ability.  

 

 A number of variables have been found to influence performance on the go-nogo task. Two 

relevant to the present study are the probability of go versus nogo stimuli and the degree of overlap 

between characteristics of the go and nogo stimuli. Decreasing the probability of nogo stimuli 

relative to go stimuli makes inhibiting the nogo stimuli more difficult (Bruin & Wijers, 2002; see 

Biederman & Zachary, 1970 for a discussion of stimulus probability effects). Increasing the degree 

of overlap between the go and nogo stimulus properties, that is, colour, shape, and so forth also 

makes the inhibition of nogo stimuli more difficult (Fox, Michie, Wynne & Maybery, 2000).  Thus 

it is possible to increase the inhibitory load of a nogo stimulus. In the current experiment two 

levels of inhibitory load will be examined to determine if developmental trajectories are influenced 

by the difficulty of the inhibitory task and whether the two levels relate differentially to fluid 

intelligence.  

 

 The go-nogo paradigm shares some similarity with versions of the continuous performance 

task (CPT) (Rosvold, Mirsky, Sarason, Bransome & Beck, 1956). The CPT is typically used as a 

measure of sustained attention.  The task requires maintenance of attention to simple stimuli and 

the inhibition of responses to competing stimuli over a prolonged period of time. Participants are 

instructed to press a response key as quickly as possible every time a target stimulus appears. The 

target is often preceded by a cue and the specified cue-target sequence must occur for a response to 
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be correct. The rule governing the cue-target sequence may be quite complex, for example, 

respond to the X but only when it is the second stimulus following an A. This requires a higher WM 

input than the go-nogo task. Typically the target rate in the CPT is around 10-30%, that is, 

participants only respond to 10-30% of the stimuli and inhibit responding to 70-90% of the 

stimuli. Thus the prepotent response is to withhold a response, unlike in the go-nogo paradigm 

where the prepotent response is to respond. However the same measures are obtained from both 

tasks: errors of commission (incorrectly responding to a stimulus), and errors of omission (failure 

to respond to a target). Omission errors in the CPT are considered a direct measure of inattention 

as they are in the go-nogo task. Commission errors are categorized depending on the sequence of 

stimuli. If a response is made to a non-target following the presentation of the cue this is 

considered to reflect an inability to interrupt or inhibit an ongoing response, and is the measure 

closest to reflecting the errors in the go-nogo task. In essence it is a go-nogo task with different 

response probabilities and often a faster stimulus presentation rate. Age related improvements in 

the number of commission errors have been reported in a number of CPT studies (see for example 

Greenberg & Waldman, 1993; Levy, 1980; Lin, Hsiao & Chen, 1999). However, given the 

differences in probability between go and nogo stimuli and working memory load when compared 

to the go-nogo task they will not be included in the current review. 

 

 

4.2 Does Inhibitory Performance on the Go-Nogo Task Involve 

Frontal Cortex? 

 Early evidence from psychophysiology, lesion studies, clinical studies and imaging studies 

appeared to indicate a specific pattern of frontal involvement in performance on the go-nogo task. 

More recent research brings some of these earlier findings into question. This relates particularly 

to developmental studies which appear to indicate a differential pattern of brain usage in 

childhood and adulthood for the go-nogo task. Evidence from each of these research areas will be 

considered in turn. 
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4.2.1     Imaging and Lesion Studies  

4.2.1.1   Adults  

 Involvement of the frontal cortex in performance of the go-nogo task in humans was 

proposed by Drewe (1975) who reported that lesions of the frontal cortex disturbed performance 

on a go-nogo task. An early imaging study using magnetoencephalography (MEG; Sasaki, Gemba, 

Manbu & Matsuzaki, 1993) confirmed the involvement of the frontal cortex during nogo inhibitory 

control in humans. Further imaging studies using PET or fMRI generally showed activation in 

prefrontal, basal ganglia and supplementary motor regions during the go-nogo task (Kawashima, 

Satoh, Itoh, et al., 1996; Konishi, Nakajima, Uchida, Sekihara, & Miyashita, 1998; Konishi, 

Nakajima, Uchida et al., 1999; Liddle, Kiehl, & Smith, 2001; Menon, Adleman, White, Glover, & 

Reiss, 2001; Rubia, Overmeyer, Taylor et al., 2000). A recent review of neuroimaging and human 

lesion mapping (Aron, Robbins & Poldrack, 2004) found that response inhibition consistently and 

primarily activates right inferior frontal cortex (Garavan, Ross, & Stein, 1999; Garavan, Ross, 

Murphy, Roche, & Stein, 2002; Konishi et al., 1998; Konishi et al., 1999; Menon et al., 2001). 

 

4.2.1.2    Children 

 Only five neuroimaging studies have examined developmental differences with a go-nogo 

task. Casey et al. (1997) tested 9 children (aged 7 to 12) and 9 young adults (aged 21 to 24) using 

fMRI. They focused on 5 broad regions of the prefrontal cortex (inferior frontal, middle frontal, 

orbital frontal, superior frontal and anterior cingulate cortices). The behavioural results 

demonstrated a clear difference in errors of commission between adults (8%) and children (27%). 

They found that although the area of activation was the same for children and adults, the volume 

of activation was greater for children than adults. These differences were most pronounced in the 

dorsal and lateral prefrontal cortices. The study also found that the fewer commission errors there 

were the greater the activation in the orbitofrontal cortex and anterior cingulate cortex. However, 

no analysis was reported which indicated whether this was different for adults and children.  

 

 Tamm, Menon and Reiss (2002) tested 19 participants aged from 8 to 20 years. They found 

no developmental effects for the error data but did find that older participants responded faster to 
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go trials than younger participants. As with Casey et al. (1997) they reported dissociable processes 

in the frontal cortex during development. They found that younger participants showed more 

extensive activations than older participants in discrete areas of the prefrontal cortex, specifically 

the left superior frontal gyrus extending into orbital frontal gyrus. Developmental decreases in 

activation in left superior frontal gyrus were also evident.  However, unlike Casey et al. they also 

reported developmental increases in activation in left inferior frontal gyrus extending into orbital 

frontal gyrus.  Booth, Burman, Meyer, Lei, et al. (2003) suggested that this discrepancy is due to 

the way areas were selected for scanning. In the Casey et al. study larger areas of interest were 

defined which may have reduced sensitivity.  Additionally, the behavioural results between studies 

were different. No developmental differences in error data, which is the primary inhibitory index, 

were reported in the Tamm et al. study while they were in the Casey et al. study. Thus, if activation 

is a reflection of behavioural performance different imaging results would be expected between the 

studies.   

 

 The Tamm et al. (2002) study is also limited in its ability to reach conclusions about areas 

involved in inhibition, successful or otherwise, for two reasons. One, as discussed above the error 

data consists of both commission and omission errors. This means that it is not possible to 

distinguish between errors of inattention and inhibition. Two, it utilised a block design with some 

blocks comprised of only go trials and others containing both go and nogo trials. Comparisons 

were made between go blocks where a response was made on every trial and nogo trials where 

responses were made for some trials but not for others. Subtractions between these two types of 

blocks may reflect not only inhibition but motor preparation, changes in set, and/or conflict and 

error processing.  

 

 Bunge, Dudokovic, Thomason, Vaidya, and  Gabrieli (2002) tested 16 children aged 8 to 12 

and 16 adults using an event-related fMRI design rather than a block design. They also acquired 

whole brain data and conducted an analysis which enabled them to identify brain regions 

associated with task performance. They found that children made more errors than adults. 

However, a comparison of error rates between younger (8-9) and older (11-12) children revealed 
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no differences on errors. The imaging data revealed a number of developmental dissociations.  In 

adults, nogo trials compared to neutral trials activated a number of regions in the prefrontal 

cortex, including bilateral ventrolateral and dorsolateral areas. It also activated anterior and 

posterior cingulate cortices, left superior and inferior parietal lobes, bilateral precuneus, right 

temporal lobe and right cerebellum. None of these areas were activated to a significant level in 

children.   

 

 In the adults, none of the significantly activated regions were correlated with success of 

response inhibition. In contrast, for children a number of areas were activated dependent on 

success of inhibition. These included bilateral parietal cortex, right premotor cortex, right globus 

pallidus, bilateral middle temporal gyrus, bilateral occipital cortex and within the prefrontal cortex 

a region in right middle frontal gyrus. They also divided children into groups of better inhibitors 

and worse inhibitors to see if the areas activated by the better performers were similar to those 

activated by adults. They found that worse performers activated left ventrolateral and bilateral 

dorsolateral prefrontal cortex, and better performers activated bilateral inferior parietal lobule. 

That is, better child performers activated the inferior parietal cortex as did the adults.  Neither 

group of children showed activation in the right ventrolateral prefrontal cortex, which was a region 

activated by adults. Bunge et al. (2002) concluded that the activation of posterior association areas 

was a stronger determinant of performance in children than prefrontal areas which were utilised 

by adults.  

 

 Durston, Thomas, Yang, Ulug, Zimmerman, and Casey (2002) argued that the different 

results seen between children and adults in the Bunge et al. (2002) study may have been due to 

differences in task demands. The task may have been too difficult for children and/or too easy for 

adults, resulting in floor and/or ceiling effects. Accordingly, they manipulated task difficulty by 

varying the number of go trials preceding a nogo trial (1, 3 or 5). This would allow comparison 

between the groups on trials of similar performance. They tested 10 adults and 10 children (6-10 

years). Adults were faster and made fewer errors than children. Both children and adults made 

more errors as the number of go trials preceding nogo trials increased. When comparing nogo 
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trials to go trials both children and adults showed activation in bilateral ventral prefrontal cortex, 

right dorsolateral prefrontal cortex, and the right parietal lobe. However the increase in activation 

was larger for children in all areas compared to adults. Adults showed increasing activation as a 

function of increasing number of preceding go trials. Children did not show this effect as activation 

was high regardless of preceding go trials. Successful inhibition was correlated with higher 

activation in the left caudate nucleus and bilateral inferior frontal gyrus. Inhibition was associated 

with stronger activation for prefrontal and parietal regions for children than adults. Durston et al. 

(2002) concluded that activation of fronto-striatal circuitry is the adult pattern and that the older 

and better performing children approximated this pattern more closely than poorer performing 

children. 

 

 Booth et al. (2003) tested 12 children (aged 9-12) and 12 adults (aged 20-30) in a block 

design fMRI study. They argued that an event-related design as used by Bunge et al. (2002) and 

Durston et al. (2002) may be less sensitive than block design employed by Casey et al. (1997) and 

Tamm et al. (2002) and that this may explain some of the divergent results.  Booth et al. (2003) 

found large developmental differences in go-nogo behavioural performance and fMRI activation. 

Behaviourally adults were faster at responding to go stimuli (681ms) than were children (813 ms). 

Adults also made fewer errors (2.9%) than children (6.4%). It should be noted that these error 

rates include errors of commission and omission and therefore cannot be strictly thought of as 

inhibition errors, but rather as a combination of inhibition and inattention errors. 

 

 In the imaging data Booth et al. (2003) found that children had greater activation than 

adults in frontal lobe regions including bilateral medial frontal gyrus and medial aspects of 

bilateral superior frontal gyrus. Adults didn’t show greater activation in any area compared to 

children for this comparison. This finding of developmental differences in the frontal cortex is 

consistent with studies which have shown that younger participants have greater activation than 

adults in middle and superior frontal gyrus (Casey et al., 1997; Tamm et al., 2002). No analysis was 

made in this study between levels of performance and activation. 
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4.2.2 Electrophysiology 

 A large number of psychophysiological studies with adult participants have reported a 

“nogo N2” component during performance on the nogo task (Eimer, 1993; Jodo & Kayama, 1992; 

Kok, 1986; Pfefferbaum, Ford, Weller, & Kopell, 1985). The N2 is a negative brain potential 

detected over the frontal cortex. Kok (1986; see also Band & Boxtel, 1999) interpreted the N2 as an 

index of inhibitory processes emanating from structures in the prefrontal cortex. Support for the 

frontal source for the neural generator of N2 has been found in imaging and micro-electrode 

studies using the go-nogo paradigm (e.g. Sasaki, Gemba & Tsujimoto, 1989).  

 

 More recently the interpretation of the N2 as an index of inhibition has been challenged. 

Fox et al. (2000) used two different types of nogo stimuli; one with no overlapping features with 

the go stimuli (elemental nogo), and one with either colour or shape overlapping with go stimuli 

(configural nogo). They found an enhanced N2 for elemental nogo stimuli relative to go, but for 

configural nogo they found an enhanced late frontal negative/parietal positive slow wave. This 

suggests that N2 cannot reflect response inhibition per se as both tasks required inhibition of the 

nogo stimuli but only one resulted in N2 enhancement. However, the authors note that the results 

do not necessarily argue against the interpretation of N2 enhancement when it does occur as an 

index of inhibition.  

 

 A current alternative interpretation of N2 is that it indexes response conflict/conflict 

monitoring. Two studies which varied the frequency of the go and nogo probabilities found that N2 

was enhanced for low probability stimuli whether these were associated with generating (go 

stimuli) or suppressing a response (nogo stimuli) (Donkers & van Boxtel, 2004; Nieuwenhuis, 

Yeung, van den Wildenberg, & Ridderinkhof, 2003). This N2 was localized to the anterior 

cingulate cortex. Another study which analysed N2 in visual and auditory tasks found that the 

relative size of N2 in visual and auditory tasks depends on perceptual overlap between the go and 

nogo stimuli (Nieuwenhuis, Yeung & Cohen, 2004). Thus although N2 has been localized to the 

frontal cortex the recent research demonstrating that it does not index inhibition per se means that 
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previous N2 nogo research cannot be viewed as supporting the argument that inhibition as 

measured by the go-nogo is frontal. 

 

 To summarize: in the adult go-nogo literature the imaging data provides strong evidence  

that successful performance on the go-nogo task involves frontal activation, specifically in the right 

inferior frontal cortex. The psychophysiological data is less clear due to recent studies 

demonstrating that N2 once thought to be an index of inhibition in the go-nogo task is in fact more 

a measure of conflict monitoring than inhibition per se.   

 

 

4.2.3 Clinical Populations 

 A final body of evidence for suggesting frontal involvement in the go-nogo task comes from 

studies of children and adults with attention deficit hyperactivity disorder (ADHD). Problems with 

response inhibition as measured by the go-nogo task have been widely noted in adults and children 

diagnosed with ADHD (e.g. Aron, Dowson, Sahakian, & Robbins, 2003; Barkley, 1997; Koschack, 

Kunert, Derichs, Weniger & Irle, 2003; Schachar, Tannock, Marriott & Logan, 1995). A full review 

of the ADHD imaging literature is beyond the scope of this chapter (for a discussion of the issues 

involved in this complex area see Tamm et al., 2004). Nevertheless, evidence from structural and 

functional imaging studies (Casey et al., 1997; Castellanos, Giedd, Marsh, & Hamburger, 1996; 

Durston, Tottenham, Thomas, Davidson et al., 2003; Tamm, Menon, Ringel, & Reiss, 2004; 

Vaidya, Austin, Kirkorian, Ridlehuber et al., 1998; Vaidya & Gabrieli, 1999) suggests that the 

inefficient inhibition in ADHD is underpinned by a deficit in right inferior frontal cortex.  

 

 To summarise: Two questions are of interest. One, is there a developmental difference in 

brain areas activated by the go-nogo paradigm? Two, is this developmental difference related to 

levels of inhibitory performance? The answer to the first question according the five studies 

reviewed is yes. Each of them reported a developmental difference in activation. Four of the five 

(Booth et al., 2003; Casey et al., 1997; Durston et al., 2002; Tamm et al., 2002) reported that 

children showed increased activation compared to adults particularly in the middle and superior 
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frontal gyrus, while one (Bunge et al., 2002) reported decreased activation in children relative to 

adults in these same areas of the prefrontal cortex. Bunge et al. (2002) propose that their differing 

results may have been caused by the use of an event-related design. In an event-related design 

participants do not have a block of go trials prior to any nogo trials. This may mean that they are 

not able to establish a prepotent response to the go stimuli which in turn would mean that the 

inhibitory response to the nogo stimuli would not be as difficult. Because the inhibitory load is 

lower, the activation required may not be as great as that required in a block design with a greater 

inhibitory demand. However, as Durston et al. (2002) also employed an event-related design and 

found a similar pattern of increased activation in children as the block design studies this cannot 

be the entire story.  

 

 The second question of whether the developmental difference is related to levels of 

inhibitory performance was only addressed by three studies (Bunge et al., 2002; Casey et al.,  1997; 

Durston et al., 2002). Each of these found that successful performance on the task was related to 

differential activation. Casey et al. (1997) found that lower error rates were associated with 

increased activation in orbitofrontal cortex and anterior cingulate cortex. Bunge et al. (2002) 

found differences in activation dependent on performance for children but not for adults. 

Successful performance in children was related to increased activation in the middle frontal gyrus 

of the prefrontal cortex and bilateral parietal cortex. More successful inhibitors among the children 

had greater activation in bilateral inferior parietal areas than less successful inhibitors. Durston et 

al. (2002) found that successful inhibition was related to increased activation in bilateral inferior 

frontal gyrus for both adults and children but that the activation was more pronounced for 

children. Thus, two of the three studies demonstrate a relationship between successful inhibition 

and increased activation for middle and inferior frontal gyrus, particularly for children. The Casey 

et al. (1997) regions of interest are too broad to make a direct comparison with the other two 

studies.  

 

 In conclusion, inhibition as measured by the go-nogo task in children does appear to be 

utilising frontal cortex, particularly the middle and superior frontal gyrus. However the pattern of 
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activation is more diffuse and extends further into the parietal regions than it does for adults. 

These conclusions are made with caution due to the small number of studies and the varying 

methodologies employed. 

 

4.3 Does Inhibitory Performance on The Go-Nogo Task Develop with 

Age?  

 A summary of studies examining developmental trajectories in the go-nogo task is 

presented in Table 4.1. A number of these studies are imaging studies. The following review deals 

primarily with the behavioural data from the studies. The imaging data was discussed in detail in 

chapter 4.2.1.2. 

 

 Becker, Isaac & Hynd (1987) tested eighty normally developing children aged 6, 8, 10 and 12 

years of age on two versions of the go-nogo task. They reported a developmental effect whereby 

children made fewer errors on the task as they got older for both versions of the task. This effect 

was greatest for the younger children. Six year olds performed less well than older children. 

Unfortunately, the main dependent variable was percent correct trials rather than percent 

incorrect trials.  Thus, no distinction was made between errors of commission and errors of 

omission. This makes it difficult to ascertain whether the improvement with age was primarily an 

improvement in attention or inhibition or a combination of both. Furthermore, only 32 trials in 

total were presented which is not long for a prepotent response to build, and no indication is given 

as to the proportion of go and nogo trials.  

 

 Livesey and Morgan (1991) studied a younger population of eighty 4- and 5-year-olds with a 

version of the task adapted for younger children. Children were shown some toys in a well. When 

the well was covered by a particular shape (S+) the child was told that a toy would be underneath 

which they should then get out. However, when the toy was covered by another particular shape 

(S-) they were told that there wouldn’t be a toy, and that they shouldn’t open the well. The 

inhibitory measure was the number of responses made to the S- stimulus, that is, errors of 

commission. Twenty trials were completed, 50% go trials and 50% nogo trials. If a child didn’t  



 Chapter 4. The Go-nogo Task 

 101

Table 4.1. Summary of Findings from Studies Which Have Employed the Go-Nogo Paradigm with Children. 
 

Authors Year 
Ages and 

groupings 

 

N 

 

Error rates (percent) 

Developmental 

effect 

    4 5 6 7 to 9.5 8 
9 to 

11.5 
10 

11 to 

13 
12 

8/10 to 

12 
adults  

Becker, Isaac & 

Hynd 
1987 6, 8, 10, 12 80 

 
 3.75  0.78  1.5  0.93   Yes 

Livesey & Morgan 1991 4, 5 80 31.8 9.62          Yes 

Levin, Culhane, 

Hartmann, et al.  
1991 7-8, 9-12, 13-15 52   

 

no percentages calculable  
    Yes 

Casey, Trainor, 

Orendi, Schubert et 

al.. 

1997 7-12, 21-24 18          27 8 Yes 

van der Meere & 

Stemerdink 
1999 7-8, 9-10, 11-12 60    31  22.6  21.6    Yes 

Archibald & Kerns 1999 7 to 12 89   no percentages calculable      Yes 

Tamm, Menon & 

Reiss 
2002 8 to 20 19   no data reported        No 

Beveridge, Jarrold & 

Pettit 
2002 6 and 8 60   41.3  10.6       Yes 

Durston, Thomas, 

Yang, Ulug, 

Zimmerman & Casey 

2002 6-10, adults 20          11.6 4.5 Yes 

Bunge, Dudokovik, 

Thomason, Vaidya & 

Gabrieli 

2002 8-12, adults 32          10.3 4.5 Yes 

Booth, Burman, 

Meyer, Lei et al. 
2003 9-12, adults 24          6.4 2.9 Yes 

Brocki & Bohlin 2004 6 to 13 92   10.69 13.98  9.88  10.59    Yes 
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respond within 10 seconds the trial was terminated. They found that 4-year-olds made 

significantly more commission errors (31.8%) than the 5-year-olds (9.62%) and that there were no 

effects of gender on number of errors for either age. Errors of omission were not reported. 

 

 Levin, Culhane, Hartmann, et al. (1991) tested 52 normal children and adolescents. Three 

age groups were defined, 7-8 years, 9-12 years and 13-15 years.  No details of the go-nogo task 

parameters are given in the paper. A strong developmental effect was found for go-nogo 

performance on errors of commission. The 7-8 year olds made an average of 12 errors, the 9-12 

group an average of 5.9 errors and the adolescents an average of 5.5 errors. The total number of 

trials presented is not identified so it is unclear what percentage error these figures represent. 

Nopost hoc tests between age groups are reported so it is not clear if the difference between the 

older children and the adolescents is significant. This developmental trend in inhibition is drawn 

into question by the significant developmental trend evident in errors of omission (misses on the 

go trials). As discussed previously this is an indication that younger children may not have been 

paying equal attention to the task, thus the higher commission error rate may be due to inattention 

rather than inhibition.   

 

 Casey et al. (1997) tested 9 children (aged 7 to 12) and 9 young adults (aged 21-24) in an 

fMRI go-nogo study. They used letters for go and nogo stimuli. The nogo stimuli was the letter X 

which occurred on 50% of trials within the nogo block but 75% of trials across the entire 

experiment (two blocks of all go trials were included to increase the prepotency of the go 

response). The interstimulus intervals (ISIs) varied from 1500 ms to 3500 ms.  The behavioural 

results demonstrated a clear difference in errors of commission between adults (8%) and children 

(27%). No analysis is reported identifying whether there were developmental differences within 

the range 7 to 12 years. 

 

 Van der Meere and Stemerdink (1999) tested 60 boys aged 7-8, 9-10 and 11-12 and varied 

the rate of presentation of the stimuli in three conditions.  In the fast condition, the inter-stimulus 

interval (ISI) was 1 second. In the medium condition, ISI was 4 seconds. In the slow condition, ISI 
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was 8 seconds.  In each condition the probability of a go response was 80% and of a nogo response 

20%. To ensure the time for each task was consistent the number of trials was varied between 

conditions (fast 462, medium 140 and slow 72). The go stimulus was the letter P and the nogo 

stimulus the letter R. They found that the younger children (7-8) made more commission errors 

for all three rates of presentation compared to the other age groups. No omission error rates were 

reported. They also claimed that the younger children were worse in both the fast and slow 

conditions compared to the older children, but performed the same as the older children for the 

medium presentation rate. They used this claim to argue that the commission errors were really 

reflecting a deficit in state regulation rather than a deficit in inhibition per se. They take their 

definition of state regulation from Sanders’ (1983) theory. This says that ‘state’ is an overall level of 

alertness, and that ‘state regulation’ is energy mobilization, and an ability to regulate one’s own 

internal state to suit task demands. The rationale for including the different presentation rates 

according to Sander’s theory is that a fast presentation rate may induce over-activation which will 

lead to fast, inaccurate responding. In contrast, a slow presentation rate will induce under-

activation which will result in slow, inaccurate responding. Successful state regulation requires the 

participant to inhibit activation in the first instance and excite activation in the second. Van der 

Meere & Stemerdink (1999) argue that younger children have less developed state regulation than 

older children and will therefore perform worse than older children on the slow and fast 

conditions. 

 

 However, close inspection of the data they present in Figure 2 (Van der Meere & 

Stemerdink, 1999, p220) and of the results (p219) show that their statement that younger children 

performed worse than older on both the fast and slow condition is in fact incorrect and brings their 

conclusion about state regulation into doubt. The error rates from their figure are reproduced 

below in Table 4.2. (figures presented in Table 4.2 are the row means). Certainly more errors were 

made for the slow and fast conditions compared to the medium condition. Certainly the 7-8 year 

olds made more errors than the other age groups for the fast condition. However, no post-hoc tests 

were reported for the age by condition comparisons. Given that the relative differences in error 

rates between medium and slow are not different across the three age groups (i.e. 7 for the 7-8 
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group, 7 for the 9-10 group and 5 for the 11-12 group) it appears strange that the following 

statement was made “the younger the group, the more errors of commissions (sic) were made in 

both the fast and slow condition” (p219, van der Meere & Stemerdink, 1999). Their argument that 

younger children are deficient in state regulation does not appear to be supported by their 

findings. Indeed, the findings of the greater error rate for the fast condition could be 

accommodated by a task difficulty explanation, whereby the fast and slow speeds of presentation 

increased task difficulty for all age groups. Nevertheless, the results do support a developmental 

effect of increased inhibitory success with increased age. The paper also highlights the importance 

of identifying the presentation rate when reviewing studies which may or may not show 

developmental trends in the nogo task.  

 

   Table 4.2. Commission Errors Reported in Figure 2 (p220) of Van Der Meere & Stemerdink,    
     1999. 

 Percent commission errors  

 Presentation Rate  

Age group 
Fast 
1 second 

Medium 
4 second 

Slow 
8 second 

Row mean 

7-8 50 18 25 31 

9-10 31 15 22 22.6 

11-12 30 15 20 21.6 

Column Mean 37 16 22.3  

     

 

 Archibald and Kerns (1999) tested 89 children aged from 7 to12 years. The go-nogo task was 

presented in 2 blocks. First, a block of go trials in which the child responded to a white square 

presented every second at random screen positions was run. This was followed by a block of mixed 

go and nogo trials in which the go and nogo stimuli were swapped every 50 trials. For the first 50 

trials the nogo stimulus was a white square and the go stimulus was a white cross. This reversed 

for the second 50 trials and then reverted to the original pattern for the final 50 trials. Commission 

and omission errors were calculated for each portion of the second block and then combined to 

give a total score. Proportion of go and nogo trials for the second block is not reported so it is not 

possible to calculate percentages for the errors. The number of errors is presented in Table 4.3. 

Both types of errors showed a significant developmental effect. Commission and omission errors 
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reduced with increased age. Therefore, as with the Levine et al. (1991) study it is not possible to 

determine whether the developmental improvement in error rate is due to changes in attention, 

inhibition or both. A further problem with interpreting the results is that the three sections of the 

nogo blocks included a stimulus switching component as well as an inhibitory component. The 

stimuli switching may be conceptualised in at least two ways: one, as a second inhibitory 

component whereby participants had to inhibit the former prepotent stimulus-response 

relationship. Or secondly, it may be conceptualised as a task switching component where each 

stimulus-response relationship was held in working memory and participants switched between 

the two. Scores for the separate portions of the second block are not reported so it is not possible to 

separate these components. 

 

Table 4.3. Number of Errors of Commission and Omission (standard deviation in brackets) 
Reported by Archibald & Kerns (1999; Data from Table 2) 

 Age 

Variable 7 8 9 10 11 12 

 

Errors of 

commission 

 

11.15 (4.16) 

 

8.11 (2.89) 

 

6.11 (3.02) 

 

5.35 (4.04) 

 

3.86 (2.19) 

 

4.27 (3.84) 

 

Errors of 

omission  

 

2.46 (2.18) 

 

1.89 (1.45) 

 

1.11 (1.27) 

 

0.74 (0.96) 

 

0.14 (0.38) 

 

0.2 (0.56) 

 

 

 In the only study to report no developmental effects of go-nogo errors, Tamm et al. (2002) 

tested 19 participants aged 8 to 20 years of age in an fMRI study. The number of participants in 

each age group was not described. In this study go and nogo stimuli were presented with equal 

probability. However, they were presented in blocks of go and then nogo trials so that the 

prepotent go response had more of a chance to develop. The ISI was 2 seconds, close to the 1 

second fast ISI condition in the van der Meere & Stemerdink (1999) study. Despite both of these 

specifications (high prepotency of the go response and fast ISI) which should maximise 

developmental differences, they found no relationship between age and errors of commission or 

omission. They did report a relationship between age and speed of inhibition. They extrapolated 
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this conclusion from the significant relationship they found between the RT for correct go 

responses and age. They assumed that because there was a relationship between these two 

variables that there would also be a relationship between the RT for incorrect go responses and 

age. This is not strictly speaking a correct conclusion. The ability to execute a response and the 

ability to inhibit a response are separate abilities and have been shown to have separate 

developmental trajectories (see for example discussion of response execution and inhibition in the 

stop task in Williams et al., 1999). The paper does not report the numbers in each age group nor 

the behavioural data so it is not possible to tell whether there was a developmental trend which 

was undetected due to the small participant numbers, or whether there was no developmental 

trend at all. However, given the large age range and the small subject numbers it is likely that the 

experiment was not powerful enough to detect effects. 

 

 Beveridge, Jarrold & Pettit (2002) tested sixty children, two groups of thirty 6 and 8 year 

olds with an age modified go-nogo task. The children were presented with an image of a monster 

with a lunch box above his head. Their task was to watch the food coming out of the lunch box and 

decide whether it was food that the monster would like (lightbulbs – go stimuli) or food the 

monster wouldn’t like (pineapple – nogo stimuli). Children had their finger on a button which if 

kept depressed would allow the food to travel to the monster’s mouth.  They were required to lift 

their finger from the button for the nogo stimuli, which is a slight variation on the typical go-nogo 

task in that the nogo stimuli actually required a movement. Therefore, it could be argued that this 

is not a true go-nogo task. Nevertheless, if the constant pressing of the finger is defined as 

responding and the removal of the finger as not responding then the task could be considered a 

measure of inhibition. ISI is not reported for the task. Probability of go stimuli and memory load 

were manipulated to create four task conditions; low memory-low probability; low memory-high 

probability; high memory-low probability; high memory-high probability.  In low memory 

conditions there was one nogo stimulus, and in high memory conditions there were two nogo 

stimuli. In low probability conditions there were three times as many go stimuli as nogo stimuli 

and in high probability conditions there were two times as many go stimuli as nogo stimuli. There 

were always 10 nogo stimuli. Results revealed a significant main effect of age for commission 
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errors (go omission errors were not reported). Six year olds made more errors than 8-year-olds 

(41.3% compared to 10.6%. NB: this data was obtained by converting the raw mean error data into 

percentages and collapsing across the four conditions). There was no effect of frequency of go 

stimuli. There was an effect of memory load. More errors were made for the high memory 

conditions. This effect was particularly strong for 6 year olds who made significantly more errors 

in the high memory condition than eight year olds. Thus even in a study with a small age range 

strong developmental effects were found for the go-nogo paradigm.  

 

 Durston et al. (2002) tested 10 children (mean age 8.7 years; age range 6.2-10.3 years) and 

10 adults (mean age 28 years) in an event-related fMRI study. They manipulated task difficulty by 

varying the number of go trials that preceded a nogo trial. Nogo stimuli were preceded by 1, 3 or 5 

go stimuli. In a previous study with adults they found that errors increased on nogo trials as a 

function of the number of preceding go trials (Durston, Thomas, Worden, Yang & Casey, 2002). 

The probability of a go trial was 75 percent. Stimuli used were Pokemon characters, one of which 

was designated as the nogo stimulus. The ISI was 3500 ms, similar to the 4 second ISI 

presentation speed described as medium by van der Meere & Stemerdink (1999). They reported a 

developmental effect whereby adults were faster and more accurate than children. Adult error rate 

was 4.5%; children’s error rate was 11.6%. They also found that the number of errors increased for 

both adults and children as a function of the number of preceding go trials (2.5%, 5%, 6% for 

adults compared to 8%, 12.5% and 14.5% for children). They did not report whether there was a 

significant age by condition interaction. Nor did they report whether there were developmental 

shifts within the children’s group. It should also be noted that the error rate here includes both 

misses from go trials and false alarms to nogo trials. Thus, it cannot be determined whether the 

developmental change is primarily attention or inhibition.  

 

 Bunge et al. (2002) compared performance on a go-nogo task between 16 adults and 16 

children aged 8-12 years in an event-related fMRI study. The task was a modified Flanker task 

(Eriksen & Eriksen, 1974). Nogo trials were indicated when the target was flanked by x’s. The ISI 

was 3 seconds. Go and nogo trials occurred with equal probability. Errors on nogo trials were 
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errors of commission. They found that children made significantly more errors (10.3%) than adults 

(4.5%) on nogo trials. They also compared younger (7 children aged 8-9) and older (9 children 

aged 11-12) on error performance but found no difference. The actual data for this within child 

group comparison wasn’t reported so it is unclear whether there was a nonsignificant 

developmental trend or no difference. As with the imaging study described previously (Tamm et 

al., 2002) participant numbers for this comparison were probably too small to detect any effects. 

Additionally, given the equal probability of the go and nogo stimuli prepotency for the go trials 

may not have had a chance to develop, thus reducing the inhibitory load of the task and reducing 

the likelihood of developmental differences in inhibition. 

 

 Booth et al. (2003) tested 12 children (aged 9-12) and 12 adults (aged 20-30) in a block 

design fMRI study. Go and nogo stimuli were presented with 50% probability. The go stimuli were 

red triangles, the nogo stimuli were blue triangles and red trapezoids. The average ISI was 2000 

ms. They found large developmental differences in go-nogo behavioural performance. Adults made 

fewer errors (2.9%) than children (6.4%). However, as with the Becker et al. (1987) and Durston et 

al. (2002) studies it should be noted that these error rates include errors of commission and 

omission and therefore cannot be strictly thought of as inhibition errors, but rather as a 

combination of inhibition and inattention errors. 

 

 Brocki and Bohlin (2004) tested 92 children aged 6 to 13 who they divided into four age 

groups 6-7.5, 7.6-9.5, 9.6-11.5 and 11.6-13.1. There were four go stimuli (a square with an X, a 

square with a short vertical line in the middle, a square with a diagonal to the right, and a square 

with a diagonal to the left) and one nogo stimulus (a square with a long vertical line in the middle).  

The probability of a go stimulus was 75 percent. The ISI ranged from 2550ms to 2783ms. Both 

commission and omission errors were recorded. They found that performance improved with age 

for go-nogo commissions, for go omissions and on GoRT. No analysis of differences between age 

groups was reported.  
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 To summarise: Of the 15 studies reviewed 14 reported a developmental change in inhibitory 

performance as indexed by the commission error rate for the nogo trials. Error rates were found to 

decrease with age. Four of these found a developmental difference in a comparison of adult and 

child performance (Booth et al., 2003; Bunge et al., 2002; Casey et al., 1997; Durston et al., 2002). 

The others found a difference within the age range 4-13 years.  Caution should be taken with the 

findings from three of the studies (Becker et al., 1987; Booth et al., 2003; Durston et al., 2002) 

which did not distinguish between errors of commission and errors of omission. In this case it is 

not possible to determine whether the age related changes are primarily changes in attention or 

inhibition. Similarly, three studies found a developmental trend for both errors of commission and 

errors of omission (Archibald & Kerns, 1999; Brocki & Bohlin, 2004; Levine et al., 1991).  In these 

cases the development in the inhibitory index may have been driven by changes in attention to the 

task or by actual changes in inhibition or by a combination of both. It should be noted that none of 

the remainder of the papers reported a developmental effect for commission errors and no 

developmental effect for errors of omission. Therefore papers not mentioned in the above 

exceptions may still have found an age related effect for omission errors which was not reported.  

 

 It may also be argued that the Beveridge et al. (2002) study was not a true go-nogo task and 

the results therefore may not be a true reflection of inhibitory development. The one study (Tamm 

et al., 2002) which did not find a developmental effect had very small participant numbers and was 

therefore probably not a powerful enough design to detect any differences. 

 

 To conclude, there appears to be an age-related improvement in inhibitory ability as 

measured by errors of commission in the go-nogo task. However, this conclusion is mitigated 

somewhat by the concurrent age-related improvement in attentional control as measured by the 

omission errors in the go-nogo task. No study has as yet reported age-related changes in 

commission errors without age-related changes in omission errors. Thus, the development in the 

inhibitory index may have been driven by changes in attention to the task or by actual changes in 

inhibition or by a combination of both. 
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4.4 Is There a Relationship between Go-Nogo Inhibition and 

Intelligence?   

 Only one study was found which addressed this question in adults (Horn, Dolan, Elliott, 

Deakin & Woodruff, 2003). They tested 19 participants on the go-nogo task, two impulsivity scales 

and the National Adult Reading Test (NART) IQ.  They found that IQ as measured by the NART 

was significantly negatively correlated with errors of commission, and that IQ accounted for more 

errors than either measure of impulsivity. The NART requires reading irregularly spelled words. 

These words can only be read correctly if the participant has encountered them before, and in this 

way the test relies on previously acquired, that is crystallised, rather than fluid intelligence. No 

study was found which examined the relationship between fluid intelligence and go-nogo 

performance in either children or adults. Nor was any study found which examined age-related 

changes in performance on the go-nogo task and the relationship of this change to developmental 

changes in fluid intelligence. 

 

4.5 Aims and Predictions 

 The go-nogo task appears to meet the two primary criteria for providing a test of 

Dempster’s hypothesis, (1) it is a measure of inhibition and (2) successful performance on the task is 

mediated by frontal areas of the cortex.  In addition there is some evidence that performance on the 

task follows a developmental trajectory. Given this the aims of the present study are: 

1. To replicate the finding of a developmental effect in go-nogo performance, specifically for 

the inhibition measure, errors of commission (i.e. responding on a nogo trial). It is 

predicted that inhibition performance will improve with increasing age such that errors of 

commission will decrease. 

2. To identify any difference in the developmental trajectory for two levels of inhibitory 

demand (low and high) on the go-nogo task. Level of inhibitory demand was manipulated 

by altering the degree of overlap between go and nogo stimuli. Two nogo stimuli were 

chosen: one which didn’t overlap in either shape or colour with the go stimuli, and the other 

which overlapped with some go stimuli by colour and other go stimuli by shape. It was 

predicted that the nogo stimulus with characteristics overlapping with the go stimulus 
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would require a greater degree of inhibitory processing than the nogo stimulus without 

overlapping characteristics. This would be reflected in either a longer GoRT and/or a 

greater error rate.  

3. To assess whether the developmental changes in inhibitory performance, if found, are 

related to age and fluid intelligence, and whether the two levels of inhibitory demand are 

related to fluid intelligence in the same manner. It was predicted that the relationship 

between the nogo stimuli with features overlapping the go stimulus (i.e. higher inhibitory 

demand) would have a stronger relationship with fluid intelligence than the nogo stimulus 

with no overlapping features (i.e. lower inhibitory demand). 

4. To identify whether any relationship between go-nogo inhibition and fluid intelligence is 

primarily age-related or non-age-related. If Dempster and others (Anderson, 2001; 

Bjorklund & Harnishfeger, 1990; Dempster, 1991, 1992; Harnishfeger, 1995) are correct in 

their conjecture that developmental changes in inhibition mediate part or all of the 

developmental changes in fluid intelligence then more variance in the fluid intelligence 

scores will be accounted for by age-related inhibition variance than either non-age-related 

inhibition variance or age-related speed variance.   

5. If the nogo stimulus with features overlapping the go stimulus (high inhibitory demand) has 

a stronger relationship with fluid intelligence than the low inhibitory demand stimulus, it is 

also predicted that this stimulus may explain a greater proportion of the developmental 

variance in fluid intelligence than the non overlapping stimulus. 

 

 

 
4.6      Method 
 
4.6.1     Participants 
 
 One hundred and seventy eight participants aged 7-11 were tested. The age and gender 

distribution of the participants are reported in Table 4.4. The data presented is from children 

tested in two different years.  
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       Table 4.4. Age and Gender Distribution of Participants  
    Completing the Go-Nogo Task 

____________________________________ 
______________   _Age_________________ 

_____ 7 8 9 10 11__ 

Total     35 43 46 28 26 

Male      11 29 19 12 11 

Female    24 14 27 16 15 

 

 

4.6.2 Stimuli 

 The letters “N”, “J”, “W”, “O” and “E” were selected as stimuli, following Fox et al. (2000). 

They were selected to have as few overlapping features as possible to enhance discriminability. The 

features of colour and letter were manipulated to vary inhibitory demand in the task. Go stimuli 

were the letters “N”, “J”, and “W” presented in blue and the letter “O” presented in red, green or 

orange.  Nogo stimuli were the letter “E” in yellow and the letter “O” in blue. Neither characteristic 

of the letter “E” (its shape or colour) overlapped with any characteristic of the go stimuli. In 

contrast the letter “O” overlapped with the three “O” go stimuli in shape and the other three go 

stimuli in colour. Thus each “O” needed to be analysed for colour and/or shape prior to deciding 

whether to respond or withhold a response. Letters subtended a vertical visual angle of 0.40 

degrees and a horizontal visual angle of 0.63 degrees. 

 

 All stimuli were equiprobable to eliminate possible confounding of stimulus probability and 

response inhibition (see Tamm et al., 2004). There were 12 trials of each letter by colour 

combination to give a total of 96 trials. Seventy two (75%) of these were go trials, 24 were nogo 

trials.  

 

4.6.3 Procedure 

 Children were tested four at a time on individual computers. They were introduced to the 

task in the form of a computer game called “spy spotter”.  They were asked to imagine that they 

were controlling the door to the mothership for a fleet of spaceships. They were told that whenever 

a person tried to enter the mothership a code would be flashed up on the screen. Certain codes 
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would appear if the person was a spy and different codes would appear if the person was a friend. 

If they read the code and decided it was a friend they had to press a blue button as fast as they 

could to let the friend into the spaceship. If they thought the code represented a spy then they must 

withhold from pressing the button to prevent the spy from entering. If they made an incorrect 

choice a beep would sound. Each child made the button press with their dominant hand. Children 

were tested to ensure that they knew which code letters represented spies and which represented 

friends. They then completed a practice run of twenty trials before completing the main task. Trials 

were broken into 4 blocks of 18 trials. Stimuli were presented for 1000 ms with an ISI of 2000 ms. 

Children were able to have a break after each block if required. Feedback on number of errors was 

given to the child at the end of each block.  

 

4.7      Results 

4.7.1     Data Screening and Analysis 
 
 As the data was collected from different cohorts over two years, preliminary analyses were 

done to ensure there was no effect of year of testing. No differences were found between the two 

years so further analysis was done without including year of testing as a variable. Trials with 

reaction times less than 100 ms and greater than 2000 ms were excluded from analysis. 

Participants’ data was removed if they had less than 75% correct for nogo trials or less than 90% 

correct for go trials. This resulted in the loss of eleven participants; three 7-year-old males, a 7-year 

-old female, an 8-year-old male, an 8-year-old female, a 9-year-old male, a 10-year-old male and 

three 11-year-old females to give a total N of 167. All data was screened for deviation from 

normality, outliers and homogeneity of variance according to Tabachnik and Fidell (2001).  Data 

were considered normal with acceptable levels of skewness and kurtosis.  Variables calculated 

were:  

1) RT for correct go trials 

2) percent correct go trials 

3) percent incorrect go trials (i.e. misses; errors of omission) 

4) percent incorrect nogo trials in total (i.e. responses made when should have inhibited; 

errors of commission) 
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5) percent incorrect nogo trials calculated separately for the “O” and “E” stimuli.  

 

 Multivariate ANOVAs were conducted for all dependent variables for the factors age and 

gender. No main effects of gender or interactions between gender and age were found. Therefore 

gender was not included in further analyses. 

 
 

4.7.2      Analysis of Developmental Trends 

 No adult participants completed the go-nogo task therefore the developmental trends will 

be examined with two groupings rather than the three proposed in the introduction. These two 

groupings are (1) adjacent year groups and (2) younger compared with older children.  

 
 
4.7.2.1 Developmental Trends for Adjacent Year Groups 
 
            Means and standard deviations for each variable for each age group are presented in Table 

4.5.  Older children were significantly faster than younger children on go trials, F(4, 162) = 5.12, p 

= .001, and made significantly fewer errors on nogo trials for total percent incorrect nogo, F(4, 

162) = 2.83, p = .026, and for percent incorrect nogo trials for the “E” stimulus, F(4, 162) = 2.5, p = 

.044.  The partial eta squared for these main effects were .11, .06 and .06 for GoRT, percent 

incorrect “E” and percent total incorrect, respectively. This indicates that the RT effect size was 

large while the two error effects were of medium size. Despite a similar trend in reduced errors 

with increasing age for the “O” stimulus this trend was not significant. However, percent incorrect 

nogo for the “O” stimulus was significantly higher than percent incorrect nogo for the “E” stimulus 

across all age groups, t(167) = -8.31, p <.001 (see Figure 4.1). This confirmed that the “O” stimulus 

was more difficult to inhibit than the “E” stimulus. Importantly there was no significant effect of 

age for percent correct go trials, F(4, 162) = .161, p = .958, or percent missed go trials, F(4, 162) = 

.109. p = .979, indicating that degree of attention was consistent across age groups and that the 

changes in nogo error rate were not driven by differences in inattention. Post hoc comparisons for 

the three inhibitory indices revealed that the main developmental shift in performance occurred 

between the ages of 9 and 10. Nogo error rates were significantly different for all three variables 
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(percent incorrect “E” nogo t {70} = 2.25, p =.028; percent incorrect “O” nogo t{70} = 2.33, p 

=.029; and total incorrect nogo t{70} = 2.6, p = .011) between these ages but not for any other age-

pair comparisons.  

 

 
Table 4.5. Means and Standard Deviations (brackets) for Go-Nogo Variables for Each Age Group 

  Age 

  7 (N=31) 8 (N = 41) 9 (N = 45) 10 (N = 27) 11 (N = 23) 

 

GoRT (ms) 

   

703.76 

(106.40) 

  

662.46 

(118.13) 

 

614.47 

 (91.96) 

 

 629.84 

(107.79) 

 

599.09 

  (77.74) 

% correct go 

   

   97.96      

  (2.68) 

    

    97.95 

    (2.30) 

 

   98.14 

    (3.70) 

 

    97.84 

     (4.92) 

    

    98.31 

    (3.58) 

% missed go 

   

    2.04 

  (2.26) 

     

     2.05 

    (1.99) 

    1.86 

   (3.49) 

   2.16 

  (4.95) 

      1.69 

    (3.56) 

% incorrect nogo E 

   

   16.93 

 (12.99) 

   

   18.90 

  (15.36) 

   17.77 

  (17.00) 

    9.25 

 (12.72) 

    11.23 

  (14.78 ) 

% incorrect nogo O 

 

  29.30 

 (25.26) 

  

   29.87 

  (18.72) 

    28.70 

   (17.63) 

   19.44 

  (16.01) 

    20.65 

   (19.92) 

% total incorrect nogo 

 

23.11 

(17.03) 

 

24.39 

(15.35) 

 

23.24 

(15.06) 

 

14.35 

 (11.97) 

 

    15.94 

  (15.92) 
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                           Figure 4.1. Mean percent incorrect on the nogo trials for “O” stimuli and “E” stimuli         
                           across age groups. Error bars represent standard error. 
 

 

 

4.7.2.2 Developmental Trends for Younger and Older Children 

 Means and standard deviations for each variable with age group defined as younger (7-8) 

and older (10-11) is presented in Table 4.6. Older children remain faster than younger when 

responding to go trials, t(120) = 3.27, p = .001, and make fewer errors than younger children on 

nogo trials in total, t(120) = 3.14, p = .002, nogo trials for the “E” stimulus, t(120) = 3.05, p =.003, 

and now also nogo trials for the “O” stimulus, t(120) = 2.59, p =.011. Cohen’s d calculated for each 

of the main effects indicates effect sizes within the medium range. Importantly there is still no 

effect of age for percent missed go trials, indicating that attentional differences are not mediating 

the inhibition differences between the younger and older groups. 
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 Table 4.6. Means and Standard Deviations for the Nogo Task with Age Group Defined by 
 Younger (7-8) and Older (10-11). 
 

 Age 

 Young (7-8)  

N = 72 

Older (10-11) 

 N = 50 

Variables M SD M SD 

GoRT (ms) 680.22 114.33 615.69 95.49 

% correct go 97.96 2.45 97.97 4.32 

% missed go 2.04 2.09 2.03 4.33 

% incorrect nogo E 18.05 14.33 10.16 13.60 

% incorrect nogo O 29.62 21.61 20.0 17.73 

% total incorrect nogo 23.84 15.99 15.08 13.80 

 

 

 

 
4.7.3 Is There a Relationship between Age, Go-Nogo Inhibition and 

Intelligence? 

 

 The primary questions of interest are (1) is inhibition related to age? (2) if so is it related to 

fluid intelligence? and (3) are there any differences in the relationship between levels of inhibition 

and intelligence, that is, is the relationship between nogo “O” and intelligence stronger than the 

relationship between nogo “E” and intelligence. To answer these questions Pearson’s correlations 

were calculated for each DV, age and the three intelligence measures. Results are shown in Table 

4.7. Correlations were also calculated between age and the fluid intelligence measures to confirm 

that there was an age related change in fluid intelligence. Age and fluid intelligence were 

significantly correlated for both the Raven’s, r (165) = .499, p<.001, and Cattell, r (165) = .391, 

p<.001. 
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Table 4.7. Correlations between Age, Intelligence and the Go-Nogo Variables 
Variable Age Cattell Raven’s VMA 

WISC-III  

PMA 

WISC-III  

FSIQ-

WISC 

GoRT -.293*** -.382*** -.373*** -.306*** -.405*** -.242** 

% correct go  .054   .131   .192* .213** .281***  .324*** 

% miss go  .000 -.067 -.161* -.190* -.251** -.326** 

% incorrect nogo E -.187* -.097 -.177* -.140 -.141 -.072 

% incorrect nogo O -.180* -.179* -.218** -.203** -.227** -.165* 

% total incorrect nogo -.207** -.162* -.226** -.198* -.213** -.140 

*Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level 
(2-tailed). *** Correlation is significant at the 0.001 level (2-tailed) 
Note. N = 167. VMA = verbal mental age; PMA = performance mental age. These scores are z-
transformed non-age normed sums for the WISC-III verbal and performance subtests. FSIQ = full-
scale IQ. 
 
 
 
 Both GoRT and total incorrect nogo are significantly correlated with age and each of the 

intelligence measures. Older and smarter children are faster and make fewer errors than younger 

and less intelligent children. The GoRT correlations with age and intelligence are larger than the 

inhibition correlations with age and intelligence. This suggests a stronger relationship between 

speed and intelligence than inhibition and intelligence. Percent correct go trials and percent 

missed go trials correlate significantly with Raven’s and each of the WISC-III measures but do not 

correlate with age. This suggests a non-age related relationship between attention and fluid 

intelligence but not an age-related one. Notably, percent incorrect nogo with the “O” stimulus, the 

more difficult inhibitory stimuli, has a similar relationship with age as the percent incorrect nogo 

“E” stimulus but a stronger relationship with each of the intelligence variables.  However, this 

difference between correlations is not significant for either the Cattell, t(167) =1.13, p = .13 or for 

Raven’s t(167) = .57, p = .28.  

 

 To determine whether the age-related change in fluid intelligence was mediated primarily 

by individual or developmental differences in either speed of GoRT or the inhibitory measure a 

series of regression analyses were run based on the Chuah and Maybery (1999) technique. The 

Raven’s score was used as the criterion variable as it had the strongest relationship with the 

inhibitory variables, and the predictor variables were inhibition (percent total incorrect nogo), age, 

and speed (GoRT). Results are presented in Tables 4.8 and 4.9 and Figure 4.2.                                   
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Table 4.8. R-squared and F-Values for the Regression Equations Examining the Contribution of 
Age, Nogo inhibition and Speed to Raven’s Score 
Regression 

number 

Predictor variables R squared F-value 

1 Age, inhibition, GoRT .343    F(3, 163) = 28.34,      p<.001 

2 Inhibition, GoRT .229    F( 2, 164) = 24.37,     p<.001 

3 Age, GoRT .305    F(2, 164) = 35.95,      p<.001 

4 Age, inhibition .265    F(2, 164) = 29.49,     p<.001 

5 Age .249    F(1, 165) = 54.61,      p<.001 

6 GoRT .139    F(1, 165) = 26.59,     p<.001 

7 inhibition .051   F(1, 165) =  8.90,      p =.003 

 
 
 
 
 
Table 4.9. Components of Variance and Value for Area Represented in Venn Diagram (Figure 
4.2) 

Label in 

Figure 
Variance Component 

Derived from R-

squared values  
Calculation Value 

A Unique contribution of age 1-2 .343-.229 .114 

B Unique contribution of inhibition 1-3 .343-.305  .038 

C Unique contribution of GoRT 1-4 .343-.265 .078 

D 
Shared age-independent contribution 

of inhibition and GoRT 
1-5-B-C .343-.249-.038-.078 -.022 

E Age-related contribution of inhibition 1-6-A-B .343-.139-.114-.038 .052 

F Age-related contribution of GoRT 1-7-A-C .343-.051-.114-.078 .100 

G 
Age-related shared contribution of 

inhibition and GoRT 
1-A-B-C-D-E-F 

.343-.114-.038-.078- (-

.022)-.052-.100 
-.017 

 
 
 
 
 In this analysis the area in Figure 4.2 of particular interest for the question of whether 

developmental changes in inhibition underpin developmental changes in fluid intelligence is area 

E, which is the age-related contribution of inhibition to intelligence.  As seen in Table 4.9 and 

Figure 4.2 the age-related component of inhibition as measured by percent incorrect nogo explains 

5.2% of the variance in the Raven’s scores. This is equivalent to a Cohen’s d of .5 indicating a 
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medium effect size. Individual differences in inhibition explain 3.8% of the variance in fluid 

intelligence. This is a small to medium effect size (d = .4). Given that GoRT also demonstrated a 

significant relationship with age and fluid intelligence it is possible that speed would account for a 

significant proportion of the change in fluid intelligence with age. The area of interest in Figure 4.2 

for this question is area F, and it can be seen that age-related changes in GoRT explains 10% of the 

variance in fluid intelligence.  This is equivalent to a Cohen’s d of .7 which is a medium to large 

effect size. Individual differences in speed of GoRT explain 7.8% of the variance in fluid 

intelligence, again this represents a medium to large effect size (d = .6). Thus it appears that 

individual and developmental changes in speed are accounting for more variance in fluid 

intelligence than individual and developmental differences in inhibition.  Noteworthy are the 

negative values obtained for the shared age-independent contribution of inhibition and GoRT and 

the age-related shared contribution of inhibition and GoRT. This suggests the existence of a 

suppressor variable, that is that the predictive value of one variable is increasing as the other is 

decreasing (see Cohen and Cohen, 1983). Given that these values are not those of current primary 

interest no further analysis was carried out. 

 
                                         

                                
 
Figure 4.2. Venn diagram demonstrating components of variance in Raven’s scores as predicted by 
age, inhibition (incorrect nogo) and speed (GoRT).  
 

  

 A final question was whether higher or lower levels of inhibition as measured by the two 

different nogo stimuli would account for more or less of the variance in fluid intelligence. Two sets 

  

A 
.114

B 
.038 

C 
.078

Inhibition
Incorrect 
nogo  

Speed 
GoRT 

  
  D-.022

E.052

  F 
.100 

   G 
 -.017 

Age
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of regression analyses identical to those described above were run using in turn percent incorrect 

nogo for “O” stimuli and percent incorrect nogo for “E” stimuli.  There was no difference in the 

amount of variance explained by the two stimuli and neither accounted for as much variance as the 

combined data.  

 

 To summarise: age-related and age-independent changes in speed of processing as indexed 

by GoRT contribute more to the development of fluid intelligence than do age related and age-

independent changes in inhibition. However, both developmental and individual differences in 

inhibition do contribute a significant proportion of variance in fluid intelligence. 

 

 

4.7.4  Relationship between Performance on the Stop Signal 

Task and the Go-Nogo Task 

 Both the Stop Signal task and the go-nogo task are considered examples of behavioural 

inhibition.  For both tasks the main developmental shift appears to occur between the ages of 9 

and 10. Therefore, it is of interest to determine whether there is any relationship between the 

inhibitory and speed variables for each paradigm. Correlations were carried out for the 80 

participants who had completed both tasks. Results are presented in Table 4.10. GoRT measures 

were included for each task. In addition for the incompatible condition of the stop task the percent 

of correct go trials was included as this may have been an index of successful performance on the 

interference task (see chapter 4 results). 

 

Table 4.10.  Correlations between Stop Signal and Go-Nogo Variables (N = 80) 
Stop Signal Variables  

 
 
 
 

 Compatible 
Stop GoRT 

Compatible 
SSRT 

Incompatible 
Stop GoRT 

Incompatible 
SSRT 

% correct go 
incompatible 

Nogo 
GoRT 

     .300** .237* .187 .200 -.343** Nogo 
variables 

% 
incorrect 

nogo 

-.159 .200 -.212 .063 -.077 

* correlation is significant at .01 level (2-tailed). ** correlation is significant at .05 level (2-tailed) 
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 It is difficult to see any clear patterns in these correlations. The inhibitory measure from the 

go-nogo task, that is, the percent incorrect nogo trials, did not correlate significantly with any of 

the variables from the Stop Signal task. However, the GoRT measure from the nogo task correlated 

significantly with the GoRT from the stop task for compatible trials, and with the inhibitory SSRT 

measure from the compatible trials. Confusingly, the same variable did not correlate with the 

GoRT or SSRT from the incompatible condition but did correlate with the percent of correct go 

trials in the incompatible stop task. Thus it appears that there is no clear relationship between the 

inhibitory variables in the two behavioural inhibition paradigms. This issue will be discussed 

further in Chapter 7.  

 

4.8    Discussion 

4.8.1    Developmental Effects in Inhibition in the Go-Nogo Task.  

 As predicted, performance on the inhibition indices improved with age, such that older 

children made fewer errors than younger. When age group was defined by adjacent year groups 

developmental trends in inhibition were found for total percent incorrect nogo and for the easier 

inhibitory stimuli the letter “E”. When age group was defined by grouping the 7 and 8 year olds 

into a ‘younger’ group and the 10 and 11 year olds into an ‘older’ group the total percent incorrect 

for the “O” stimulus also showed a similar significant developmental effect. These results support 

previous studies which used a similar age group, did not include an adult group and found a 

developmental improvement in inhibitory ability (Archibald & Kerns, 1999; Becker et al. 1987; 

Brocki & Bohlin, 2004; Beveridge et al., 2002; Levin et al., 1991; van der Meere & Stemerdink, 

1999). The primary change in error performance occurred between the ages of 9 and 10. This is the 

equivalent period of change as seen in the Stop Signal task.   

 

4.8.2 Relationship between Age, Inhibition and Fluid 

Intelligence 

 As predicted, each of the inhibition indices showed a significant relationship with age and 

with the intelligence measures. Older and more intelligent children were better at inhibiting nogo 
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responses than younger and less intelligent children. These relationships between inhibition and 

intelligence were stronger for the more difficult inhibitory stimulus “O” than for the less difficult 

inhibitory stimulus “E”, despite equivalent relationships with age, and despite similar 

improvements over age. In fact, the less difficult inhibitory stimulus failed to show a significant 

correlation with the Cattell or the WISC scores either age-adjusted or unadjusted.  This finding is 

in line with the task difficulty literature (Stankov, 1994, 2000) which shows an increase in strength 

of relationship with intelligence the more difficult the task. Notably, there is nothing in the 

developmental trajectory of the easier inhibitory task which distinguishes it as ‘too easy’. Studies 

which fail to find a relationship between inhibition and intelligence measures in children in this 

same age range may be utilising an inhibitory task that is too simple and thus will not differentiate 

between different levels of intelligence (e.g. Bunge et al., 2002).  

 

 A potential confound in the present study occurs with the use of letters as stimuli. During 

the age range 7 to 11 children’s reading ability is improving. It could be argued that the 

improvement in inhibitory performance is driven by the improvement in reading ability. However, 

given the fact that there is no significant relationship between age and percent correct go trials or 

percent correct missed trials, both of which also required reading letters it is highly unlikely that 

inhibition performance was driven by reading ability.  

 

 Findings from the regression analyses show that the age-related or developmental 

contribution of inhibition, as measured by total percent incorrect nogo, explained only 5.2% of the 

variance in fluid intelligence. This compared with the 10% age-related contribution of GoRT. 

Similarly, age-independent or individual differences in GoRT also contributed more variance 

(7.8%) to fluid intelligence than did individual differences in inhibition (3.8%). These values 

although significant and higher than the values found for the Stop Signal task are still relatively 

small.  

 

 In conclusion, inhibitory processes as measured by errors of commission on a go-nogo task 

were related to age and fluid intelligence. Only a small portion of variance in fluid intelligence was 
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explained by age-related inhibition or age-independent inhibition. A larger proportion was 

explained by age-related and age-independent GoRT. The present study does not support 

Dempster’s argument that developmental changes in inhibition (as measured by the go-nogo task) 

drive developmental changes in fluid intelligence.  
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Chapter 5. The Simon task, the Spatial Stroop and Inhibition of Return 

 As discussed in the introduction, tasks used to examine the question of whether 

developmental changes in the efficiency of inhibitory processes may underpin developmental 

differences in intelligence need to meet two criteria according to Dempster’s hypothesis. These are  

1. That it provides an index of inhibition. 

2. That the task utilises frontal areas of the brain. 

The two empirical questions to be addressed for each task are: 

3. Does performance on the task develop with age? 

4. Is there evidence of a relationship between performance on the task and developmental 

changes in intelligence? 

 

 In this chapter these questions will be considered for three related tasks; two versions of a 

Simon task and a spatial Stroop task. Each of these is a variant of a stimulus-response (S-R) 

compatibility task and under the inhibition definitions discussed in the introduction would be 

considered resistance to interference tasks. In addition an automatic type of inhibition, inhibition 

of return will be included as a control condition for the three S-R compatibility tasks. The chapter 

will begin with a general discussion of S-R compatibility. Then for each task (Simon, spatial Stroop 

and inhibition of return) the above questions will be addressed. Following these reviews the study 

will be introduced and specific aims and hypotheses addressed. 

 

5.1 Stimulus-Response Compatibility 

 In choice reaction time (CRT) tasks the degree to which the features of the stimulus and the 

response overlap influences both speed and accuracy on the task (Fitts & Deininger, 1954; Fitts & 

Seeger, 1953). The term stimulus response compatibility (S-R compatibility) refers to the fact that 

some stimulus response pairings are easier to use than others (Umilta & Nicoletti, 1990). S-R 

compatibility is relevant for a range of tasks and phenomena including various versions of the 

Stroop and the Simon tasks. Early attempts to provide a taxonomy of S-R compatibility include 

those of Simon, Sly and Vilapakkam (1981) and Hedge and Marsh (1975). A more comprehensive 
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taxonomy was introduced by Kornblum, Hasbroucq and Osman (1990). There are two crucial 

aspects to this taxonomy.  

 

 The first is the degree of overlap between the characteristics of the stimulus and the 

response. If they do overlap, the task may be compatible or incompatible, depending on the 

assigned S-R mapping. For example, a left-pointing arrow which requires a left response is 

stimulus-response compatible, a right pointing arrow which requires a left response is stimulus-

response incompatible. If the stimulus and response do not overlap, the task is incompatible 

regardless of the assigned mapping.  

 

 The second is the distinction between relevant and irrelevant dimensions.  A stimulus 

dimension is relevant when the required response is dependent on the value of that dimension. For 

example, a relevant dimension may be the colour of a stimulus. One colour would require a 

particular response, another colour a different response. An irrelevant dimension is one 

uncorrelated with the required response. For example, the shape of the coloured object or its 

location may be irrelevant to the required response. Kornblum et al. (1990; Kornblum, 1995) 

combined these aspects to obtain eight types of S-R ensembles.  These are presented in Table 5.1. 

 

 Relevant to the current study are Type III (Simon effect) and Type VIII (spatial Stroop).  

Type III ensembles occur when the relevant stimulus dimension has no overlap with any of the 

response dimensions, whereas the irrelevant dimension does. This is the type of ensemble that 

produces the Simon effect. In a Simon task the relevant stimulus dimension is a nonspatial physical 

feature such as colour or shape. The irrelevant stimulus dimension is the location in which the 

stimulus appears. So in a Simon task, participants will be asked to respond to the colour of a 

stimulus but ignore its location. Type VIII ensembles have the response set overlap with both the 

relevant and irrelevant stimulus dimensions, which themselves overlap. This group includes a 

number of Stroop-like tasks including the spatial Stroop task. In the standard spatial Stroop task the 

irrelevant dimension is the spatial information conveyed by the stimulus, for example the words 

“left” or “right” or left or right pointing arrows. The relevant dimension is the location of the 
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stimulus (see Lu & Proctor, 1995, 2001 for a review and comparison of the Simon and spatial Stroop 

effects).  For a spatial Stroop task a participant would be asked to respond to the location of the 

stimulus and ignore its other characteristics.  

 

Table 5.1 A taxonomy of stimulus-response (S-R) ensembles according to the dimensional overlap 
model (Kornblum et al., 1992). Adapted from Kornblum & Lee, 1995. 

 S-R dimensions Illustrative stimulus sets Illustrative response sets 

Ensemble 

Type Relevant Irrelevant Relevant Irrelevant  

I no no colours shapes Digit names 

II yes no digits colours Digit names 

III no yes Colours digits Digit names 

IV no no colours Colour words Digit names 

V Yes yes colours 
Position (left or 

right) 

Keypress 

(left or right) 

VI Yes No 
Position (left or 

right) 

Colours and 

colour words 
Keypress (left or right) 

VII No Yes Colours 

Colour 

words/position 

left or right 

Keypress (left or right) 

VIII yes Yes colours Colour words Colour names 
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 Some researchers also refer to the reverse situation, that is, relevant dimension is the 

spatial information in the stimulus, and the irrelevant dimension is location, as a spatial Stroop as it 

also meets criteria for Kornblum’s type VIII ensemble (see for example Virzi & Egreth, 1985; Lu & 

Proctor, 2001).  Other researchers distinguish between tasks based on response mode. For example, 

in a study by O’Leary & Barber (1993) the words LEFT and RIGHT were shown left and right of 

screen centre. They described the various tasks as follows: a Simon task required a keypress to the 

meaning of the word; a spatial Stroop task required naming the location of the word; a reverse 

Simon task required a keypress to the word location; and a reverse spatial Stroop task required 

reading the word aloud. Thus, what the Kornblum taxonomy refers to as a spatial Stroop using a key 

press response, O’Leary and Barber have referred to as a reverse Simon effect. Additionally 

confusing is the fact that the stimulus in the Simon task as described by O’Leary and Barber has 

spatial attributes. This means that the relevant and irrelevant stimulus dimensions overlap, thus 

excluding it from being categorised as a Simon task by the Kornblum taxonomy. It more properly 

falls into the Type VIII category with the spatial Stroop task, with relevant and irrelevant categories 

reversed.  

 

 A final definitional complication occurs if the S-R overlap for the irrelevant dimension in 

the Simon task is examined more closely. According to the Kornblum taxonomy there is no overlap 

between the response and the irrelevant stimulus dimension (e.g. colour). Certainly outside of the 

context of the experiment a coloured square does not contain spatial information. However during 

the experiment spatial information is arbitrarily assigned to the stimulus, for example a black 

square requires a left response. This means in effect that there is an overlap between the response 

and the irrelevant stimulus dimension. Thus the difference between a Type III and a Type VIII 

ensemble could more correctly be attributed to the strength of the spatial attribute of the stimulus 

which in turn affects the strength of the S-R relationship for the irrelevant dimension. In the spatial 

Stroop or a Simon task which utilises spatial stimuli (coloured square or direction words) there is a 

more highly practiced association between arrows and direction words and a response to the left or 

right, that is, a stronger S-R relationship for the irrelevant dimension. It is not clear what effect 

these differences in strength between the S-R relationships will have on inhibitory performance. 
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One possibility is that a Simon task which has a weaker S-R relationship in the relevant response 

dimension (colour with left or right) and a stronger S-R relationship in the irrelevant response 

dimension (location with left or right) will show more of an interference effect from the irrelevant 

dimension of spatial location than a Simon task where both the relevant and irrelevant response 

dimensions have strong S-R relationships (arrow direction with left-right, and location with left-

right respectively).  

 

 

Table 5.2. The Simon and Spatial Stroop Tasks As Defined For the Present Study According To 
Relevance of Response Dimension 

Task 
Relevant 

dimension 

Irrelevant 

Dimension 
Response Overlap 

Kornblum 

category 

Simon-

square 
Colour 

Location 

(left or 

right) 

Left or right 

keypress 

dependent on 

stimulus colour 

Response and 

irrelevant stimulus 

dimension 

Type III 

Simon-

arrow 

 

Arrow 

direction (left 

or right) 

Location 

(left or 

right) 

Left or right 

keypress 

dependent on 

arrow direction 

 

Relevant and irrelevant 

stimulus dimension 

Response and relevant 

stimulus dimension; 

Response and 

irrelevant stimulus 

dimension 

Type VIII 

By this 

criteria 

task is a 

spatial 

Stroop 

Spatial 

Stroop 

Location (left 

or right) 

Arrow 

direction 

(left or 

right) 

Left or right 

keypress 

dependent on 

arrow location 

 

Relevant and irrelevant 

stimulus dimension 

Response and relevant 

stimulus dimension; 

Response and 

irrelevant stimulus 

dimension 

Type VIII 
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 For present purposes the term Simon task will be used to describe the situation where 

location is the irrelevant stimulus dimension. This includes both the Kornblum (1991, 1995) Type III 

Simon task where the relevant stimulus dimension (e.g. colour) does not overlap with the irrelevant 

stimulus dimension (e.g. location) and also the O’Leary and Barber (1993) Simon task where 

location is again irrelevant but there is an overlap between the relevant and irrelevant stimulus 

dimensions due to the stimulus containing spatial attributes (Kornblum Type VIII). The former will 

be called Simon-square, the latter Simon-arrow. The term spatial Stroop will describe what O’Leary 

and Barber have called the reverse Simon, where the location will be the relevant dimension and the 

spatial attributes of the stimulus will be irrelevant (also Kornblum Type VIII). Table 5.2 describes 

each of these tasks in terms of relevant and irrelevant dimensions and overlap between them.  

 
 
 
5.1.1 Stimulus-Response Compatibility Effects as Measures of 

Inhibition 

5.1.1.1 The Simon Task as a Measure of Inhibition 

 The Simon effect (Simon-square according to current definition) was discovered by accident 

in a study designed to examine the effects of handedness and ear stimulation (Simon & Rudell, 

1967). The authors were expecting that right handed participants would respond faster to a verbal 

command in their right ear than in their left ear and that left handed participants would respond 

faster to a command in their left ear than in their right ear. In two experiments they failed to find 

this predicted result. Instead they found that RTs were faster for the “right” command when it was 

heard in the right ear than the left ear, and RTs for the “left” command were faster when it was 

heard in the left ear than the right ear, irrespective of handedness. Thus an irrelevant spatial cue, 

the ear in which the command was heard, affected the time taken to process the stimulus. To ensure 

that the effect was not due to the over learned spatial information in the verbal commands “left” and 

“right” a study was conducted with tones arbitrarily assigned to left and right (Simon & Small, 

1969). The results were replicated. RTs were faster to the right when the stimulus assigned to a right 

response was played in the right ear than the left ear, and vice versa. Thus the effect appeared to be 

unrelated to prior symbolic associations. Further experiments revealed the same effect with visual 
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as well as auditory stimuli (Craft & Simon, 1970). A visual stimulus which required a left response 

had a faster RT when presented on the left than when presented on the right and vice versa.  

 

 A typical finding is presented in Figure 5.1. In this figure a black square has been assigned 

to a left response and a white square has been assigned to a right response. Represented is a black 

square presented on the left (location-response compatible) and on the right (location-response 

incompatible). Response A, the location-response compatible response produces a faster response 

than response B, the location-response incompatible response. This is despite the fact that location 

is an irrelevant response dimension. The difference in RT between location-response compatible 

trials and location-response incompatible trials is known as the Simon effect (see Lu & Proctor, 

1995; Simon, 1990 for reviews).  

 

 

 

 

                                                

Figure 5.1. A representation of the Simon effect. The effect is the difference in RT between 
Response A ( stimulus-response compatible) and Response B (stimulus-response 
incompatible).  

 

 

 The next question asked by Simon and colleagues was whether this faster response for the 

location-response compatible stimulus was due to facilitation of information processing on the 

corresponding trials, or to interference in information processing on the incompatible sides (Simon 

& Small, 1969). To assess this, auditory stimuli were presented monaurally to the left and right ear 

as well as binaurally. In the binaural condition the irrelevant stimulus location information is 

 
Stimulus 

Response 

 A. Faster B. Slower 
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absent. Therefore, the binaural RT was used as a baseline for assessing the effects of the irrelevant 

cue. If the effect was due to facilitation then it would be expected that the binaural RT would be 

similar to the location-response incompatible trials and that the location-response compatible trials 

would be faster than both binaural and location-response incompatible trials. If, on the other hand, 

the effect was due to interference the opposite finding would be expected. That is, the binaural and 

location-response compatible trials should be equivalent in RT and the location-response 

incompatible trials should be significantly slower.  The latter was found to be the case indicating 

that the Simon effect was primarily an interference effect. Later studies utilising different 

methodologies found that the paradigm produces facilitation for the compatible trials as well as 

interference for the incompatible trials (Acosta & Simon, 1976; Simon & Acosta, 1982; Simon & 

Craft, 1970). These findings indicate the necessity of including a neutral baseline when examining 

the Simon effect. If there is no baseline it is not possible to check what proportion of the effect is 

facilitation or interference.  

 

 The general interpretation of the Simon effect is that the location of the stimulus 

automatically activates the spatially compatible response and that this occurs before the 

identification of the relevant stimulus dimension, for example, colour has occurred. In the case of 

compatible trials this does not cause any conflict and the response can continue. In the case of the 

incompatible trials the initial response to the location must be inhibited before the correct response 

can be made. This inhibition takes time and so the RT for incompatible trials is delayed. Thus using 

subtractive logic the Simon effect as the difference between compatible (no inhibition) and 

incompatible (inhibition) is typically interpreted as an index of the time taken to inhibit the 

incorrect response to location (see Lu & Proctor, 1995; Proctor & Wang, 1997; Stoffer, 1991. For an 

alternative interpretation see Hasbroucq & Possamai, 1994). However, given that the RT difference 

between compatible and incompatible trials may be due to both an inhibitory and a facilitatory 

component it could be argued that a purer inhibitory measure may be the RT difference between the 

neutral trial and the incompatible trial.  Similarly, the facilitatory component may be indexed by 

looking at the RT difference between the compatible and neutral trials. No studies on the Simon 

effect were found which distinguished between the facilitatory and inhibitory components of the 
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Simon effect in this manner. In the current study all three subtractions will be carried out. The 

typical subtraction (incompatible trials – compatible trials) will be called the Simon effect. The 

incompatible trials subtract neutral trials will be called the Simon inhibitory effect. The neutral 

trials subtract compatible trials will be called the Simon facilitatory effect.  

 

 A second measure of inhibitory ability from the Simon task is the percentage of errors. 

Errors occur for incompatible trials when a participant is unsuccessful in inhibiting the incorrect 

response. However, participants may not be particularly good at the task. In order to control for this 

the compatible error rate can be used to baseline the incompatible error rate. If the compatible error 

rate is subtracted from the incompatible error rate this gives an index of failed to inhibit errors 

(Mandich, Buckolz & Polatajko, 2002). Following the logic of the above argument for the RT data 

three types of error subtractions will be carried out: incompatible subtract compatible; incompatible 

subtract neutral and compatible subtract neutral. In addition to these subtraction errors, total 

errors for each task will also be calculated. 

 

5.1.1.2 The Simon-Arrow/Spatial Stroop Task as Measures of Inhibition 

 Studies employing a Simon-arrow-like or a spatial Stroop-like paradigm also find both 

facilitation and inhibition effects. Shor (1970, 1971) embedded the words “left”, “right”, “up” and 

“down” in arrows pointing in directions other than the one named by the word. The neutral 

condition presented an arrow without a word. Participants were required to name the direction of 

the arrow.  

 

 In a similar Simon-arrow-like study Dyer (1972) using the same four words had a moving 

display in which these words moved either in the named direction or another direction. The neutral 

condition was a moving string of XXXXs. Participants were required to name the direction of 

movement of the words. An inhibition effect of 14ms and a facilitation effect of 26ms were found. 

This finding with facilitation being larger than inhibition is not typical in these tasks. Typically the 

inhibitory effect is larger than the facilitatory.  
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 Palef and Olson (1975) presented the words “above” and “below” either above or below a 

fixation dot. Participants were required to either respond to the word meaning (Simon-arrow) or 

respond to the location of the word (spatial Stroop). Both conditions resulted in interference from 

the irrelevant response dimension.  

 

 Two studies which would be classified as a spatial Stroop task in the current context also 

demonstrated interference from the irrelevant response dimension. White (1969) used the words 

“north”, “south”, “east” and “west” presented inside a rectangle. Participants had to name the 

position of the word and ignore the word meaning. Seymour (1973) used the words “above”, 

“below”, “left” and “right”. Participants were asked to name the location of the word relative to a 

fixation dot. In both studies the word meaning caused interference (i.e. longer RTs) when the word 

location and word meaning were incompatible. For example it took longer for participants to name 

the position of the word “north” when it was placed at the bottom of the rectangle than when it was 

placed at the top of the rectangle.  In summary, inhibitory and facilitation effects are found for 

Simon-arrow paradigms and spatial Stroop paradigms.  

 

5.1.2 Does Inhibitory Performance on the Simon Tasks/Spatial Stroop 

Task Involve Frontal Cortex? 

 
 The majority of imaging and psychophysiological studies utilizing the Simon paradigm 

focus on examining the stage of processing at which the inhibitory effect occurs, for example, 

whether the effect occurs at the time of response selection or stimulus evaluation (Sturmer, 

Siggelkow, Dengler & Leuthold, 2000).  Only two studies were found which specifically focused on 

examining areas of brain involvement in the basic Simon task, that is, the type III ensemble as 

defined by Kornblum (1992).  

 

 Fan, Flombaum, McCandliss et al. (2003) conducted an fMRI study employing a Flanker 

task, colour-word Stroop task and a spatial conflict task which is in essence a Simon task but which 

they called a spatial Stroop task. In this task a trial sequence began with the presentation of two 

outline drawings at the bottom left and right of the screen. A target drawing would then appear in 
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the top left, top centre or top right of the screen. The participant’s task was to identify whether the 

target drawing matched the left or right drawing at the bottom of the screen. If it matched the left 

then a left response was required and if it matched the right a right response was required, 

irrespective of the location of the target.  A Simon/spatial Stroop effect was found. The imaging data 

showed that across the three tasks commonly activated areas were the left dorsal ACC and the left 

prefrontal cortex. There were no significant differences between the three tasks in activation levels 

in the PFC.  

 

 Liu, Banich, Jacobson and Tanabe (2004) conducted an fMRI study with a task which 

integrated a spatial Stroop (Simon-arrow) and a Simon-square task. Participants were presented 

with either an upward or downward pointing arrow in one of four locations (left, right, up, down) 

surrounding a central fixation point. They were trained to respond to one arrow with the index 

finger and the other arrow with the middle finger of the right hand. Arrow direction and finger were 

counterbalanced between subjects. When an arrow was presented in a location requiring a response 

incompatible with the relative spatial position of the finger (e.g. an upward arrow to the right of 

fixation requiring a response with the index finger, i.e. the left-most finger) a Simon effect was 

elicited. When the direction of the arrow was incompatible with the spatial location (e.g. an upward 

arrow presented below fixation) a spatial Stroop effect (Simon-arrow) was elicited. Behavioural 

results were as expected; participants were slower and less accurate for incompatible trials for both 

Simon and spatial Stroop (Simon-arrow) trials. These levels of performance did not differ between 

the Simon and spatial Stroop (Simon-arrow) conditions.  

 

 The imaging data revealed that areas activated by both tasks included the left dorsolateral 

prefrontal cortex, the posterior boundary of the insula and posterior visual processing areas. Areas 

uniquely activated by the Simon-square effect were the anterior cingulate cortex (ACC; situated in 

the medial surface of the frontal lobes), mid-cingulate cortex, pre supplementary motor area and 

precuneus cortex. Areas uniquely activated by the spatial Stroop (Simon-arrow) were inferior 

frontal cortex and inferior parietal cortex. The authors proposed that the Simon task activated more 

brain areas responsive to detection of response conflict (ACC) while the Stroop (Simon-arrow) 
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activated more brain regions involved in processing the task relevant attribute (inferior parietal 

cortex). They suggested the Simon effect arises from stimulus-response conflict and the Stroop 

effect (Simon-arrow) arises from stimulus-stimulus conflict. Thus in the two studies directly 

examining neural subtrates of the Simon task there appear to be two common areas of activation; 

the left dorsal ACC and the left prefrontal cortex. 

 

 Other relevant findings include two PET studies which used a simple RT task with 

compatible and incompatible conditions rather than a true Simon CRT task (Iacoboni, Woods & 

Mazziotta, 1996; Iacoboni, Woods & Mazziotta, 1998). These studies found that both auditory and 

visual presentations of stimuli activated frontoparietal areas of the brain. Similarly, studies 

examining the neural basis of response conflict typically utilising a Stroop-like paradigm have 

reported involvement of the right prefrontal cortex (e.g. Milham, Banich, Webb, Barad, Cohen, 

Wszalek, & Kramer, 2001).   

 

 A small number of papers have examined the neural basis of the Simon effect defined as a 

type VIII ensemble by Kornblum, referred to in the current context as either a Simon-arrow or 

spatial Stroop task. Barch, Braver, Akbudak et al. (2001) reviewed a number of imaging studies 

using paradigms containing response conflict. They noted that in the majority of studies areas 

within the ACC were activated. In order to determine whether the activation was specific to a 

particular response modality (e.g. vocal or manual) and/or processing domain (e.g. verbal and 

spatial) they conducted a rapid event functional magnetic resonance imaging study using a 

paradigm which they referred to as two versions of the spatial Stroop (Simon-arrow and spatial 

Stroop by current definitions). The words LEFT or RIGHT were presented to the left or right of 

fixation and participants were asked to respond to either the word or the location with a manual or a 

vocal response. They found one large ACC region that was activated for response conflict with both 

verbal and manual responses. They also found three ACC regions that were activated by response 

conflict with both spatial and verbal processing. Although not the focus of the study they also 

reported areas of activation in the cerebellum, inferior frontal cortex, parietal cortex and 

supplementary motor area that showed significant response conflict effects for manual, but not for 
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vocal responses. They concluded that the ACC is involved in the resolution of conflict for both 

manual and vocal output for both spatial and verbal processing.  

 

 Maclin, Gratton and Fabiani (2001) conducted an event-related fMRI study using a 

paradigm they referred to as a Simon task (Simon-arrow by current definition). Left or right arrows 

were presented to the left or right of fixation and participants were asked to respond with a button 

press to the direction of the arrow irrespective of the location. They compared conflict and non 

conflict areas and reported activation in frontal, parietal and occipital cortex activated for the 

conflict condition but not for the non conflict condition. The area most activated by conflict was the 

medial frontal gyrus. In contrast to the Braver et al. (2001) results they didn’t detect any difference 

in ACC activation between conflict and non-conflict conditions. The authors suggested the 

difference in results may have been due to the fact that most studies reporting ACC activation have 

conflict across modalities whereas their study had conflict between elements of a single modality.   

 

 Peterson, Kane, Alexander, et al. (2002) conducted an fMRI study comparing activation 

between the Simon (Simon-arrow by current definition) and Stroop (colour naming) tasks. They 

found similar activations for both tasks. Both areas activated supplementary motor, visual 

association, anterior cingulate, inferior temporal, inferior parietal, inferior frontal and dorsal 

prefrontal cortex. The spatial Stroop (Simon-arrow) tended to activate superior and inferior parietal 

regions more strongly than the colour naming Stroop. The colour Stroop tended to activate left 

dorsoprefrontal and visual cortex more than spatial Stroop. However, the authors concluded that 

the neural systems subserving both tasks were more similar than different. 

 

 Kumada and Humphreys (2002) examined performance on a spatial Stroop (Simon-arrow 

and spatial Stroop) in a patient with frontal lobe damage. The patient showed significantly 

increased interference effects compared to normal controls for both the Simon-arrow task and a 

spatial Stroop.  
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 To summarise; a wide network of brain regions appears to be involved in performance on 

the Simon/spatial Stroop tasks. These include frontal areas such as the anterior cingulate cortex, 

inferior frontal cortex, medial frontal cortex and the right prefrontal cortex. Importantly, for current 

purposes, no studies were found in which frontal areas were not involved in the task.  

 

 
5.1.2.1 Development and Frontal Involvement in the Simon Tasks/Spatial Stroop. 
 
 No imaging studies were found which examined developmental changes in frontal 

involvement for the Simon-square, Simon-arrow or spatial Stroop tasks. However, two papers were 

found which examined these changes using the colour Stroop paradigm. Adelman, Menon, Blasey et 

al. (2002) examined developmental changes in brain activation for three age groups: children (ages 

7-11), adolescents (ages 12-16) and young adults (aged 18-22). Overall they found a positive 

correlation between age and Stroop-related activation in the left lateral and prefrontal cortex, the 

left anterior cingulate and the left parietal and parieto-occipital cortices. These changes 

corresponded to improvements in Stroop performance.  

 

 Schroeter, Zysset, Wahl and von Cramon (2004) argued that in the Adelman et al. (2002) 

study the requirement to respond vocally may have resulted in head movement artifacts and 

pointed out that this meant the behavioural and haemodynamic responses could not be directly 

compared. As an alternative to fMRI Schroeter et al. used functional near-infrared spectroscopy 

(fNIRS) which is known to be more sensitive to movement artifacts, and therefore, particularly 

suitable for developmental studies. They studied 23 children aged 7 to 13 and 14 young adults aged 

19 to 29. The findings were similar to those of Adelman et al.  Behaviourally, interference, measured 

as the difference in RT between the incongruent and neutral trials, decreased as age increased. 

Concurrently, activation in the dorsolateral prefrontal cortex increased. This suggests that 

development of the prefrontal cortex continues into adulthood and that correct performance on the 

colour Stroop is related to increasing frontal involvement. fNIRS has limited depth penetration and 

so is not suitable for detecting activation in the ACC.   
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 To summarise: these studies suggest that improvement on performance on the colour 

Stroop during childhood and into adulthood is underpinned by increasing involvement of the left 

dorsolateral prefrontal cortex. To the extent that the colour Stroop, Simon and spatial Stroop are 

similar a common developmental pattern may be expected. 

 

5.1.3 Does Inhibitory Performance on the Simon-Square, Simon-

Arrow and Spatial Stroop Develop with Age? 

5.1.3.1 Simon-Square Task 

   Ládavas (1990) tested 8 children aged 4 and 5 years. First, the children’s hand preference 

and their ability to discriminate between left and right was assessed. Then each child was presented 

with a choice RT task. Children sat in front of a panel displaying three light emitting diodes (LEDs), 

a central green LED and two peripheral red LEDs 11.5cm to either side of the central light. In each 

hand the children held a cylinder with a push button on its top which recorded the response and the 

reaction time. The central LED gave a warning signal 1-3 seconds prior to stimulus presentation. 

One of the peripheral lights then flashed for 100 ms. Stimulus-response compatibility was 

manipulated between blocks. In one block children responded to the left stimulus with the left hand 

and the right stimulus with the right hand (stimulus-response compatible). In the second block they 

responded to the left stimulus with the right hand and the right stimulus with the left hand 

(stimulus-response incompatible). Ládavas (1990) found that the children were significantly faster 

in the stimulus-response compatible condition than the stimulus-response incompatible condition. 

The average Simon effect was 270 ms.  Responses were 270 ms faster in the stimulus-response 

compatible condition than the stimulus-response incompatible condition. This is to be compared 

with a typical adult Simon effect of 40-80ms. A similar pattern was found with the error data. Fewer 

errors were found in the stimulus-response compatible condition than in the stimulus-response 

incompatible condition.  Notably 6 of the 8 children had a right hand preference and only 4 could 

successfully discriminate between left and right.  Importantly, neither of these factors interacted 

with or influenced the Simon effect. The Simon effect exists independently of a child’s ability to 

discriminate between left and right and of a child’s hand preference. 
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 In the first paper that describes the developmental course of the Simon effect Jerger, 

Pearson and Spence (1999) tested 100 children aged 3 to 16 years and 20 adults aged from 18 to 48. 

Participants were divided into 6 age groups; 3, 4, 5, 6, 7-16 and 18-48 of 20 participants each. The 

paradigm used was auditory. Two loudspeakers were placed to the left and right of the participant’s 

head, at eye level approximately 100 cm from the participant. The participants were told to ignore 

the location of the voice, that is, which speaker it came from and attend only to the gender of the 

voice as it spoke the sound “baba”. They were to respond as fast as they could when they had 

identified the gender of the speaker by pressing the appropriate button. One response button had a 

picture of a female the other a picture of a male. For half the participants a male voice required a left 

response and a female voice a right response. For the other half the reverse mapping applied. 

Location was counterbalanced for gender (i.e. half the female utterances came from the right 

speaker, half from the left and similarly for the males). Simon interference was calculated as the RT 

difference between the blocks of trials where the location and gender were in conflict (a female voice 

might have required a left button press but the voice came from the right speaker) and blocks of 

trials where the location and gender were congruent (a female voice might have required a left 

button press and the voice came from the left speaker). The RTs in the Simon task were adjusted for 

each participant according to a simple RT measure. Each person’s simple RT was subtracted from 

the choice RT. This was done in order to control for developmental differences in sensory and motor 

abilities (however see Christ et al., 2001 for possible problems with this technique). Error rates were 

very few and no error analysis was carried out. Mean RTs and Simon effects calculated from these 

RTs are shown in Table 5.3.  A significant main effect of age was found for the Simon effect with the 

effect decreasing in size with increasing age. Post hoc tests did not detect any age differences in the 

Simon effect when the adult group was excluded.   

 

 

 

 

 

 



 Chapter 5. The Simon task, Spatial Stroop and Inhibition of Return 

 141

Table 5.3. Mean RTs for Conflicting and Congruent Conditions. Values Taken From Jerger, 
Pearson and Spence (1999) Figure 5, Panel B. 

Age group RT (ms) 

 Conflicting Congruent Simona 

3 465 345 120 

4 455 340 115 

5 450 360 90 

6 370 260 110 

7-16 275 190 85 

18-48 190 120 70 

aThese values which were calculated from the values in Figure 5 appear to be quite different from 
the Simon interference effects reported in Figure 6 in Jerger, Pearson and Spence (1999). It is not 
clear why this would be so. In particular, it is not clear why the Simon effect in Figure 6 appears to 
increase in size over the ages 3-5 as there is no increase in this age for either conflicting or 
congruent RT and this is in direct contrast to the decline in Simon effect seen in the above table. 
 
 

 

 In a study by Tagliabue, Zorzi, Umilta, and Bassignani (2000) 24 children 5 to 8 years of 

age were tested with a visual Simon task. Prior to completing the Simon task participants performed 

a spatial compatibility task with either compatible or incompatible instructions. In both spatial 

compatibility tasks location was the relevant stimulus dimension. Thus according to current 

definitions (see Table 5.2) the spatial compatibility tasks were spatial Stroop tasks. In the 

compatible task an outline square was the target stimulus. If presented to the left the participant 

responded with a left button press, if presented to the right the response required was a right button 

push. In the incompatible condition this mapping was reversed. A left stimulus required a right 

response and vice versa. The rationale for including these tasks was to increase prepotency for 

responding to a particular location, thus increasing the interference from the location when the 

Simon task was subsequently performed. The Simon task was performed a day later. For this task 

the two stimuli were an outline square and a solid square. Half the participants responded to the 

outline square with a left response and to the solid square with a right response. This mapping was 

reversed for the other participants. One hundred and forty four trials were run. Analysis of variance 

was carried out on the RT data with age and preceding task (compatible or incompatible) as 

between subject factors. Surprisingly to the authors there was an interaction depending on whether 

the compatible or incompatible spatial compatibility task had been carried out first. For the 
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participants who completed the compatible condition first a standard Simon effect (16 ms) was 

found, incompatible trials (right stimulus=left response) were slower than compatible (right 

stimulus= right response). For participants who had completed the incompatible spatial 

compatibility task first the effect was reversed. Incompatible trials were faster than compatible by 

40.5 ms. A main effect of age was reported with mean RTs decreasing with age. The paper does not 

report these separately by age groups for compatible and incompatible trials so it is not possible to 

work out the Simon effects for each age group. However, although the paper does not identify 

Simon effect values it does provide additional support for the existence of a Simon effect in children. 

 

 
 Carlson and Moses (2001) tested 3 and 4 year old children with a battery of theory of mind 

tasks and interference control measures. One of the latter, which they called a spatial conflict task, is 

a Simon task. The children were asked to respond to a picture that appeared on a computer screen 

and ignore whether it was presented on the left or the right side. There were two pictures; one was 

assigned to the left response, the other to the right response. This stimulus-response mapping was 

counterbalanced so that half the children completed one mapping and half the other. The pictures 

were placed on the response buttons so the children did not have to recall the mapping in an 

abstract manner. There were 4 blocks of 8 trials each.   Results are shown in table 5.4. The 

differences in median RT between the three and four year olds was significant however as with the 

Tagliabue et al. (2000) study separate RTs for compatible and incompatible trials aren’t presented. 

Therefore, it is not possible to work out whether there was a developmental shift in Simon effect 

between the ages of three and four. 

 

Table 5.4. Mean Performance on the Simon Task. Standard Deviation in Brackets. Figures Taken 
From Table 4, Carlson & Moses (2001) 

 Age Age difference 

 3 4  

Percent correct       96.7   (3.4)       95.5    (7.7) Not significant 

Median RT correct (ms) 2200      (400) 1900      (400) t(99) = -3.1, p <.01 

 



 Chapter 5. The Simon task, Spatial Stroop and Inhibition of Return 

 143

 The final paper to be reviewed which examined the Simon effect in children compared 

children with developmental coordination disorder (DCD) and normally developing children.  

Mandich et al. (2002) used a visual Simon paradigm. They tested 40 children between the ages of 7-

12 (20 normal controls; 20 DCD). The children were divided into two age groups, younger (mean 

8.6 years) and older (mean 10.6 years).  The target stimuli were a red or a green circle. Each 

participant completed 2 blocks of 60 trials. RTs less than 100 ms and greater than 1000 ms were 

excluded from further analysis. Results are presented in Table 5.5. 

 

 Table 5.5. Median Rts, Error Rates and Simon Effect as a Function of Age. Data From   
 Table 1, Mandich Et Al. (2002) 

 Age 

 Younger Older 

Median incompatible RT (ms) 628.0 559.0 

Median compatible RT (ms)  558.0 467.0 

Simon effect RT (ms)  70.0 92.0 

% Error incompatible      9.2      5.1 

% Error compatible      3.9      4.3 

Simon effect % error      5.3      0.8 

 

 

 They found that 80% of the control children produced a Simon effect. They also found that 

the Simon effect was larger when the dominant hand was used. The size of the Simon effect did not 

differ between the DCD children and normally developing children. There was a significant effect of 

age for the Simon effect. However, this was in the opposite direction to what would be expected if 

inhibitory control improved with age. The older children had a larger Simon effect than the younger, 

indicating that it took them longer to inhibit the incompatible response despite being faster overall 

than the younger children. The difference in error rates between younger and older children 

although heading in the predicted direction (older children fewer errors than younger children) was 

not significantly different.  Given that there were only 10 participants in each age group it may be 

that the experiment was not powerful enough to detect effects. The small sample may also account 

for the unusual pattern in the RT data. 
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 To summarise; of the five studies reviewed only two (Jerger et al., 1999; Mandich et al., 

2002) explicitly looked at age differences in the Simon effect. One (Jerger et al., 1999) did find a 

developmental trend whereby the Simon effect decreased in size with age. The other study found the 

opposite effect. Older children had a larger Simon effect. Results from the remaining papers showed 

that children did produce a Simon effect but did not report changes in the effect over different ages. 

Only one study (Jerger et al., 1999) attempted to control for individual differences in sensory and 

motor abilities. In conclusion, evidence for a developmental trend in the Simon effect is equivocal. 

However, given that the most carefully designed study did find a developmental effect the Simon 

task was considered appropriate for inclusion in the current study. 

 

5.1.3.2  Simon-Arrow Task 

 No developmental studies were found which specifically examined the Simon-arrow task. 

 

5.1.3.3 Spatial Stroop Task 

  No developmental studies were found which focused specifically on the spatial Stroop. 

Macleod (1991) in a review of the developmental literature on Stroop tasks in general reported that 

Stroop interference increases as children learn to read. Reaching its maximum around 7-8 years of 

age, and then declining through the adult years until approximately 60 years of age at which point it 

begins to increase again (see Comalli, Wapner & Werner, 1962). In the children this is a direct 

reflection of reading ability. In an attempt to overcome reading ability as a confounding factor 

Archibald and Kerns (1999) and Wright, Waterman, Prescott and Murdoch-Eaton (2003) used non-

word stimuli (fruit and animals respectively). Both reported a developmental effect whereby Stroop 

interference decreased with age.   

 

5.1.4 Is There a Relationship between Simon /Spatial Stroop 

Inhibition and Intelligence? 

 No studies were found which examined the relationship between the Simon effect and any 

measure of intelligence or cognition. An unpublished dissertation (Daniels, 2003) examined the 
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relationship between working memory, fluid intelligence as measured by Raven’s, the spatial Stroop 

(Simon-arrow by current definition) and colour naming Stroop. She reported significant 

correlations between colour naming Stroop and the Raven’s (r = -.39, p < .01) but not between the 

spatial Stroop (Simon-arrow) and Raven’s (r = -.178, p = ns). It is not clear why this difference 

between spatial and colour Stroop has occurred. It may be that the significant correlation is picking 

up on reading ability, which was not controlled for in the study. 

 

5.2 Controlled Versus Automatic Inhibition  

 Each of the paradigms discussed so far, (i.e. the Simon and the spatial Stroop tasks) are 

examples of controlled inhibitory processing. A controlled effort is required to inhibit the influence 

of the task irrelevant information. This effort appears to be at least partially mediated by the frontal 

lobes. As discussed in the introduction, according to Dempster and others it is the development of 

this controlled inhibition that is hypothesised to be underpinning the development of fluid 

intelligence. An appropriate control condition would be an inhibitory process that was automatic 

and did not appear to involve frontal processing. Such a process would possibly still have a 

developmental trajectory but would not be expected to be related to the development of fluid 

intelligence. In the present study inhibition of return was included as such a control. 

 

5.2.1 Inhibition of Return as a Measure of Inhibition 

 Inhibition of Return (IOR; Posner, Cohen & Rafal, 1982; Posner & Cohen, 1984; Posner, 

Rafal, Choate & Vaughn, 1985) refers to the tendency for individuals to avoid attending to a location 

or object just previously attended. Experimentally it is seen in RT tasks when a nonpredictive cue is 

presented very briefly with little time to make a saccade and is then followed by a target at a cue-

target delay of greater than 600 ms. If the cue target delay is short, for example, 600 ms or less, 

then typically the response to the target is faster in the cued location than the uncued location, that 

is, there is facilitation of return, or priming of the target. However, if the cue-target delay is greater 

than 600 ms, then there is slower response latency to the target in the cued location than the 

uncued location. This delay at the cued location is the IOR. 
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 The effect is seen as adaptive, that is, it is more effective to scan one’s environment for food 

or predators than to continue to fixate and focus repeatedly on same location or object. IOR is 

thought of as a reflexive or automatic process because the participant is given no reason to expect 

the target at the location of the cue. Additionally, IOR is not influenced by a concurrent memory 

load, nor can it be voluntarily suppressed. Both of these are considered indicators of automaticity 

(Jonides, 1981).  The IOR effect is dependent on having attention removed from the cue location 

prior to the presentation of the target. In order to ensure this Posner and Cohen (1984) included a 

second central cue to ensure attention was at fixation when the peripheral target appeared. 

 

 Originally it was thought that IOR would occur only for detection tasks (is there a 

stimulus?) rather than discrimination tasks (what is the stimulus?; see for example the letter 

discrimination study of Terry, Valdes & Neill, 1994 which found no IOR). However, a number of 

studies subsequently found IOR in discrimination tasks (Lupianez, Milan, Tornay, Madrid & 

Tudela, 1997; Pratt, 1995; Pratt, Kingstone & Khoe, 1997). The appearance of the effect seems 

dependent on the difficulty of the discrimination task: the more difficult the discrimination, the less 

likely the IOR effect. 

 

 The question of whether the IOR effect is facilitation and/or inhibition is addressed in 

studies which use a neutral cue. Neutral cues may be either both peripheral boxes brightening at 

once, or a central box brightening. Studies including a neutral condition have shown that the IOR 

effect consists of both facilitation (RTs at the uncued, invalid location are faster than RTs at a 

neutrally cued location) and inhibition (RTs at the cued location are slower relative to RTs at the 

neutrally cued condition) (see Berger, 1992 cited by Rafal & Henik, 1994; Mayer, Seidenberg, 

Dorflinger & Rao, 2004; Sciolto, 1990 cited by Rafal & Henik, 1994).  

 

 In summary, IOR appears to be both an inhibitory effect and an automatic effect, thus 

qualifying as an appropriate control condition for the controlled inhibitory processes. 
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5.2.2 Does Inhibition of Return Involve Frontal Cortex? 

 A stronger contrast with the controlled inhibitory tasks could be made if IOR did not utilize 

frontal areas of the brain. Indeed, this seems to be the case. Studies of patients with focal brain 

lesions indicate separate neural systems for regulating reflexive orienting to exogenous signals as in 

IOR and others for voluntary spatial orienting under endogenous control (see Klein; 2000; Rafal & 

Henik 1994 for reviews). Endogenous orienting appears to be under cortical control, while 

exogenous orienting appears to be under the control of a primitive visual pathway to the midbrain, 

the retinotectal pathway. A number of studies present evidence suggesting that IOR is generated in 

the superior colliculus. Adults with progressive degeneration of the colliculus lose IOR (Posner & 

Cohen, 1984; Rothbart, Posner & Rosicky, 1994; Sapir, Soroker, Berger & Henik, 1999). Klein 

(2000) also argues that while IOR is generated through the retinotectal pathway, processes in the 

parietal cortex are responsible for computing spatial code and generating the inhibited signal. 

 

 A more recent event-related fMRI study (Lepsien & Pollmann, 2002) found that IOR was 

accompanied by increased activation in brain areas involved in oculomotor programming such as 

the right medial frontal gyrus and the right inferior precentral sulcus.  In contrast to the earlier 

studies they didn’t find collicular involvement but acknowledge that this could have been masked 

due to the imaging procedures they utilised. 

 

 Mayer et al. (2004) also conducted an event-related fMRI study examining IOR in healthy 

adults. They compared cued trials with uncued trials across two cue-target SOAs (100 ms and 800 

ms). There were no areas of significantly different activation for this comparison. Comparisons 

made between the inhibitory (800 ms SOA) and facilitatory (100 ms SOA) periods for both cued and 

uncued trials showed significantly greater activation for the inhibitory period in a number of brain 

regions. For the cued trials these included the middle temporal gyrus, precentral gyrus, postcentral 

gyrus, anterior cingulate gyrus, and supplementary eye fields. For the uncued trials greater 

activation was evident in anterior cingulate gyrus, the right middle frontal gyrus (frontal eye field, 

FEF) and right medial frontal gyrus. The authors suggest activation of two different networks during 

the inhibitory SOA. The first, activated by both cued and uncued trials involved anterior cortical 
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structures. The second, activated by the cued IOR as opposed to cued facilitation of return (FOR) 

was associated with activation in thalamic and posterior cortical networks.  

 

 Lepsien & Pollman (2002) reported similar involvement of the oculomotor areas (FEF). The 

authors conclude that IOR is associated with widespread activation of cortical areas, not just the 

retinotectal pathway, and that the cortical areas are linked to both oculomotor and attentional 

networks.  

 

 Given the fact that infants as young as 20-weeks demonstrate IOR and that infants’ vision is 

traditionally thought to be predominantly collicular these latter papers raise the possibility that the 

neural mechanisms mediating IOR change over the course of development, and that cortical control 

becomes increasingly important. However, Richards (2000) in his study with 20 week old infants 

examined event related potential (ERP) indices of saccade planning and found evidence for a 

cortically controlled saccade planning system. A presaccadic ERP potential was found to occur 

approximately 50 ms before a saccade to a target in a cued location. This was thought to be localized 

in the frontal eye fields. A second presaccadic potential occurred about 300 ms before the target and 

was found for saccades to the cued location whether the target was present or not. This potential 

was localized to the parietal cortex in an area thought to be involved in a widespread attentional 

network.  A similar ERP potential is found in adults (Becker, Hoehne, Iwase, & Kornhuber, 1973; 

Kurtzberg & Vaughan, 1980, 1982; Moster & Goldberg, 1990). This suggests that even in very young 

infants there is a degree of cortical control over saccades. It does not exclude the involvement of the 

subcortical systems, but indicates that saccade control is not completely collicular as previously 

thought.  

 

5.2.3 Does Inhibition of Return Develop with Age? 

 The majority of developmental studies of IOR focus on the appearance of IOR in infants 

rather than its development with age. IOR has been found in healthy full term infants as young as 

four months (Clohessy, Posner, & Rothbart, 1991; Johnson & Tucker, 1996; Johnson, Posner, & 

Rothbart, 1991; Richards, 2000; see Hood, 1995 and Johnson 1994 for reviews on IOR in infants). 
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Its emergence appears to be dependent on the infant’s ability to execute accurate saccades to targets 

at varying eccentricities (Valenza, Simion, Umilta, & Paiusco, 1992). When the infant can correctly 

saccade to a particular eccentricity, IOR is also found at this eccentricity. Richards (2001) used 

three SOAs (450, 874 and 1300 ms) in his study of covert orienting in 20 week old infants and found 

a significant IOR effect of approximately 80 ms only at the longest SOA. Facilitation was found at 

the 450 ms SOA and the approximately 40 ms IOR at the 874ms SOA was not significant. 

 

 Fewer studies have examined IOR over the life span or compared it between younger and 

older children. Brodeur and Enns (1997) looked at lifespan changes in covert orienting, including 

IOR. They tested groups of children with mean ages of 6, 8, and 10, young adults and older adults 

using a range of cue-target SOAs. For the children the SOAs were 133, 250 or 450 ms, for the young 

adults 133, 200, 400 or 800 ms and for the older adults 150, 200, 400 or 800 ms. They only found 

IOR with young adults at the longest SOA and facilitation in all other groups. For the children at the 

longest SOA of 450 ms the facilitation of return found for each age group was 73ms, 45ms, and 

16ms for the 6, 8 and 10 year olds respectively. This appears in direct conflict to the infant literature 

which consistently shows an IOR effect. The differences could be explained by noting that Brodeur 

and Enns used a single cue in their procedure. As described earlier IOR is dependent on attention 

being removed from the initial cue. It may have been that only the young adults disengaged their 

attention from the cue without prompting from a second cue.  Additionally, the longest SOA for the 

children was 450 ms. In the study by Richards (2000) discussed above IOR was evident for the 

infants at 1300 ms but not at 450 ms. Therefore, there is a possibility that 450ms SOA may not be 

long enough for the cross-over from facilitation to inhibition of return for the younger children. A 

final consideration is that the infant studies are examining IOR in eye movement response times 

while the majority of children and adult studies measure response times with a manual button press 

response. There may be a difference in IOR occurrence and time course depending on whether the 

response measure used is manual or ocular. A study by Briand, Larrison and Sereno (2000) 

confirms this disparity. They compared manual and saccadic responses with 18 young adults and 

found that for both manual and saccadic responses there were equal amounts of facilitation. 

However, IOR was found to develop more quickly for saccadic responses than manual responses. 
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This meant that at some cue-target SOAs an IOR effect was found for the saccadic response while 

facilitation was still found for the manual response.  

 

 The suggestion that the IOR did not occur due to the use of a single cue is supported by 

MacPherson, Klein & Moore (2003). They compared double versus single cueing paradigms with 

young children (5-10 years, N = 49) and older children (11-17 years, N = 61).  They found that with a 

single cue the 5-10 year olds showed no IOR. However, with a double cue the 5-10 year olds did 

demonstrate an IOR effect of 40-50 ms. In the older children the effect was 30-40 ms. This is 

comparable to the 27.7 ms IOR effect found in young adults (18-22 years; McCrae & Abrams, 2001), 

and is slightly smaller than that found in older adults (58.2 ms; McCrae & Abrams, 2001). Similar 

results were found in a study by Hartley & Kieley (1995) in a comparison of IOR in younger (19-22 

years) and older (64-81 years) adults. IOR in this study was 40 ms and 50 ms for the younger and 

older adults respectively. In conclusion, it appears that IOR is evident throughout development and 

appears to be of a consistent size (approximately 50ms) across a wide age range. However, there are 

differences in the appearance of IOR dependent on whether a manual or saccadic measure is 

utilised and larger SOAs than those used in adult studies appear to be needed for IOR to be seen in 

younger children. Thus comparisons across studies using different response modes and SOAs 

should be made cautiously. In addition, any developmental study should ensure that the SOAs used 

capture the range in which IOR is likely to occur for children, and use a double cue. 

 

5.2.4 Is There a Relationship between Inhibition of Return and 

Intelligence? 

 No studies were found which examined the relationship between IOR and intelligence or 

cognitive ability. 

 

5.2.5  Summary 

 Inhibition of return is an inhibitory effect seen in reflexive automatic orienting of attention. 

It is evident from a very young age and does not appear to change significantly in size with age. IOR 

appears to be mediated by both retinotectal pathways and some thalamic and posterior cortical 



 Chapter 5. The Simon task, Spatial Stroop and Inhibition of Return 

 151

areas. It is not mediated primarily by frontal cortices as the spatial Stroop and Simon effects appear 

to be. Thus it meets criteria for serving as a control condition to more controlled inhibitory 

processes such as the Simon and spatial Stroop tasks.  IOR will be included as a cueing condition in 

each of the controlled inhibition tasks. For example, each trial of the Simon task will either be a 

cued or uncued trial. Mean cued and uncued RTs can then be calculated and the difference between 

these will determine whether an IOR effect has occurred or not. If the cued trials have a longer RT 

than the uncued trials then an IOR effect will have occurred. However, if the cued trials have a 

shorter RT than the cued trials then a facilitation of return (FOR) effect or a priming effect will have 

been found.  

 
5.3 Aims and Predictions  

 The Simon-square, Simon-arrow and spatial Stroop tasks meet the two primary criteria for 

providing a test of Dempster’s hypothesis, (1) they are measures of inhibition and (2) successful 

performance on the tasks appears to be mediated by frontal areas of the cortex.  In addition there is 

some evidence that performance on the tasks follows a developmental trajectory. Given this the 

aims of the present study are: 

1. To examine the developmental trajectories of the Simon-square effect, the Simon-arrow 

effect, the spatial Stroop and inhibition of return (IOR) in children and adults. It is 

predicted that each paradigm will demonstrate a developmental improvement such that the 

effects become smaller with increasing age. 

2. To examine the developmental trajectories for the typical Simon-square/Simon-arrow effect 

(i.e. the difference in RT between incompatible and compatible trials) as well as for the 

separate inhibitory and facilitatory components of the Simon effect. Respectively, these 

subtractions are the difference in RT between incompatible and neutral trials and the 

difference in RT between compatible and neutral trials. Similar subtractions will be carried 

out for the error data. It is predicted that there will be a developmental change in the 

inhibitory component of the task that mirrors the developmental change overall. 

3. To control for individual differences in speed that may influence the size of the difference 

scores. This will be done by transforming the RT data using a neutral baseline. If 

developmental trends in the Simon/Stroop effects reflect age-related changes in inhibition 
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rather than age-related changes in speed the effects will still be evident following 

transformation of the RT scores. If however, the developmental trend in the Simon/Stroop 

effects are driven by age-related speed changes then the effects will disappear once the data 

has been transformed. 

4. To examine any relationship between the different inhibitory measures. If each of the 

Simon/Stroop measures are reliable measures of resistance to interference it could be 

expected that there would be a degree of relationship between them. 

5. To examine any relationship between the inhibition measures, age and fluid intelligence. It 

is predicted that the Simon/Spatial Stroop measures will correlate with both age and fluid 

intelligence such that the older and higher the intelligence the better the inhibitory ability 

(i.e. the smaller the Simon effect or spatial Stroop).  It is also predicted that the inhibition 

measures for the Simon/Spatial Stroop will correlate more strongly with intelligence than 

the traditional Simon/Spatial Stroop measures which are both inhibitory and facilitatory. 

Conversely it is predicted that the automatic inhibitory measure, IOR will not correlate with 

fluid intelligence. 

6. To identify whether any relationship between the inhibitory measures and fluid 

intelligence is primarily age-related or non-age-related. If Dempster and others 

(Anderson, 2001; Bjorklund & Harnishfeger, 1990; Dempster, 1991, 1992; Harnishfeger, 

1995) are correct in their conjecture that developmental changes in inhibition mediate 

part or all of the developmental changes in fluid intelligence then more variance in the 

fluid intelligence scores will be accounted for by age-related inhibition variance than 

either non-age-related inhibition variance or age-related speed variance.   

 

5.4 Method 

5.4.1  Participants 
 
 One hundred and seventeen children aged 7-11 and 46 young adults aged 17 to 21 were 

tested. The age and gender distribution of the participants are reported in Table 5.6.  
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 Table 5.6.  Age and Gender Distribution of Participants Completing the Simon Task and  
 the Spatial Stroop Task 
     ________________________________________________________________ 

                         _________________ ______ Age   ____________ 

      ___                    _7             8            9            10            11           17           18           19            20         21  

Total   32 35 26 10 14 16 16 3 5 6 

Male   11 22 11 4 5 5 8 0 1 3 

Female   21 13 15 6 9 11 8 3 4 3 

 

 
 
5.4.2 Task Description and Procedure 

5.4.2.1   The Simon-Square/IOR Task 

 The Simon-square/IOR task was presented as a two alternative forced choice RT task with 

each trial being either cued or uncued. The cueing procedure was designed to produce IOR. A trial 

sequence is presented in Figure 5.2. Each trial began with the presentation of three green 

rectangular outlines, one central, and one each to the left and right of centre against a dark grey 

background. The rectangles were 20mm x 30 mm in size. In the central rectangle a blue fixation 

cross 10mm x 10mm in size appeared for 500 ms. Following this one of the three boxes changed 

colour to yellow for 50 ms and the fixation cross disappeared. The fixation cross then reappeared as 

a yellow cross for another 50 ms. This second central cue is needed to ensure that the participants 

reorient their attention back to the centre (Posner & Cohen, 1984). The fixation cross then returned 

to blue for another 800 ms. This gives a cue-target SOA of 900 ms. Following this the target, a white 

or black square 10mm x 10mm appeared in one of the three boxes for 100 ms. A blank screen then 

appeared for 1000 ms. If a response was not made by this time the trial was deemed incorrect. A 

tone sounded if an incorrect response was made.  

 

 The response rule for the Simon-square task was counterbalanced between participants. 

Half responded according to response rule 1: black requires a left response, white requires a right 

response. This was reversed for the remaining participants with response rule 2: black requires a 

right response, white requires a left response. Cue was manipulated within subjects. Half of the 

trials for each participant were cued and half were uncued. Stimulus location and cue location were 

varied equally between left, centre and right positions. This gave 12 trial types for each response 
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rule. The 12 trial types for response rule 1 are presented in Table 5.7. Each trial type was presented 

24 times in random order to give a total of 288 trials. These were presented in 6 blocks of 48 trials 

with two additional dummy trials that were not saved presented at the start of each block. 

 

Table 5.7. The 12 Trial Types for Response Rule 1 for the Simon-Square Task. 
Trial 

type 
Stimuli Location Response Cued Cue location Location response compatibility 

1 Black Square left left yes left compatible 

2 Black Square left left no right compatible 

3 Black Square right left yes right incompatible 

4 Black Square right left no left incompatible 

5 White square left right yes left incompatible 

6 White square left right no right incompatible 

7 White square right right yes right compatible 

8 White square right right no left compatible 

9 Black Square centre left yes centre neutral 

10 Black Square centre left no left or right neutral 

11 White square centre right yes centre neutral 

12 White square centre right no left or right neutral 

  

 

 Prior to completing the main task participants completed a practice block of 12 trials (one of 

each trial type). Children were tested four at a time by two experimenters. Different groups of four 

will have completed this task at different times of the day. Accuracy and speed were both 
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emphasized. Children were told they might see one of the boxes flash yellow but to ignore this and 

focus on responding to the target. Viewing distance was 50cm. Each child also completed the WISC-

III, the Cattell and Raven’s Standard Progressive Matrices (see chapter 2 for a complete 

description). Adult participants completed the Cattell. 

 

5.4.2.2 The Simon-Arrow/IOR Task 

 The Simon-arrow/IOR task was identical to the Simon-square/IOR task in all aspects as 

described above except that the stimuli were white left and right pointing arrows, thus there was no 

need to counterbalance the response rule. These arrows were 10mm x 10mm. Participants were told 

to respond to the direction of the arrows and ignore the location of the arrows. 

 

5.4.2.3 The Spatial Stroop/IOR Task 

 The spatial Stroop/IOR task was identical to the Simon-arrow/IOR task apart from two 

aspects. One, there was no neutral condition. This reduced the number of trial types to 8 and the 

total number of trials to 192 (plus 12 dummy trials at the start of each block which were not saved). 

Two, participants were told to ignore the direction of the arrows and respond to the location of the 

stimuli instead.  
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Figure 5.2 . A trial sequence for the Simon-square task. 

 

 

 

+
Fixation 
500 ms 

Cue 50 ms 
Cue is box changing from green to yellow for 50 ms 
While cue is on, fixation cross off 

+

800 ms fixation – 
fixation cross 
returns to blue 

+
Target 100 ms  

 

Blank screen 1000 ms 

+

50 ms. Fixation cross 
reappears as yellow 
flash 
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5.5 Results 

5.5.1 Data Screening and Analysis 

 Reaction times less than 100 ms and greater than 1000 ms were filtered prior to analysis. 

Prior to calculation of the Simon and Stroop effects the data was checked to determine any effects of 

cue location or stimulus location. No significant effects were found therefore these variables were 

not included in further analysis. All data was screened for deviation from normality, outliers and 

homogeneity of variance according to Tabachnik and Fidell (2001). 

 

 The subtractions carried out to create the Simon-square effect and its variations (inhibition 

and facilitation subtractions) for response rule 1 are presented in Table 5.8. These subtractions were 

also used to calculate the Simon-arrow and its variations. For response rule 2 for the Simon-square 

effect the location-response compatibility and thus the subtractions were reversed. For the spatial 

Stroop the two neutral subtractions were not carried out and the individual trial type subtractions 

were based on differences in stimulus-response compatibility rather than location-response 

compatibility as with the Simon-square and Simon-arrow subtractions. An overall mean collapsed 

across cues was also calculated.  

 

 For each participant separate means were calculated for correct cued and uncued trials to 

determine the effect of the cue, and whether an inhibition of return effect was found. An IOR effect 

would be found if RTs for cued trials were longer than RTs for uncued trials.  
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Table 5.8. The Subtractions Carried Out To Calculate the Three Types of Difference Scores: A 
Typical Simon Effect; the Inhibitory Effect and the Facilitatory Effect  

Subtraction type Cued Uncued 
Overall 

Mean 

Trial type 3 – trial type 1 Trial type 4 – trial type 2  
Incompatible subtract 

compatible (Simon effect) 
Trial type 5 – trial type 7 Trial type 6 – trial type 8  

Mean Simon Cued Simon Uncued Simon 

Trial type 3 – trial type 9 Trial type 4 – trial type 10  
Incompatible subtract 

neutral (Inhibition) 
Trial type 5 – trial type 11 Trial type 6 – trial type 12  

Mean Simon inhibition cued 
Simon inhibition 

uncued 

Simon 

inhibition 

Trial type 9 – trial type 1 Trial type 10 – trial type 2  
Neutral subtract 

incompatible (Facilitation) 
Trial type 11 – trial type 7 Trial type 12 – trial type 8  

Mean 
Simon facilitation 

cued 

Simon facilitation 

uncued 
SNC 

 
 
 
 
 
5.5.2   Analysis of Developmental Trends 
 
 Typically a developmental effect is considered to be whether an effect changes over the 

course of development. For example, does the Simon effect get smaller over the course of 

development? However, it is possible that there may be a developmental pattern in the actual 

appearance of an effect. For example, younger children may not show a typical Simon effect but it 

may appear as the children age. This type of developmental change would be seen by noting the 

number of children of a particular age who actually had a Simon effect.  Both types of 

developmental trends were examined in the current study: One, the number of participants in each 

age group who had the inhibitory effect and two, the developmental change in the inhibitory effect 

itself.  
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5.5.2.1 Was There an Age-Related Trend to the Occurrence of The Simon-Square, 

Simon-Arrow, the Spatial Stroop or Inhibition of Return Effects? 

 It is possible for a participant to not show these inhibitory effects at all. For example, in the 

Simon task if the incompatible condition has a shorter RT than the compatible condition, then there 

is no Simon effect. Similarly, if the cued trials have a shorter RT than the uncued trials then there is 

a facilitation of return effect not an inhibition of return effect. Studies typically do not include the 

percentage of participants who actually demonstrate the predicted effect. Therefore, it is not clear 

whether or not there is a developmental trend in the actual appearance of any of the inhibitory 

effects. To clarify whether older or younger children are more likely to have a Simon, spatial Stroop 

or inhibition of return effect the incidence of actually getting the inhibitory effects for each of the 

paradigms was examined by age group. Results are shown in Table 5.9. The figures represent the 

percentage of participants in each age group who had the predicted effect. An effect was considered 

to have occurred if the RT difference was in the predicted direction. For example, the Simon effect 

was considered to have occurred if the incompatible trials had a longer RT than the compatible 

trials. The likelihood of getting the Simon effect is extremely high. The effect which occurred least 

regularly across all age groups was the facilitation effect for both the Simon-square and Simon-

arrow.  Fewer participants demonstrated a spatial Stroop effect than a Simon effect. Examining the 

IOR data it is clear that the majority of children showed facilitation of return rather than inhibition 

of return for each of the paradigms.  

 

 To determine whether there was an age trend to the occurrence of these effects each 

variable was coded for each subject as either a ‘yes’ if the effect was found or ‘no’ if the effect was not 

found. Multivariate ANOVAs were then run on these variables with age as the between-subjects 

factor. Analysis revealed no significant age trends to the occurrence of any of the effects apart from 

the spatial Stroop, F(9, 148) = 2.54, p = .009. This age trend is not a consistent increase or decrease 

in appearance of the effect, and appears to be driven by the relatively higher percentage of 10 year 

olds who showed a spatial Stroop effect. This higher percentage is probably an artifact of the smaller 

number of participants in this age group. Support for this is found in the fact that there is no 

significant difference in the percentage of adults and seven year olds who showed a spatial Stroop 
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effect. This is unlikely to be the case if there is a developmental effect occurring over this period. 

Therefore, it appears that there is no developmental trend in the appearance of the Simon, Stroop or 

IOR effect. 

 

Table 5.9. Percentage of Participants in each Age Group with A Simon-Square Effect, Simon-
Arrow Effect, Spatial Stroop Effect and an IOR Effect 

Variable Age 

 
7             

(N = 32) 

8           

(N = 35) 

     9        

(N = 26) 

10       

(N = 10) 

11         

(N = 11) 

Adults  

(N = 46) 

 Simon-square 100 100 93 90 100 98   

Simon-square 

inhibition 
100 98 89 90 93 

92 

Simon-square 

facilitation 
82 78 77 70 86 

90 

Simon-arrow 97 98 93 90 93 
97 

Simon-arrow 

inhibition 
97 100 97 100 93 

98 

Simon-arrow 

facilitation 
66 58 66 80 64 

50 

Spatial Stroop 57 32 68 80 29 
68 

Simon-square IOR 25 40 38 40 43 
46 

Simon-arrow IOR 41 51 50 40 29 
39 

Spatial Stroop IOR 45 57 58 80 64 
65 

 
 
5.5.2.2     Developmental Trends for the Simon-Square, Simon-Arrow, and Spatial 

Stroop  

 The second developmental analysis concerns the more typical question relating to the 

changes in the inhibitory effects with age.  As discussed in the introduction developmental trends 
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were examined in three ways (1) by comparing adjacent age groups of the child participants, (2) by 

comparing younger and older children and (3) by comparing the children with the young adults. 

The Simon and spatial Stroop analyses for both the RT and error data are presented first, followed 

by the IOR analyses. 

 

5.5.2.3 Analysis by Adjacent Year Groups for Children Aged 7-11 for the Simon 

and Spatial Stroop - RT Data 

 Mean and standard deviations for the three difference scores (Simon, inhibition alone and 

facilitation alone) for Simon-square and Simon-arrow, and the overall spatial Stroop are presented 

by age group in Table 5.10. Note these are collapsed across cue conditions.  

 

 A repeated measures ANOVA was run for each overall mean with cue as the within subjects 

factor and age-group and gender as between subjects factors. No main effects of gender or 

interactions between gender, age or cue were found. Therefore gender was not included in further 

analyses. Findings are discussed for each paradigm in turn. 

 

5.5.2.3.1 Simon-square  

  No significant main effects or interactions for cue or age were found for the overall Simon-

square effect.  For the inhibition variable, there was no main effect for age. There was a significant 

main effect of cue, F(1, 107) = 4.62, p = .034. Inhibition for cued trials is smaller (39.6 ms) than for 

uncued trials (53.5 ms). However, this finding is moderated by a significant cue by age group 

interaction, F(4, 107) = 2.87, p = .026. For 7-year-olds inhibition for cued trials is actually larger 

than inhibition for uncued trials. For all other age groups the effect is reversed; inhibition for cued 

trials is smaller than for uncued trials (see Figure 5.3).  The effect size for this interaction is medium 

to large with a partial eta squared of .09. For the Simon-square facilitation variable there were no 

significant main effects or interactions.  
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Table 5.10. Mean Difference Scores (ms) and Standard Deviations across Age Groups for the 
Simon-Square, Simon-Arrow and Spatial Stroop Effects Collapsed Across Cue Conditions 
 Age 

 
7 (N= 32) 8 (N = 35) 9 (N = 26) 10 (N = 10) 11 (N = 14) 

Variable M SD M SD M SD M SD M SD 

Simon-square  94.38 51.73 80.66 40.01 77.48 38.52 59.21 39.77 73.01 29.55 

Simon-square  

inhibition 
62.24 45.17 52.6 40.46 48.8 46.56 32.75 29.07 38.04 40.77 

Simon-square 

facilitation 
32.15 36.75 28.07 37.53 28.68 54.18 26.46 40.07 34.97 32.19 

Simon-arrow 128.48 81.53 95.84 51.49 99.92 62.31 106.05 67.6 83.93 45.4 

Simon-arrow 

inhibition 
97.94 59.52 77.01 30.6 80.26 43.09 89.34 62.75 44.29 53.7 

Simon-arrow 

facilitation 
30.54 72.04 18.83 51.36 19.67 45.56 16.7 57.37 39.64 55.15 

Spatial Stroop 7.63 41.45 -10.06 36.38 6.56 25.46 -1.46 19.21 -4.66 16.45 
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Figure 5.3. Simon-square inhibition for adjacent age groups by cue. Error bars are standard error. 
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5.5.2.3.2 Simon-arrow     

 No significant main effects or interactions for cue or age were found for the overall Simon-

arrow effect. For the inhibition variable there was a significant main effect for age, F(4, 107) = 3.24, 

p = .015. The partial eta squared for this main effect is .10 indicating a large effect size. Younger 

children had a larger inhibitory effect than older children, that is, they were worse at inhibiting than 

the older children. Post hoc comparisons were carried out with a Bonferroni correction for multiple 

comparisons.  These revealed a significant difference only for the 7 compared with the 11 year olds 

t(44) = 2.89, p = .007. There were no significant interactions between age and any other variable. 

For the facilitation variable there were no significant main effects or interactions.  

 

5.5.2.3.3 Spatial Stroop 

 No significant main effects or interactions were found for the spatial Stroop.  

 

5.5.2.4       Analysis by Adjacent Year Groups for Children Aged 7-11 for the Simon 

and Spatial Stroop - Error Data 

 The error data was calculated in two ways: (1) using the same subtractions as the RT data 

(see Table 5.11) and (2) as the percentage of overall errors (see Figure 5.4).  Repeated measures 

ANOVAs were carried out for the subtraction error variables with cue as the within subjects factor 

and age group as the between subjects factor. No significant main effects or interactions were found 

for any of the error variables. 

 

 Univariate ANOVAs were carried out for the percentage error variables with age group as 

the between subject factor. Although there appears to be a decrease in errors between the ages of 9 

and 10 (see Figure 5.4) these changes were not significant. In summary, the only significant 

developmental trend when defining age by adjacent year groups occurred for the inhibition effect 

for the Simon-arrow paradigm.  
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Table 5.11. Mean Number of Difference Errors and Standard Deviations for the Simon-Square, 
Simon-Arrow and Spatial Stroop across Adjacent Year Groups  

 Age 

 7 (N= 32) 8 (N = 35) 9 (N = 26) 10 (N = 10) 11 (N = 14) 

Variable M SD M SD M SD M SD M SD 

Error overall Simon-
square 4.39 4.47 4.41 3.33 5.19 2.51 3.80 2.36 5.64 3.75 

Error Simon-square 
inhibition 

3.23 4.00 2.81 3.16 3.77 2.32 2.65 2.32 4.43 3.65 

Error Simon- square 
facilitation 1.16 1.97 1.6 2.24 1.42 1.89 1.15 .82 1.21 1.20 

Error overall Simon-
arrow 3.55 2.24 3.34 2.05 2.72 2.61 3.78 2.31 2.7 2.10 

Error Simon-arrow 
inhibition 2.86 1.84 2.97 1.50 2.11 2.22 3.45 2.17 2.05 1.88 

Error Simon-arrow 
facilitation 

.70 1.19 .36 1.26 .62 1.35 .33 .50 .64 .94 

Error spatial Stroop .31 .31 .71 4.41 1.77 5.14 -.50 1.84 1.14 3.35 

 

 

Figure 5.4. Mean percentage of errors for the three tasks across age groups. Error bars are standard 
error. 
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5.5.2.5   Analysis Comparing Younger (7-8) and Older (10-11) Age Groups – RT 

Data 

 Means and standard deviations for the three difference scores (Simon, inhibition alone and 

facilitation alone) are presented for younger and older children in Table 5.12. 

 
 
 
 
Table 5.12. Mean Difference Scores (Ms) and Standard Deviations for Younger and Older Children 
for the Simon-Square, Simon-Arrow Subtractions, Inhibition and Facilitation Subtractions, and 
Spatial Stroop  

 Age 

 Younger (7-8) N =67 Older (10-11) N = 24 

Variable M SD M SD 

Overall  Simon-square 87.22 46.14 67.26 34.07 

Simon-square inhibition 57.2 42.72 35.84 35.74 

Simon-square facilitation 30.02 36.94 31.43 35.10 

Overall  Simon-arrow 111.43 68.97 93.15 55.47 

Simon-arrow inhibition  87.01 47.51 63.07 60.71 

Simon-arrow facilitation  24.42 61.90 30.08 56.04 

Spatial Stroop -1.62 39.6 -3.32 17.32 

 

 A repeated measures ANOVA was run for each overall mean with cue as the within subjects 

factor and gender and age as the between subjects factor. No main effects of gender or interactions 

between gender, age or cue were found. Therefore gender was not included in further analyses.  

Findings are discussed for each paradigm in turn. 

 

5.5.2.5.1  Simon-square 

 No significant main effects or interactions for cue, or age were found for the overall Simon-

square effect. For the inhibition variable there was a significant main effect of age, F(1, 87) = 4.94, p 

= .029. Cohen’s d for this effect is .60 indicating a medium to large effect size.  No other variables or 
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interactions were significant. For the facilitation variable there were no significant main effects or 

interactions.  

 

5.5.2.5.2  Simon-arrow  

 No significant main effects or interactions for cue or age were found for Simon-arrow. 

 

5.5.2.5.3  Spatial Stroop  

 No significant main effects or interactions for cue or age were found for the spatial Stroop. 

 

5.5.2.6 Analysis Comparing Younger (7-8) and Older (10-11) Age Groups – Error 

Data 

 No significant main effects or interactions were found for any error variable. 

 

 To summarise; when age group is defined according to younger (7-8) and older (10-11) 

groups of children the only significant developmental trend occurred for the inhibition variable for 

the Simon-square effect.  Older children had a smaller inhibition effect than younger children. 

 

5.5.2.7      Analysis Comparing Children and Adults - RT Data 

 Means and standard deviations for the three difference scores (Simon, inhibition alone and 

facilitation alone) are presented for children and adults in Table 5.13.  A repeated measures ANOVA 

was run for each overall mean with cue as the within subjects factor and age group as a between 

subjects factor.  Findings are discussed for each paradigm in turn. 

 

5.5.2.7.1  Simon-square  

 For the overall Simon-square effect there was a significant main effect of age, F(1, 162) = 

45.9, p <.001. The adults had a smaller Simon effect than the children. There was also a significant 

main effect of age for Simon-square inhibition, F(1, 162) = 27.68, p <.001. Again the adult effect was 

smaller than the children’s. The Cohen’s d for these main effects were 1.04 and .79 respectively 

indicating large effect sizes. No other main effects or interactions were significant.  
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Table 5.13. Mean Difference Scores (ms) and Standard Deviations for Children and Adults 
For The Simon-Square, Simon-Arrow Subtractions, Inhibition and Facilitation Subtractions, and 
Spatial Stroop  

 Children (N = 117) Adults (N =46) 

Variable   M SD M SD 

Overall  Simon square 81.72 42.3 37.47 20.72 

Simon square inhibition 51.82 42.98 17.78 13.58 

Simon square facilitation 29.90 40.83 19.70 18.79 

Overall  Simon-arrow 105.12 64.90 48.66 28.27 

Simon-arrow inhibition  80.60 50.03 27.45 15.04 

Simon-arrow facilitation  24.53 57.11 -3.25 29.08 

Spatial Stroop .46 34.91 11.51 19.42 

 
 
 
5.5.2.7.2  Simon-arrow  

 There was a significant main effect of age for all three variables. In each case the adults had 

smaller effects than the children, overall Simon-arrow, F(1, 159) = 33.71, p <.001; Simon-arrow 

inhibition F(1, 159) = 48.56, p <.001; Simon-arrow faciliation F(1, 159) = 8.86, p = .003. The 

Cohen’s d for these main effects were .90, .93 and .79 respectively, indicating large effect sizes. No 

other main effects or interactions were significant.  

 

5.5.2.7.3  Spatial Stroop  

 There was a significant main effect of age, F(1, 147) = 4.04, p = .046. However, the effect 

was in the opposite direction to that predicted. The adults demonstrated a larger spatial Stroop 

effect than the children. This may have been due to the large number of children who did not get a 
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spatial Stroop effect. When the analysis was rerun removing the participants who did not show a 

spatial Stroop effect the main effect of age was not significant. 

 

5.5.2.8     Analysis Comparing Children and Adults – Error  Data 
 
 No significant main effects or interactions were found for any error variable. 

 

5.5.2.9 Summary of Developmental Trends for the Simon and Spatial Stroop 

Paradigms. 

 To summarise, for the RT data if age group is defined by adjacent year groups there is a 

significant developmental trend in inhibition for the Simon-arrow paradigm. If age group is defined 

by dividing children into younger and older groups then there is a significant developmental trend 

for the inhibition index for the Simon-square paradigm. In both these cases the overall Simon-

square/Simon-arrow effect and the facilitation effects do not show a significant age trend.  These 

findings highlight the importance of separating the inhibitory and facilitatory components of the 

Simon effect. If age group is defined by comparing children and young adults then the age trends 

become more apparent. In this case, significant age effects were found for all the variables with the 

exception of the facilitation variable for the Simon effect and the error data. For the error data no 

significant developmental trends were found irrespective of the definition of age group. 

 

5.5.2.10    Analysis Comparing Inhibition of Return (IOR) by Adjacent Year 

Groups for Children Aged 7-11 – RT Data 

 The mean cueing effects which may be either inhibition of return (IOR) or facilitation of 

return (FOR) for the Simon and spatial Stroop effects across adjacent year groups are shown in 

Table 5.14.  

 

 Repeated measures ANOVA were carried out for each IOR variable. Within subject factors 

were cue (cued, uncued) and compatibility (compatible, neutral and incompatible). The between 

subjects factor was age. Compatibility was included as a variable to determine whether cueing 
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effects were different for different levels of compatibility. This would be seen in a compatibility by 

cue interaction.  The effects of interest are any main effects of cue and of age, and any interactions of 

cue with any other variable. 

 
 
 
Table 5.14. Mean Effect of Cue (ms) and Standard Deviation across Age Groups for Simon-Square, 
Simon-Arrow and Spatial Stroop. A Positive Value Indicates Inhibition of Return (IOR), A Negative 
Value Indicates Facilitation of Return (FOR). 

 Age Group 

  7 8 9 10 11 

 Variables M SD M SD M SD M SD M SD 

Simon-

square IOR 
-20.08 27.40 -9.34 30.24 -8.06 27.71 -5.85 15.43 -6.77 30.87 

Simon-arrow 

IOR 
-4.83 27.70 -3.41 38.51 -5.43 28.38 13.63 29.03 -4.69 23.35 

Spatial 

stroop IOR 
-1.13 28.55 1.35 35.80 1.18 23.71 7.89 22.84 5.69 19.51 

 
 
 

5.5.2.10.1  Simon-square  

 For Simon-square IOR there was a main effect of cue F(1, 107) =  10.03 , p =.002. The mean 

RT for cued trials was 716.59 ms; the mean RT for uncued trials was 729.29 ms. This means there 

was a facilitation of return effect of approximately 12 ms. The partial eta squared for this main effect 

was .07 indicating a medium effect size. There was a main effect of age F(4, 107) = 9.66, p <.001. 

Older children were faster in responding than younger children to both cued and uncued trials.  

Post hoc analysis with Bonferroni correction for multiple comparisons revealed no significant RT 

differences between any of the adjacent age groups. There were no significant interactions between 

any variables.   

 

5.5.2.10.2  Simon-arrow  

 For Simon-arrow IOR there was no main effect of cue indicating there was no facilitation of 

return or inhibition of return. There was a main effect of age F(4, 106) = 8.18, p =.008, older 

children were faster than younger.  None of the variables interacted with cue. 
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5.5.2.10.3  Spatial Stroop 

 For the spatial Stroop there was no main effect of cue meaning there was no facilitation of 

return or inhibition of return. There were no significant main effects or interactions.  

 

5.5.2.11    Analysis Comparing IOR by Adjacent Year Groups for Children Aged 7-

11 – Error Data 

 No main effects or interactions were found for error variables for Simon-square IOR, 

Simon-arrow IOR or spatial Stroop IOR. 

 

5.5.2.12   Analysis Comparing Inhibition of Return (IOR) In Younger (7-8) and 

Older (10-11) Age Groups – RT Data 

 The mean cueing effect for the Simon and spatial Stroop effects for younger and older 

children is shown in Table 5.15.  

 

 Table 5.15. Mean Effect of Cue (ms) and Standard Deviation across Younger and Older Age 
 Groups.  

 Young (7-8) N = 66 Older (10-11) N = 24 

 M SD M SD 

Simon-square IOR -14.39 29.22 -6.39 25.14 

Simon-arrow IOR -4.08 33.62 2.94 26.89 

Spatial Stroop IOR    .18 32.37 6.61 20.51 

 Note. A Positive Value Indicates Inhibition of Return (IOR), a Negative Value  
 Indicates Facilitation of Return (FOR). 
 

 

5.5.2.12.1  Simon-square  

 The same pattern of results was found for Simon-square in this comparison as in the 

comparison with adjacent year groups. There was a main effect of cue F (1, 86) = 9.49, p = .003, 

with cued trials being faster than uncued trials, but again this was facilitation of return not 

inhibition of return. There was a main effect of age F(1, 86) = 29.5, p <.001,with older children 

having a faster RT than younger children. There were no significant interactions  
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5.5.2.12.2  Simon-arrow  

 For Simon-arrow there was also a main effect of cue, F (1, 86) = 141, p<.001. Again this was 

facilitation of return rather than inhibition of return. There was a main effect of age, F(1,86) = 

21.86, p<.001 with older children responding faster than younger. There was also a two-way 

interaction between cue and compatibility, F(2, 85) = 33.85, p<.001, and a three-way cue by 

compatibility by age interaction, F(2, 85) = 3.24, p =.044. These interactions were the result of 

different cue effects for the compatible and neutral trials for younger and older children and are 

described in Table 5.16. 

 

  Table 5.16. Inhibition of Return (IOR) and Facilitation of Return (FOR) For  
  Younger and Older Children for Different Compatibility Conditions. 

 Younger Children Older Children 

Compatible FOR 10 ms IOR 9 ms 

Neutral IOR 10 ms FOR 3ms 

Incompatible FOR 13ms No effect 0ms 

 

 

5.5.2.12.3  Spatial Stroop  

 There were no main effects of cue, age or any significant interactions for the spatial Stroop 

IOR. 

 

5.5.2.13 Analysis Comparing Inhibition of Return (IOR) in Children and Adults - 

RT Data 

 The final developmental grouping to be analysed is the comparison between all the children 

and the young adults. The mean cueing effect for the Simon and spatial Stroop for both groups is 

shown in Table 5.17.  
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 Table 5.17. Mean Effect of Cue (Ms) and Standard Deviation across Children and Adults.   
 Children (N = 116) Adults (N = 53) 

 M SD M SD 

Simon-square IOR -11.31 28.09 -1.02 13.19 

Simon-arrow IOR -2.93 31.11 -5.74 22.31 

Spatial Stroop IOR 1.74 28.37 6.26 15.44 

 Note. Positive Values Indicate IOR, Negative Values Indicate FOR. 
 
 

5.5.2.13.1  Simon-square  

 A repeated measures ANOVA revealed that for Simon-square IOR there was a main effect of 

cue F(1, 165) = 8.8, p = .003 with overall FOR, and a main effect of age F(1, 165) = 255.62, p <.001. 

These effects were mediated by a cue by age interaction F(1, 165) = 5.4, p = .021. Only the children 

showed a FOR effect, the adults showed no significant effect of cue.  

 

5.5.2.13.2  Simon-arrow 

 For Simon-arrow IOR there was no main effect of cue indicating no facilitation of return or 

inhibition of return. There was a main effect of age F(1, 165) = 209.33, p<.001. Adults were faster 

than children.  There were no significant interactions. 

 

5.5.2.13.3  Spatial Stroop  

 There were no significant findings for the spatial Stroop IOR.  

 

5.5.2.14 Summary of Developmental Trends for the Inhibition of Return Data 

 The majority of children and adults did not demonstrate IOR. Cueing effects varied only 

slightly depending on the age groupings. Simon-square had a significant FOR effect across all three 

groupings. Simon-arrow had a significant FOR effect for the younger-older children grouping while 

the spatial Stroop showed no cueing effects for any of the three groupings.  Developmental trends 

were seen in the size of the FOR effect.  Older children and adults had smaller FOR cueing effects 

than younger children across the three paradigms. However, the cueing effects were not significant 
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for adults. In conclusion, no significant inhibition of return was found for the discrimination tasks 

or the detection task.  

 

5.5.3   Are the Simon-Square, Simon-Arrow and Spatial Stroop 

Inhibition Effects Related? 

 Given the degree of face similarity between the three paradigms it could be expected that 

the measures of inhibition or resistance to interference across the three paradigms would be related. 

To establish whether or not this was the case Pearson’s correlations were calculated for each of the 

variables. Results are shown in Table 5.18. 

 

 
Table 5.18. Correlations between the Difference Score Variables for the Two Simon Paradigms and 
the Spatial Stroop. 
Variable Overall 

 Simon-arrow 

  Simon-arrow 

inhibition 

Simon-arrow 

facilitation 

 

Spatial Stroop 

Overall Simon-

square 

.077 -.038 .120 -.098 

Simon-square 

inhibition 

-.037 .023 -.063  .020 

Simon-square 

facilitation  

.120 -.064 .092 -.124 

Spatial Stroop -.013 .076 -.079 1.000 

Note. N = 117.  
 

 

 None of the variables from the three paradigms correlated significantly. This is surprising 

given that the two Simon paradigms are identical apart from the stimuli used. It may indicate that 

these measures of resistance to interference are fundamentally unreliable. The issue of relationship 

between the different inhibitory variables will be returned to in the general discussion. 
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5.5.4 Are the Three Inhibition of Return Variables Related? 

 If IOR is considered a relatively robust measure of automatic inhibition it could be expected 

that there would be some degree of relationship between the IOR measures. This would particularly 

be the case for the two Simon paradigms which were identical expect for the stimuli. To examine 

this possibility, correlations were calculated for the three IOR measures (see Table 5.19). 

 

 
Table 5.19. Correlations Between the Three Inhibition of Return Variables 
 Simon-square IOR Simon-arrow IOR Spatial Stroop IOR 

Simon-square IOR 1.000 .087 .300** 

Simon-arrow IOR .087 1.000 -.039 

** correlation is significant at the 0.01 level (2-tailed) 
Note. N = 118 
 
 
 
 Surprisingly, the IOR measures from the two Simon tasks were not correlated with each 

other, while the spatial Stroop IOR was significantly correlated with the Simon-square IOR but not 

the Simon-arrow IOR. This is also surprising as the Simon-arrow and the spatial Stroop used 

identical stimuli. On this basis a stronger relationship may have been expected between Simon-

arrow IOR and spatial Stroop IOR. It is not clear why the relationships are so weak however it does 

not bode well for use of the inhibition of return measure as an index of automatic inhibition. 

 

5.5.5 Are the Age-Related Inhibition Changes in the Simon-

Square/Simon-Arrow Paradigms due to Global Speed Changes? 

 As discussed in the introduction the assumption of the subtractive technique used with the 

RT data presented in this chapter is that the difference in RT between the inhibition (incompatible) 

and non-inhibition (compatible and neutral) conditions is indicative of impaired inhibitory control 

(see Christ et al. 2003). However as discussed by a number of authors (See Christ et al., 2001; Kail, 

1990; Uttl & Graf, 1997) the disproportionate increases in time to respond to the incompatible 

condition as compared to the compatible or neutral may be driven by differences in group 

processing speed. The younger children in the current study showed a larger inhibitory effect in 
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absolute terms but they also were slower overall. In order to control for these changes in group 

speed z-transformations were carried out using the neutral condition RT as a baseline. For each 

participant a mean RT and standard deviation was calculated for all correct neutral trials. Each RT 

for that participant was then transformed into a z-score by subtracting the mean neutral RT from 

each individual trial RT and dividing this by the neutral trial standard deviation. 

 

 The resulting z-scores were analyzed as for the non-transformed RT data. A significant 

effect of compatibility was still found for both Simon-square and Simon-arrow. That is, the 

compatible trials were still faster than the incompatible trials, t (117) = 5.66, p <.001 for the Simon-

square and t (117) = 16.84, p <.001, for the Simon-arrow. However, no significant main effects or 

interactions were found for age or cue for any of the subtraction variables (z-overall Simon-square, 

z-Simon-square inhibition, z-Simon-square facilitation, z-overall Simon-arrow, z-Simon-arrow 

inhibition, z-Simon-arrow facilitation) irrespective of how age group was defined (adjacent year 

groups, younger and older children, or children compared to adults). This indicates that any 

developmental changes seen in the untransformed RT data were driven by changes in overall speed 

of processing rather than changes in speed of inhibition per se. No transformation was carried out 

for the spatial Stroop data as no baseline measure was included in the paradigm. 

 
5.5.6  Is there a Relationship between Age, Simon/Spatial Stroop 

Inhibition and Intelligence – Children’s Data? 

 
 The two questions of interest are (1) is inhibition related to age, and (2) if so is it related to 

fluid intelligence? To answer these questions Pearson’s correlations were calculated for each DV 

including the z-transformed RT data, age and the three intelligence measures, Raven’s, Cattell and 

the WISC-III. Results are shown in Table 5.20. Correlations were also calculated between age and 

the fluid intelligence measures to confirm that there was an age-related change in fluid intelligence. 

Age and fluid intelligence were significantly correlated for the Cattell r (114) = .313, p = .001 and the 

Raven’s r (114) = .451, p<.001. 
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Table 5.20. Correlations between RT, Transformed RT and Error Variables with Age and 
Intelligence Measures for the Simon-Square, Simon-Arrow and Spatial Stroop. Children’s Data 
Only. 
Variable Age Cattell Raven’s VMA 

WISC-

III  

PMA 

WISC-

III  

FSIQ 

WISC-

III  

Overall Simon-square -.213* -.137 -.296** -.307** -.217* -.223* 

Simon-square inhibition -.248** -.150 -.218* -.216* -.185 -.109 

Simon-square facilitation .037 .014 -.082 -.095 -.036 -.120 

z-Overall Simon-square -.114 -.031 -.105 -.187* -.042 -.094 

z-Simon-square inhibition  -.165 -.051 -.126 -.162 -.074 -.029 

z-Simon-square facilitation -.064 -.026 -.021 .050 -.042 .098 

e-Overall Simon-square .096 .019 .039 .141 -.028 .002 

e-Simon-square inhibition .080 .008 .024 .115 -.062 -.039 

e-Simon-square facilitation .040 .022 .032 .063 .054 .071 

E%-total Simon-square -.119 -.149 -.325** -.141 -.245* -.166 

E%-total Simon-arrow -.190* -.281** -.418** -.326** -.414** -.375** 

Overall Simon-arrow -.165 -.151 -.097 -.225* -.172 -.203* 

Simon-arrow inhibition -.252** .053 .014 -.155 -.015 .039 

Simon-arrow facilitation  .033 -.218* -.122 -.120 -.181 -.263** 

z-Overall Simon-arrow -.054 .031 .144 -.024 -.009 -.061 

z-Simon-arrow inhibition -.119 .147 .221* .050 .129 .156 

z-Simon-arrow facilitation .051 -.102 -.044 -.074 -.125 -.206* 

Spatial Stroop .065 -.203* -.118 -.060 -.120 -.100 

E%-total Spatial Stroop  -.024 -.096 -.015 .062 -.057 .038 

* correlation is significant at the 0.05 level (2-tailed). ** correlation is significant at the 0.01 level 
(2-tailed) 
Note. Significant correlations are in bold type. N = 116.  
e = subtracted error. E% = total percentage error; z = a z-transformed score; VMA= verbal mental 
age; PMA = performance mental age. These scores are z-transformed non-age normed sums for the 
WISC-III verbal and performance subtests. FSIQ = full-scale IQ 
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 No variable showed correlations with age and each of the fluid intelligence measures. Three 

variables showed significant correlations with age and fluid intelligence as measured by the Raven’s; 

the untransformed overall-Simon-square and Simon-square inhibition and the total percentage of 

errors for the Simon-arrow task. However, once the RT data is transformed to remove baseline 

speed differences the correlations between these variables and age and fluid intelligence are no 

longer significant. This indicates that the developmental changes in the inhibitory measures are 

being driven by global speed changes rather than changes specific to inhibitory ability.  Notably the 

Simon-square facilitation index does not correlate with either age or intelligence. 

 

 The question remains as to whether the total percentage of errors on the Simon-arrow task, 

which correlates with both age and fluid intelligence, is a possible measure of inhibition. Given that 

errors of omission (taking too long to respond) are not included in this error data, this error 

measure represent instances where the child responded to a left pointing arrow with a right 

response or a right pointing arrow with a left response. Thus, it includes the errors for both 

incompatible and compatible trials. This error could be called an inhibition error for the 

incompatible trials (arrow direction incompatible with location of the arrow) and 51% of the errors 

were for the incompatible trials. However, this means 49% of the errors were for the compatible 

trials where there was no inhibition required. Given, that the error rate is equivalent for both trial 

types (one where inhibition was required, and one where it was not) it does not support the 

description of the percentage of Simon-arrow errors as a measure of inhibition.  To double-check 

that this was the case correlations were calculated separately for the errors for compatible, neutral 

and incompatible trials. If the relationship between the error rate, age and fluid intelligence was 

primarily inhibitory in nature it would be expected that correlations would be higher between the 

incompatible trials and fluid intelligence than between compatible or neutral trials and fluid 

intelligence. This was not the case. Significant correlations were found between each error measure 

and fluid intelligence (r {113} = -.415, -.392 and -.379 for compatible, neutral and incompatible 

error rates respectively, p <.001 for all correlations).  Thus, the description of the percentage of 

Simon-arrow errors as a measure of inhibition is not supported. 
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5.5.7 Is There a Relationship between Age, Inhibition of Return and 

Intelligence – Children’s Data? 

 Given that FOR and IOR are continuous depending on the cue-target SOA it was decided to 

examine the Pearson’s correlations between the  cuing effect and fluid intelligence despite the 

overall effect being facilitatory rather than inhibitory. Results are shown in Table 5.21. Correlations 

do not include the adult participants as only Cattell scores were available for these participants.  

 

Table 5.21. Correlations between the Cueing Variables, Age and the Intelligence Variables. 
Variable Age Cattell Raven’s Fullscale IQ 

Simon-square IOR/FOR .170 .198* .238* .110 

Simon-arrow IOR/FOR .036 .132 .125 .125 

Spatial Stroop IOR/FOR .127 .073 .108 .041 

 * Correlation is significant at the .05 level (2-tailed) 
 Note. Significant correlations are in bold print. N = 116 
 

 

 None of the cueing variables correlate with both age and fluid intelligence. The Simon-

square facilitation of return has small correlations with the fluid intelligence measures but not with 

age.  This correlation with fluid intelligence is not as predicted. Automatic inhibitory processes were 

thought not to correlate with intelligence measures.   

 

 
5.5.7.1 Regression Analysis – Children’s Data 

 In order to determine whether the age-related relationship between the Simon-square 

inhibition effect and fluid intelligence was driven by individual or developmental differences in 

inhibition or overall speed (as suggested by the z-transformation) a regression analysis was 

conducted. The methodology used by Salthouse (1994a, 1994b) and described in the introduction 

was used to identify the contribution of age-related and age-non-related variance for inhibition and 

speed to fluid intelligence. The criterion variable was fluid intelligence as measured by Raven’s 

Matrices. The Raven’s score was used for the regression as the correlations with age were stronger 
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for this measure than for the Cattell. The predictor variables were age, inhibition (as measured by 

Simon-square inhibition) and speed (as measured by inspection time). 

 

 Figure 5.5 shows a representation of the various age-related and non-age-related 

components of variance for inhibition, speed and age as they contribute to fluid intelligence. Table 

5.22 identifies the regression equations carried out with the R2 values. Table 5.23 shows the 

subtraction equations used to calculate the variance components. Excluding outliers in the speed 

variable reduced the N to 107 participants.  

 

Table 5.22. R-squared and F-Values for the Regression Equations Examining the Contribution of 
Age, Inhibition (as Measured by Simon-Square Inhibition) and Speed (as Measured by Inspection 
time) to  Raven’s Score. 

Regression number Predictor variables R squared      F-values 

1 Age, inhibition, speed .254           F(3, 104) = 11.81,    p<.001 

2 Inhibition, speed .100           F(2, 105) =  5.82,    p =.004 

3 Age, speed .246           F(2, 105) = 17.11,    p<.001 

4 Age, inhibition .199           F(2, 105) = 13.00,   p<.001 

5 Age .183           F(1, 106) = 23.79,    p<.001  

6 speed .061           F(1, 106)  = 6.87,     p = .01 

7 inhibition .051           F(1, 106)  =  5.75,    p = .018 

 
 
 
 In this analysis the area in Figure 5.5 of particular interest for the question of whether 

developmental changes in inhibition underpin developmental changes in fluid intelligence is area E, 

which is the age-related contribution of inhibition to the Raven’s score. This shows that 3.1% of the 

variance in the Raven’s score is predicted by age-related variance in inhibition. The effect size for 

this R-squared is considered medium to small. Also of interest is area F which is the age-related 

contribution of speed to the Raven’s score. In this case the R-squared value is negative indicating a 

suppressor variable. This makes this value difficult to interpret. Individual differences or non-age 

related variance in inhibition scores and speed scores also accounts for small amounts of variance in 

the Raven’s score (speed = 5.5%, inhibition = 0.8%).  Therefore, speed accounts for more of the 
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Table 5.23. Components of Variance and Value for Area Represented In Venn Diagram (Figure 
5.5) 
Label in 

Venn 

diagram 

Component Derived from R-

squared values 

Calculation Value 

A Unique contribution of age 1-2 .254-.100 .154 

B Unique contribution of 

inhibition 

1-3 .254-.246 .008 

C Unique contribution of speed 1-4 .254-.199 .055 

D Shared age-independent 

contribution of inhibition and 

speed 

1-5-B-C .254-.183-.008-.055 .008 

 

E Age-related contribution of 

inhibition 

1-6-A-B .254-.061-.154-.008 .031 

F Age-related contribution of 

speed 

1-7-A-C .254-.051-.154-.055 -.066 

G Age-related shared 

contribution of inhibition and 

speed 

1-A-B-C-D-E-F .254-.154-.008-.055-

.008-.031-(-.066) 

.064 

 
 

                           

Figure 5.5: Venn diagram demonstrating components of variance in Raven’s as predicted by  
       age, inhibition (Simon-square inhibition) and speed (inspection time). 
 
 
 

  
B. 008 C .055

  
D.008

A.154

Age 

Inhibition Speed 

E .031
F -.066 

G .064



 Chapter 5. The Simon task, Spatial Stroop and Inhibition of Return 

 181

 

non-age-related variance in Raven’s score than inhibition. Only a very small amount of the age-

related variance in the Raven’s score is accounted for by inhibition (3.1%). The majority of variance 

in the Raven’s score was accounted for by age (15.4%). 

 

5.5.8    Is there a Relationship between Age, Inhibition of Return and 

Intelligence – Adult’s Data? 

 If the thesis that developmental changes in inhibition drive changes in fluid intelligence is 

correct then it would be predicted that there would not be significant relationships between age, 

inhibition and intelligence in the adult data. Pearson’s correlations were calculated for the adult 

data for each of the variables, age and the Cattell as a measure of fluid intelligence. No significant 

correlations were found for any of the variables with age or intelligence. However, given that in the 

children’s data the correlations between the Cattell and the inhibition variables were not significant 

either this result is not conclusive. 

 

 In conclusion it appears that there is a developmental trajectory for the inhibitory 

component of the Simon effect and thus for the Simon effect itself. There is also a relationship 

between the Simon inhibition effect, age and fluid intelligence. However, this relationship between 

inhibition and intelligence appears to be mediated more by individual differences in speed of 

processing than by age related or non-age related differences in inhibition or resistance to 

interference as measured by the Simon task. 

 
 
 
5.6 Discussion 
 
5.6.1 The Simon Effect and Development 
 
 This is the first developmental study which has examined developmental trends in the 

Simon-square effect, the Simon-arrow effect and the spatial Stroop, as well as where possible 

examining separately the inhibitory and facilitatory components of the effects. This separation of 

components appears to be particularly important for developmental studies as the results showed 
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an age-related change in the inhibitory component of the Simon effects not seen in the facilitatory 

components or the combined inhibition/facilitation measure. However, the developmental trend is 

not consistent across paradigms. Only in the child-adult comparison did the inhibition variables for 

both Simon-square and Simon-arrow show a significant developmental trend. When looking at the 

within-child group comparisons either the Simon-square inhibition variable showed a significant 

developmental trend or the Simon-arrow inhibition variable did. This is not particularly strong 

evidence for the existence of a developmental effect.  

 

 The Simon data that was developmentally significant is in accordance with the findings of 

Jerger et al. (1999) who also found an age related decrease in the size of the Simon effect. The size of 

the Simon effect for the comparable child group in the Jerger et al. study was 85 ms and in the 

present study 81 ms. This is despite the fact that the Jerger et al. study used an auditory paradigm 

while the current paradigm was visual. The size of the adult Simon effect in the Jerger et al. study 

was 70 ms which is larger than the 37 ms for the adults in the present study. This may be due to the 

inclusion of a wider age range (18-48) in the Jerger study than in the present study (17-21). Older 

participants may have a larger Simon effect due to overall slowing.  

 

The results of the present study appear to be in conflict with those of Mandich et al. (2002) 

who found that the 10 year old children had a larger (92 ms) Simon effect than the 8 year old 

children (70 ms). However, closer examination of the data in the present study for the adjacent year 

group analysis reveals a similar reversal of Simon effect size in the 9, 10 and 11 year old data. The 

Simon effect for these age groups is 77 ms, 59 ms and 73 ms, respectively. This may be an artifact of 

relatively small group size for the older participants in the present study (ten 10 year olds and 

fourteen 11 year olds) and in the Mandich et al. study which only had 10 participants in each group. 

It may also indicate that the changes in inhibitory ability as measured in the Simon task do not 

follow a linear trajectory.  Harnishfeger (1995) noted that developmental change in some inhibitory 

tasks may not be a straightforward matter of quantitative improvement with age. She reported that 

in a negative priming Stroop task third graders showed significant inhibition effects but fifth 

graders did not. 
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5.6.2 Inhibition of Return and Development 

 Surprisingly, neither the children nor the adults demonstrated an overall inhibition of 

return effect. For Simon-square the children had a facilitation of return effect which decreased with 

increasing age, while the adult showed no cuing effect at all. It is not clear why this was the case as 

IOR has been found in infants as young as four months (Richards, 2001) and is considered a robust 

effect. One possibility is that the present study used only one cue-target SOA in the range where IOR 

is typically found, rather than using two cue-target SOAs, one in the FOR range the other in the 

IOR. Perhaps IOR as an effect occurs via some comparison between a short and a long cue-target 

SOA. However, in adults this does not appear to be the case. A study by Pratt et al. (1997) used only 

one cue-target SOA and found IOR in both detection and discrimination tasks. It is not clear 

whether children demonstrate an IOR effect with only one cue-target SOA as all studies reviewed 

employed two or more cue-target SOAs.  

 

 A second possibility is that the discrimination tasks were too difficult and that the SOA 

employed by the current study was not long enough for IOR effects to be visible. Although IOR has 

been observed in several studies using discrimination tasks (Lupianez et al., 1997 in color 

discrimination; Lupianez, Tornay, and Tudela, 1996 [cited by Lupianez et al., 1997] in direction 

discrimination; Danziger, Kingstone, and Snyder, 1998 in orientation discrimination; and Cheal, 

Chastain, and Lyon, 1998 and Pratt et al., 1997 in character discrimination) it is known that the size 

of the IOR effect dimishes with increasing difficulty of the discrimination, and that the cue-target 

SOA needs to be longer (Lupianez et al., 1997). Supporting this hypothesis is the spatial Stroop 

(detection)  IOR effect in the present study. Although the IOR effect was not significant the cueing 

effect was at least in the right direction, that is, the cued trials were slower than the uncued trials 

compared to the Simon (discrimination) tasks which showed FOR. Perhaps a wider range of cue-

target SOAs would clarify this issue. Unfortunately the lack of an IOR effect meant that this variable 

was not suitable to utilise as a control condition for the controlled attentional effects.  
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5.6.3 The Simon Effect and IOR 

 A small number of papers have examined the possibility of an interaction between IOR and 

the Simon effect, and IOR and the Stroop effect. The majority of these studies have found that they 

didn’t interact (Lupianez et al., 1997; Lupianez & Milliken, 1999; Pratt et al., 1997). However, 

Ivanoff, Klein and Lupianez (2002) found that the Simon effect and IOR did interact. They found 

that IOR increased the Simon effect, that is cued trials had a larger Simon effect. At intervals of 

1000 ms the Simon effect was twice as large for cued trials as for uncued trials. This finding is 

interesting because most factors that increase RT as IOR does typically decrease the Simon effect. 

 

 In the present study cue interacted with the Simon effect only for the inhibition effect for 

the standard Simon task (Simon-square). For the 7 year olds Simon-square inhibition was larger for 

cued trials than uncued trials while for the 8 to 11 year olds the reverse pattern was found, Simon-

square inhibition was smaller for cued trials than uncued trials. It is difficult to make a direct 

comparison with these findings and those of Ivanoff et al. (2002) as the overall cueing effects are in 

opposite directions. In the Ivanoff study an IOR effect was found while in the present study a FOR 

effect was found.  

 

 No studies have directly examined the possibility of an interaction between the spatial 

Stroop and IOR however two studies have examined this relationship with the colour naming 

Stroop and IOR. Vivas and Fuentes (2001) and Zhang, Chen and Jin (2003) both found the Stroop 

effect was smaller or eliminated when the stimuli was presented at cued locations as opposed to 

uncued locations. Vivas and Fuentes argued that if IOR affects both task relevant and task irrelevant 

info then RTs at cued location would be slower for neutral and congruent conditions (since the 

irrelevant dimension is not involved or does not interfere) as compared with uncued locations. In 

contrast, responses in the incongruent condition would benefit from the disconnection between the 

relevant and irrelevant dimensions. However, in the present study no such interactions were found 

and no interaction was found between the spatial Stroop and IOR. 
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5.6.4 Is the Developmental Change Speed or Inhibition?  

 The developmental trend in Simon effects between younger and older children and children 

and adults may have been driven by group differences in speed. To check whether this was the case 

or not, z-transformations were carried out for the RT data. Significant age-group differences 

disappeared once this transformation had been carried out. This indicates that the developmental 

trends in the Simon effects were driven by changes in overall speed of responding rather than 

differences in resistance to interference. Previous developmental studies using the Simon task have 

not transformed data to account for group speed differences, thus it may be that there is no 

developmental change in resistance to interference as measured by these tasks. 

 

5.6.5 Inhibition and Fluid Intelligence 
 
 To examine the relationship between inhibition and fluid intelligence correlations between 

age, each inhibition variable, and each intelligence measure were calculated. Significant correlations 

were found for the untransformed RT data between age, the Simon-square effect, the Simon-square 

inhibition effect, and the Raven’s scores. Although a significant correlation was also found between 

age, Raven’s scores and the overall percentage of errors for Simon-arrow, further analysis revealed 

that this was not due to inhibition. No significant relationship was found between any of the 

transformed RT data, age and fluid intelligence.  Given the lack of relationship between the 

transformed scores, age and the intelligence measures it was suggested that the relationships seen 

in the untransformed data were mediated by changes in speed of processing. To determine whether 

these speed changes were age-related (developmental) or age-independent (individual differences) a 

series of regression analyses were done in order to separate age-related and age-independent 

components of speed and inhibition. Results of these analyses indicate that age-independent 

differences in speed accounted for more variance in Raven’s scores than did age-independent or 

age-dependent changes in inhibition.  In conclusion, the present study does not provide support for 

the notion of a developmental improvement in inhibition or resistance to interference as indexed by 

the Simon and spatial Stroop effects. Consequently, it does not support Dempster’s (1999) 

predictions that age related changes in inhibition underpin age-related changes in fluid intelligence, 

at least when  measured by the Simon or spatial Stroop effect.  
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Chapter 6. The Antisaccade Task 

 As discussed in the introduction, tasks used to examine the question of whether 

developmental changes in the efficiency of inhibitory processes may underpin developmental 

differences in intelligence need to meet two criteria. These are  

1. That it provides an index of inhibition. 

2. That the task utilises frontal areas of the brain. 

Evidence for each of these points will be discussed before turning to existing evidence for the two 

empirical questions. 

3. Does performance on the task develop with age? 

4. Is there evidence of a relationship between performance on the task and developmental 

changes in intelligence? 

Following these reviews the study will be introduced and specific aims and hypotheses addressed. 

 

6.1 The Antisaccade Task as a Measure of Inhibition 

 The antisaccade task is an oculomotor task introduced by Hallett (1978; Hallett & Adams, 

1980; see review Everling & Fischer, 1998). In this task a participant must fixate a central fixation 

point. A peripheral stimulus is then presented and the participant either moves their eye gaze to 

the stimulus (prosaccade condition) or in the opposite direction to the stimulus (antisaccade 

condition). Successful antisaccadic eye movement requires inhibition of the reflexive prosaccade 

towards the stimulus and the generation of a voluntary saccade in the opposite direction to the 

stimulus. Participants typically perform a block of prosaccade trials to increase the prepotency of 

the reflexive response, followed by a block of antisaccade trials. 

 

 Two basic forms of the task have been utilised in research; the gap and the overlap. In the 

gap task the fixation point is extinguished before the peripheral stimulus is presented such that 

there is a temporal gap between the offset of the fixation point and the onset of the peripheral 

stimulus. In the overlap task the fixation point remains visible, thus there is an overlap between 

fixation and the presentation of the stimulus (see Figure 6.1).  
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 Typically reaction times (RT) are faster in the gap task and error rate is lower (Munoz, 

Broughton, Goldring & Armstrong, 1998). For example, Munoz and colleagues who collected 

antisaccade data for 168 people ranging in age from 5 to 79 years of age for the overlap task found 

a mean prosaccade RT of 280 ms and a mean antisaccade RT of 358 ms. For the gap task the mean 

prosaccade RT was 225 ms and the mean antisaccade RT was 307 ms. The gap task also has a 

stronger likelihood of producing express saccades (Fischer, Biscaldi & Gezeck, 1997; Munoz, et al., 

1998) which are very fast saccades typically in the range 80-135 ms (Fischer & Rampsberger, 

1984). These are thought to be functionally different from regular saccades (Mayfrank, 

Mobashery, Kimmig & Fischer, 1986). Given that children tend to produce higher levels of express 

saccades (Fischer et al., 1997) it was decided to use the overlap task for both prosaccade and 

antisaccade in the present study to reduce the number of express saccades and increase the 

number of regular saccades. In an overlap task, high levels of express saccades would be an 

indication of a poor fixation system and data from these participants could be eliminated. 

 

 

 

 

Figure 6.1. Representation of a trial sequence for A: a gap antisaccade task where the fixation point 
disappears and B: an overlap antisaccade task where the fixation point remains for the duration of 
the trial. 
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 Two inhibitory measures are typically derived from the task. These are the difference RT 

and the percentage of incorrect antisaccades. Each of these will be discussed in turn and a third 

possible measure of inhibition discussed. 

 

6.1.1 The Difference RT 

 This refers to the difference in mean RT between correct antisaccade trials and correct 

prosaccade trials. The difference RT is considered an inhibitory measure using a subtractive logic 

whereby the time that a person takes to make a correct antisaccade is thought to be composed of 

the time it takes to inhibit the reflexive prosaccade and the time taken to generate a voluntary 

saccade. An assumption of this logic is that the time it takes to generate the voluntary antisaccade 

is equivalent to the time it takes to make the voluntary prosaccade in the prosaccade task.  

Therefore, the difference between the person’s prosaccade RT and their antisaccade RT is a 

reflection of the time taken to inhibit the incorrect reflexive prosaccade in the antisaccade task.  

One way of checking this assumption is to compare a participant’s prosaccade RT with the RT for 

trials known as self-corrected antisaccade trials. In these trials a participant begins to make an 

incorrect reflexive prosaccade but then corrects themself and makes the correct antisaccade. If the 

above assumption is correct the time of the initial reflexive prosaccade in self-corrected 

antisaccade trials should be equivalent to the prosaccade RT (see Figure 6.2). 

 

6.1.2 Incorrect Antisaccades 

 The second measure of inhibition typically reported for the antisaccade task is the 

antisaccade error rate. The rationale here is that if the participant is unable to inhibit the reflexive 

response they will make incorrect prosaccades towards the stimulus. Therefore, a higher 

antisaccade error rate would reflect a poorer inhibitory ability. It should be noted that what the 

literature refers to as an “incorrect antisaccade” trial can be defined and measured in three ways 

and it is not often clear which definition is being utilised. These are: 

(1) the number of  incorrect reflexive prosaccades that are n0t then corrected into an 

antisaccade, referred to here as  percent incorrect antisaccade (%Incorrect AS) 
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(2) the number of self-corrections made, that is, an initial incorrect reflexive prosaccade is 

followed by a correct antisaccade made by the participant within a particular timeframe, 

referred to here as percent self-corrected antisaccades (%Self-corrected AS). 

(3) the sum of 1 and 2 that is, both the incorrect antisaccade and the self-corrected      

antisaccade,  referred to here as percent total incorrect antisaccade (%Total Error).  

 

Figure 6.2. Representation of three separate eye traces and RT measures. A. A correct prosaccade 
trial and the prosaccade correct RT (PSCRT). B. A correct antisaccade trial and the antisaccade 
correct RT (ASCRT). The difference RT (DRT) which is the difference between the mean PSCRT 
and mean ASCRT is also shown. C. A self-corrected antisaccade trial and the antisaccade self-
corrected RT (ASSRT) for the incorrect prosaccade and the secondary corrective saccade (ASRT2). 
The correction reaction time (CRT) which is the difference between ASRT2 and ASSRT is also 
shown. 
 
 

 

 It is not clear a priori whether a failure to inhibit altogether as seen in an incorrect 

antisaccade is functionally different from a momentary failure to inhibit as in the self-corrected 

antisaccade.  It could be argued that the %Incorrect AS is a ‘purer’ measure of failed inhibition 

than the %Self-corrected AS, as the latter requires the ability to generate a voluntary saccade in 

addition to the ability to inhibit the reflexive saccade. In part the answer is dependant upon 

whether the inhibitory process and the generation process operate serially or in parallel. If the 

process is serial (Hallett and Adams, 1980; Guitton, Buchtel & Douglas, 1985), such that the 
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reflexive prosaccade occurs first and a cancellation signal of some kind is then initiated, followed 

by the generation of the antisaccade, then the incorrect antisaccade can be seen as a trial in which 

the Stop Signal wasn’t generated or was generated too late and the self-corrected antisaccade can 

be seen as a more successful version of the same process, that is,  the Stop Signal was earlier and 

more successful. The two trial types could be said to be functionally similar. In contrast, if the 

process is seen as a parallel one whereby the appearance of the stimulus simultaneously activates 

an exogenously driven prosaccade and an endogenously driven antisaccade (Massen, 2004; 

Mokler & Fischer, 1999) then differences in error performance may be functionally different. For 

example, a high error rate may be due to a faster exogenous process, while a high self-correction 

rate may be due to a faster endogenous process. All three measures will be included in the current 

study to determine whether the measures appear to be tapping into the same process. 

 

 However, it could also be argued that the %Incorrect AS measure does not measure 

inhibitory failure at all but rather a failure in another process. For example, the participant may 

have disengaged attention, or momentarily forgotten the goal, or been aware of the goal but not 

able to maintain it to keep the task goal in mind.  In this case it could be argued that the %Self-

corrected AS is a better index of inhibitory ability as the self-correction itself indicates that the 

participant has remembered the task and the goal of the task but hasn’t been able to inhibit the 

reflexive movement quickly enough. While it is not possible to answer these questions definitely 

attempts will be made in the current study to control for them. With regards to ensuring the 

engagement of attention, the baseline fixation position will be measured. If a participant loses 

fixation by +/- 2 degrees within 100 ms of a trial commencing that trial will be excluded. With 

regards to forgetting the goal, if a participant makes two sequential uncorrected reflexive 

prosaccades a verbal reminder will be given of the goal, for example, “move your eyes in the 

opposite direction”. No control will be included for being aware of the goal but not achieving it, as 

empirically, this is indistinguishable in this context from a failure of inhibition.  

 

 It could also be argued that it would be better to measure inhibition as a percentage of 

correct antisaccades rather than by its complement, that is, a lack of inhibitory performance as 
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measured by percentage of incorrect antisaccades. The reason percentage of correct antisaccades 

measure is not typically used as an inhibition index is that to perform a correct antisaccade two 

processes need to occur. Firstly, the reflexive prosaccade must be successfully inhibited and 

secondly, a voluntary saccade must be generated. Everling & Fischer (1998) argue that a low 

number of correct antisaccades is more likely a deficit in the generation of voluntary movements 

than a deficit in the inhibition process. The same argument could be applied to the self-corrected 

trials. Both inhibition of the reflexive saccade and generation of the voluntary saccade occur in 

these trials, just not as efficiently as in the correct antisaccade trials. 

 

6.1.3 Correction RT  

 A third possible inhibition index, not previously described in the literature as an inhibitory 

measure, is the correction reaction time.  Correction RTs can be calculated for antisaccade trials 

which are initially incorrect, that is, the participant makes the reflexive prosaccade, but then 

makes a corrective secondary saccade. It should be noted that two measures have been given this 

title in the literature. One refers to the RT of the second corrective saccade measured from the 

time of stimulus presentation (see Everling & Fischer, 1998). In the present context this will be 

referred to as antisaccade RT2. The second measure given this title refers to the time it takes for 

the participant to correct the incorrect reflexive saccade, that is, the time from the start of the 

reflexive prosaccade to the start of the corrective saccade, that is, the intersaccadic interval (see 

Fischer et al., 1997). This measure is derived by subtracting the incorrect prosaccade RT from the 

RT for the second corrective saccade.  The latter measure is what the term correction RT will refer 

to in this context (see Figure 6.2). Using the same subtractive logic as previously described for the 

difference RT, this correction RT includes the time it takes to inhibit a reflexive saccade already 

started and the time to generate a voluntary saccade in the opposite direction. Thus it differs 

slightly from the difference RT as it includes the time taken to inhibit an actual movement rather 

than the time taken to inhibit a potential movement.  

 

 To summarise, the three measures of inhibition that will be examined in the present study 

are:  
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(1) the difference RT which refers to the difference in mean RT between correct antisaccade trials 

and correct prosaccade trials;  

(2) the antisaccade error rate calculated in three ways (%Incorrect AS, %Self-corrected AS and 

%Total Error); and  

(3) the correction RT which refers to the difference between the RT from the initial incorrect 

saccade and the RT for the corrective saccade within a self-corrected antisaccade trial.  

 

6.2 Does Inhibitory Performance on the Antisaccade Task Involve 

Frontal Cortex? 

 A recent review on eye movement control by the cerebral cortex  (Pierrot-Deseilligny, 

Milea & Müri, 2004) identifies three main areas involved in eye movement control in the frontal 

lobe: the frontal eye field (FEF), the supplementary eye field (SEF) and the dorsolateral prefrontal 

cortex (DLPFC) (see also Pierrot-Deseilligny, Müri, Ploner, Gaymard, & Rivaud-Péchoux, 2003). 

The authors argue that during an antisaccade there are three primary processes occurring. Firstly, 

the reflexive prosaccade is triggered by the parietal eye field (PEF). Then this reflexive saccade is 

inhibited by the DLPFC, and finally the correct antisaccade is triggered by the FEF. When the 

DLPFC is unable to successfully inhibit the reflexive prosaccade an error occurs, and Pierrot-

Deseilligny and colleagues suggest that the percentage of these errors reflects the inhibition 

function. Support for the involvement of these areas in the production of antisaccades is found in 

imaging, lesion and neuropsychological studies. 

 

6.2.1 Neuropsychology and Lesion Studies 

 Acceptance of frontal lobe involvement in the antisaccade task is so widespread that the 

antisaccade is often used as a test of frontal function. In fact, antisaccade performance appears 

able to detect frontal deficits not detected by traditional neuropsychological batteries (Broerse, 

Holthausen, van den Bosch & den Boer, 2001). Impaired performance on the task is seen in 

patients with frontal lobe damage (Fukushima, Fukushima, Miyasaka & Yamashita, 1994; Guitton, 

Buchtel & Douglas, 1985; Pierrot-Deseillegny, Rivaud, Gaymard & Agid, 1991; Walker, Hussain, 

Hodgson, Harrison & Kennard, 1998) and patients with disorders thought to be related to frontal 
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lobe dysfunction such as schizophrenia (Clementz, McDowell, & Zisook, 1994; Fukushima, 

Fukushima, Morita & Yamashita, 1990; McDowell, Brown, Paulus, Martinez, Stewart, Dubowitz & 

Braff, 2002). 

 

 It appears that the inhibition of incorrect reflexive prosaccades is affected when there is 

specific damage to the DLPFC, such that the antisaccade error rate increases. In contrast the 

triggering of correct antisaccades is affected by damage to the FEF, such that there is a decrease in 

the number of correctly completed antisaccades (Pierrot-Deseillegny, Müri, Ploner, Gaymard, 

Demeret & Rivaud-Pechoux, 2003; Pierrot-Deseillegny, Rivaud, Gaymard & Agid, 1991; Rivaud, 

Muri, Gaymard, Vermersch, & Pierrot-Deseillegny, 1994; Walker, Hussain, Hodgson, Harrison & 

Kennard, 1998). Pierrot-Deseillegny et al. (2004) also suggest that the DLPFC may be controlled 

by the cingulate eye field (CEF, between the anterior cingulate cortex and the posterior cingulate 

cortex) as antisaccade inhibition was impaired in a participant with CEF lesions (Milea, Lehéricy, 

Rivaud-Péchoux et al., 2003).  

 

6.2.2 Brain Imaging Studies  

 Imaging studies using functional magnetic resonance imaging (fMRI) and positron 

emission tomography (PET) are somewhat more inconsistent with respect to the particular areas 

of the frontal lobe involved in antisaccade performance. There appear to be two camps; one 

presents evidence that the FEF is a primary source for the inhibition of reflexive saccades 

(Connolly, Goodale, Menon & Munoz, 2002; Cornelissen, Kimmig, Shira et al., 2002; Doricchi et 

al., 1997; Guitton et al., 1985; Kimmig et al., 2001; O’Driscoll, Alpert, Matthysse, Levy, Rauch & 

Holzman, 1995; Sweeney, Mintun, Kwee, Wiseman, Brown, Rosenberg  & Carl, 1996).  The other 

presents evidence that it is the DLPFC that is the primary area (DeSouza, Menon & Everling, 

2003; Paus, 1996; Pierrot-Deseillegny et al., 2004 and lesion studies). However, the division 

between the two camps may not be so great. Closer inspection of some of the papers presenting 

evidence in support of the former also provides support for the latter. For example, the Doricchi et 

al. (1997) and Sweeney et al. (1996) papers cited by others as providing evidence for the role of the 
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FEF in antisaccade production also reported increased activation in the DLPFC when comparing 

antisaccade to prosaccade performance.  

 

 The difference in findings between lesion studies and imaging studies is probably due to 

differences in methodology between the two types of studies. In the imaging studies typically small 

numbers of trials are presented in each block of trials. For example, in the Connolly et al. (2002) 

study, prosaccade and antisaccade trials were presented in blocks of only 6 trials. Performance on 

the antisaccade task is affected by the degree to which a participant has to inhibit the prepotent 

prosaccade response. If only a small number of prosaccade trials are presented then the degree of 

prepotency for that response is low. Because of the small number of trials for each condition the 

experiment in essence becomes more of a task switching paradigm than an inhibitory paradigm. 

There aren’t enough trials for prepotency to build up for either condition. That this represents a 

significant difference from the standard paradigm is reflected in the extremely low correct 

prosaccade trials as reported in the Cornelissen et al. (2002) paper. The three participants had 

correct prosaccades of 49%, 55% and 50% which are very much lower than the typical findings 

where prosaccade performance is usually close to 100%. The low prosaccade percentage correct 

was, for two of the participants, equivalent to their antisaccade scores of 49%, 32% and 48%, 

respectively. This supports the idea that the more rapid switching between conditions increased 

the difficulty of the prosaccade task making the two conditions equally difficult to perform well.  

 

 A different methodological issue with the same effective outcome can be seen in O’Driscoll 

et al.’s (1995) PET study. Here the order of presentation of the antisaccade and prosaccade blocks 

was counterbalanced between participants. This would have meant that for half of the participants 

the antisaccade condition would have come first. This would have set up the antisaccade response 

that is, looking in the other direction, as the prepotent response for half the participants which 

would have had the effect of averaging out antisaccade effects across the group data.  Order effects 

whereby antisaccade effects differ depending on whether the antisaccade condition is presented 

first or second have been reported in a number of papers and need to be controlled for or taken 
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account of in the analysis (Kane, Bleckley, Conway & Engle, 2001; Unsworth, Schrock & Engle, 

2004).   

 

 Several studies have examined event-related potentials (ERP) prior and during 

antisaccadic eye movements (Brickett, Wienberg & Davis, 1984; Evdokomidis, Liakopoulus, 

Constantinidis, & Papageorgiou, 1996; Everling, Krappmann & Flohr, 1997; Everling, Spantekow, 

Krappmann & Flohr, 1998; Klein, Heinks, Andresen, Berg, & Moritz, 2000; Richards, 2003). 

Again there are inconsistencies in the particular areas identified as being involved in the task. 

However, evidence from these studies is consistent with the view that the cortical areas involved in 

the inhibition of the reflexive prosaccade in the antisaccade task are in the prefrontal cortex. These 

areas are the frontal eye field (FEF), the supplementary eye field (SEF), the dorsolateral prefrontal 

cortex (DLPFC) and the anterior cingulate cortex (ACC). Additional nonfrontal areas involved 

include the basal ganglia, thalamus and the superior colliculus.  

 

6.2.2.1 Antisaccade and Imaging in Children 

 Only one study was found that examined antisaccade performance in children using fMRI 

(Luna, Thulborn, Munoz et al., 2001). The study included adult and child participants with ages 

ranging from 8-30 years. As in the adult imaging literature a network of areas was found to be 

activated more for all participants when performing the antisaccade task compared to the 

prosaccade task. These areas were the FEF, SEF, DLPFC, posterior parietal cortex, anterior 

cingulate, striatum and thalamus. Additionally, there were a number of developmental changes 

noted. Both children and adolescents showed less activation than adults in the superior FEF, 

intraparietal sulcus, thalamus, lateral cerebellum, dentate nucleus of the cerebellum and the 

superior colliculus. In adults and adolescents, but not in the younger children (aged 8-13) 

activation was seen in the basal ganglia. Luna and colleagues hypothesised that this may represent 

increasing maturation in adolescence of the cortico-striato-thalamocortical loops as described by 

Alexander, DeLong & Strick (1986). These loops are thought to be important in generating 

voluntary behaviour and maintaining response set. Children showed increased activation in the 

supramarginal sulcus which the authors suggest may reflect a greater reliance on visuospatial 
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processing than in the older participants. Adolescents showed greater activation than adults and 

children in the DLPFC. This was thought to reflect a greater use of executive prefrontal control in 

adolescents which reduces by adulthood as the control of antisaccades moves to a more widely 

distributed network. 

 

 In conclusion, the antisaccade task does meet Dempster’s criteria of frontal lobe 

involvement for an adult population. Evidence is more limited for children. However the one study 

examining the question does provide some evidence that frontal networks are involved in 

antisaccade performance for children although there appears to be a shift in location and diversity 

of cortical areas involved through development. 

 

6.3 Does Inhibitory Performance on the Antisaccade Task Develop 

with Age? 

 Table 6.1 lists the studies which have examined antisaccade performance in both normally 

developing children and children with some degree of psychopathology. Table 6.2 identifies the 

saccade criteria used by these studies and Table 6.3 reports the age groupings and major findings 

from each study. 

 

 As can be seen from the tables there are developmental trends in performance on the task. 

As children age they become faster at both the prosaccade and antisaccade task.  The time they 

take to correct the incorrect reflexive prosaccade in the antisaccade task (the correction RT) 

reduces with age, the difference between the antisaccade RT and the prosaccade RT (difference 

RT) also reduces with age, and the antisaccade error rate reduces with age. The largest changes 

appear to occur between the ages of 7 and 11 with very little change occurring once adulthood has 

been reached.  However, there are a number of methodological issues which make comparing 

results between studies or using this data as developmental norms problematic. Each of these will 

be discussed in turn. 
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6.3.1 Methodological Concerns with Developmental Studies 

 As discussed in the general introduction there is a difference in the groupings of children 

and what is reported to be a ‘developmental difference’. The different age groupings used are 

evident in Table 6.3. This means that some studies which report no developmental difference may 

have found a difference with a different categorisation of participant groups. 

 

 There are differences in tasks that are similarly described as antisaccade tasks. Some 

studies use overlap tasks, some use the gap task, some use a gap prosaccade task and an overlap 

antisaccade task, some report results separately for both gap and overlap, and some collapse them 

together. Some studies use a gap task with a 0 ms gap which strictly speaking is neither a gap or 

overlap task. Some have a discrimination component built into the antisaccade task which 

increases the RTs. In the present study in order to reduce the number of express saccades an 

overlap prosaccade and an overlap antisaccade task are used. 

 

 There are differences in saccade criteria. For example, the cut-off RT between an express 

saccade and a regular saccade can be defined as a percentage of correct trials or as a number of 

standard deviations around the mean, although in a number of cases it is not really clear what 

criteria have been used. Additionally, the range of RTs used to create the mean RT for the regular 

saccades varies quite substantially across studies. A change in the upper or lower limit of what is 

included in the mean saccade data may shift the mean RT value quite considerably. 

 

 As described above there are also differences in the description and calculation of 

antisaccade error measures. Some papers include all reflexive errors in their error figures, some 

measure the corrected saccades as a proportion of the total errors made while others measure 

them as a direct percentage of responses, some include only uncorrected errors and some include 

only corrected errors. 
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Table 6.1. Developmental Studies Which Have Used the Antisaccade Task Identifying Participant 
Population. 

Study Authors Year Study population 

1 Fischer, Biscaldi & Gezeck  1997 normal 

2 
Rosenberg, Averbach Kirsten, Seymour, 

Birmaher & Sweeney 
1997 OCD and normal controls 

3 Munoz, Broughton, Goldring & Armstrong 1998 normal 

4 Fukushima, Hatta & Fukushima 2000 normal 

5 Fischer, Hartnegg & Mokler 2000 dyslexics and normal controls 

6 Biscaldi, Fischer & Hartnegg 2000 dyslexics and normal controls 

7 Klein 2001 normal 

8 Klein & Foerster 2001 normal 

9 Motofsky, Lasker, Singer, Denckla & Zee 2001 
Tourettes, Tourettes + ADHD, normal 

controls 

10 Motofsky, Lasker, Cutting, Denckla & Zee 2001 ADHD and normal controls 

11 Klein, Rascke & Brandebusch 2003 ADHD and normal controls 

12 Munoz, Armstrong, Hampton & Moore 2003 ADHD and normal controls 

13 Christ, White, Brumston & Abrams 2003 
bilateral spastic cerebral palsy and normal 

controls 

Note. OCD = obsessive compulsive disorder. ADHD = attention deficit hyperactivity disorder 
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Table 6.2.  Antisaccade Task and Saccade Criteria for Developmental Studies Which Have 
Employed the Antisaccade Task. Study Number Refers To Table 6.1. 

Study Task 
Criteria for 

saccade onset 

Anticipatory 

saccade 

range (ms) 

Express 

saccade 

range 

(ms) 

Regular 

saccade 

range 

(ms) 

Anti 

saccade 

error 

calculation 

 

1 

 

PS-O, AS-G 

eye velocity > 15% 

max of saccade 

 

<80 

 

80-135 

 

80-400 

 

TIAS 

2 overlap ? ? ? ? IAS 

3 

within blocks 

interleaved PS-O, 

AS-O, PS-G, AS-G 

eye velocity > 30 

deg/sec 

 

< 90 90-140 90-1000 TIAS 

4 gap with 0 ms gap ? ? ? 0-1000 SAS 

5 
overlap 

discrimination task 
? ? ? ? TIAS 

6 PS-O, AS-G 
eye velocity > 30 

deg/sec 
? ? ? 

TIAS, SAS as 

proportion 

of TIAS 

7 
PS-O, AS-O, PS-G, 

AS-G 

20% amp max 

velocity of 

saccade 

-300 to 80 81-130 131-700 

TIAS, SAS as 

proportion 

of TIAS 

8 
PS-O, AS-O, PS-G, 

AS-G 

20% amp max 

velocity of 

saccade 

-300-80 81-130 131-700 TIAS 

9 gap with 0 ms gap 
eye velocity > 25 

deg/sec 
<115  >115 TIAS 

10 gap with 0 ms gap 
eye velocity > 25 

deg/sec 
  > 115 TIAS 

11 

PS-O, AS-O, PS-G, 

AS-G  data 

reported is 

collapsed across 

conditions 

20% amp max 

velocity of 

saccade 

-300-80 81-130 131-700 

TIAS, SAS  

as 

proportion 

of TIAS 

 

12 
PS-O, AS-O, PS-G, 

AS-G 

eye velocity > 30 

deg/sec 
< 90 90-140 90-1000 TIAS 

13 overlap 
eye velocity > 10 

deg/sec 
<100  101-1500 TIAS 

Note. PS = prosaccade, AS = antisaccade, G = gap, O = overlap, IAS = incorrect anti-saccade, SAS 
= self-corrected antisaccade, TIAS = total incorrect antisaccade 
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Table 6.3: Summary of Findings from the Above Developmental Studies. Study Number Refers   
To Table 6.1. 
Study Age (N in brackets) IAS  

(%) 
SAS 
(%) 

TIAS 
(%) 

PSCRT 
(ms) 

ASCRT 
(ms) 

CRT 
(ms) 

DRT 
(ms) 

1 8-11 (37)   61 215 280 205  

 11-13 (22)   37 205 270 185  

 13-16 (20)   23 186 235 155  

 16-20 (19)   21 185 230 140  

 20-25 (35)   16 188 230 130  

 25-31 (43)   17 185 220 110  

 31-38 (33)   22 188 245 145  

 38-46 (27)   23 190 246 140  

 46-55 (29)   27 200 249 135  

 55-75 (15)   18 210 246 127  

2 control 8.8 - 16.9 (18) 34       

3 5-8 (14)   60 325 500  170 

 9-11 (16)   52 300 400  140 

 18-22 (20)   17 240 300  70 

 23-29 (14)   15 250 310  60 

 30-39 (11)   10 290 350  65 

 40-49 (28)   15 285 340  60 

 50-59 (9)   12 300 350  60 

 60-69 (14)   12 310 380  75 

 70-79 (8)   12 340 400  70 

4 7 (26)  57.6  273 412  140 

 8 (16)  44.5  260 381  120 

 9 (12)  27.2  260 354  90 

 10 (14)  17.5  260 345  85 

 11 (3)  ?  267 ?  ? 

 12 (6)  20  240 330  76 

 adults 20-38 (15)  6.3  230 295  70 

5 control 7-8 (33)   45     

 control 9-10 (37)   15     

 control 11-13 (43)   15     

6 control 7-8 (25)  38 78  330   

 control 9-10 (34)  57 53  320   

 control 11-13 (31)  70 30  295   

 control 14-16  (24)  82 20  235   
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Table 6.3 (cont)        

Study Age (N in brackets) IAS  
(%) 

SAS 
(%) 

TIAS 
(%) 

PSCRT 
(ms) 

ASCRT 
(ms) 

CRT 
(ms) 

DRT 
(ms) 

7 7 (9)  34 35 295 420 163 125 

 8 (12)  46 29 275 390 158 115 

 9 (11)  53 25 265 375 150 110 

 10 (14)  59 21 252 350 145 98 

 11 (10)  65 17 240 340 140 100 

8 6-7 (17)   41.1 269 388  119 

 10-11 (18)   15.6 221 311  90 

 18-26 (20)   7.5 213 290  77 

9 control 8-12 (10)   42 209    

10 control 7-17 (25)   40 222    

11 control 7-9 (13)  52 37 234 372   

 control 10 (11)  71 17 232 324   

 control 11-12 (11)  75 20 222 313   

 control 13-15 (11)  74 12 220 301   

12 control 6-16 (75)   18  389   

 control 18-59 (105)   22  325   

13 control 7-18 (16)   7 300 360   

Note. Variables are: %IAS = incorrect antisaccade; %SAS = self-corrected antisaccades; %TIAS = 
total antisaccade errors (IAS+SAS); PSCRT = prosaccade RT for correct trials; ASCRT = 
antisaccade RT for correct trials; CRT = correction RT for the antisaccade trials (RT2 – RT1); DRT 
= difference RT (mean antisaccade RT – mean prosaccade RT).  
If a study collected both gap and overlap data the overlap only is reported above.  
Only data for normal controls is included from studies which examined antisaccade performance 
in different psychopathologies. 
 

 

6.3.2 Are the Developmental Changes Inhibition or Speed?  

 In addition to these methodological concerns there are some theoretical issues that 

challenge the notion of whether these developmental changes in antisaccade performance are 

inhibitory changes or not. In particular, this relates to the RT difference score measures of 

inhibition, the decision RT and the correction RT. This issue was discussed more fully in the general 

method chapter (chapter 2).  The current study will analyse the RT data using both simple 

subtractions and z-score transformations. If the age groups differ primarily in overall processing 

speed then any developmental effects seen in performance on the decision RT and correction RT 
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should disappear once the z-score transformation is carried out. If however, the developmental 

effects include age related changes in inhibition then group differences should remain even in the z-

transformed data.  

 

 No study was found which has used z-score transformations to examine developmental 

differences in antisaccade performance. Christ et al. (2003) in a study comparing normal children 

and children with bilateral spastic cerebral palsy transformed RT data for their spatial compatibility 

task but did not apply the z-transform to their antisaccade data as they did not find a main effect of 

group for the prosaccade RT data.  

 

 To summarise, there is a developmental trajectory in antisaccade performance. It is 

unclear whether the developmental trajectory of the RT based inhibitory indices is driven by 

inhibition or speed, this needs to be clarified by using z-score transformations to remove 

individual differences in processing speed. The error based inhibitory index appears to be an 

appropriate inhibitory measure which demonstrates a developmental trajectory. However, all 

studies to date, apart from the Rosenberg et al. (1997) study have calculated the error index using 

both uncorrected errors (%Incorrect AS) and self-corrected errors (%Self-corrected AS). Given 

that the former measure is a complete inhibitory failure while the latter is only a partial inhibitory 

failure followed by a successful antisaccade it would be useful to separate the two measures and 

examine the developmental trajectory in both. 

 

6.4 Is There any Evidence of a Relationship between Antisaccade 

Inhibition and Intelligence? 

 No study was found which directly assessed the relationship between antisaccade 

performance and fluid intelligence. In the developmental studies on the antisaccade reported 

above intelligence, if measured at all, was used to match control groups. No separate analyses were 

done to examine the developmental trajectory of any relationship. In the adult literature the 

relationship between the antisaccade task and working memory (WM) has been examined (Engle, 

2002; Kane, et al., 2001; Mitchell, Macrae & Gilchrist, 2002; Roberts, Hager & Heron, 1994; 
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Stuyven, Van der Goten, Vandierendonck, Claeys & Crevits, 2000; Unsworth, Schrock & Engle, 

2004). All the research reports a relationship between the two, such that greater WM capacity led 

to better inhibitory performance on the antisaccade task. Engle and colleagues (2001; Engle, 

Tuholski, Laughlin & Conway, 1999) argued that this relationship was mediated by fluid 

intelligence, suggesting that WM was the factor underlying individual differences in fluid 

intelligence, and that they may be one and the same. It is not clear whether the same relationship 

exists for developmental differences in fluid intelligence.  

 

6.5 Aims and Predictions   

 The antisaccade task meets the two primary criteria for providing a test of Dempster’s 

hypothesis (1) it is a measure of inhibition and (2) performance on the task is mediated by frontal 

areas of the cortex. In addition there is some evidence that inhibitory performance on the task 

follows a developmental trajectory. Given this the aims of the current study are:  

1. To replicate the finding of a developmental trajectory in inhibitory performance on the 

task. The inhibitory indices used will be the difference RT, correction RT and incorrect 

antisaccades (calculated in three separate manners %Incorrect AS, %Self-corrected AS 

and %Total Error).  In accordance with previous literature it is predicted that there will be 

a developmental trajectory for each of the inhibition indices. 

2. To control for individual differences in speed that may influence the size of the 

antisaccade difference RT measures. This will be done by transforming each individual’s 

antisaccade RT data relative to their prosaccade RT. If developmental trends in the RT 

measures reflect age-related changes in inhibition rather than age-related changes in 

speed any developmental trends will still be evident following transformation of the RT 

scores. If, however, the developmental trends in the difference scores are driven by age-

related speed changes then the trends will disappear once the data has been transformed. 

3. To determine whether there is any relationship between the inhibitory indices from the 

antisaccade task, age and fluid intelligence. It is predicted that these measures will show a 

relationship with fluid intelligence, such that the higher the intelligence the greater the 

inhibitory ability. 
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4. To identify whether any relationship between the inhibitory measures and fluid 

intelligence is primarily age-related or non-age-related. If Dempster and others 

(Anderson, 2001; Bjorklund & Harnishfeger, 1990; Dempster, 1991, 1992; Harnishfeger, 

1995) are correct in their conjecture that these developmental changes in inhibition 

mediate part or all of the developmental changes in fluid intelligence then more variance 

in the fluid intelligence scores will be accounted for by age-related inhibition variance 

than either non-age-related inhibition variance or age-related speed variance.   

 

6.6    Method 

6.6.1  Participants 

 The age and gender distribution of all participants are reported in Table 6.4. Ninety 

children aged 7-11 and fifty four young adult participants aged 17 to 21 were tested. Four 

participants’ data was lost due to a software error.  

 

Table 6.4. Age and Gender Distribution of Participants Completing the Antisaccade Task 

______________________________________________________________ 

                               _______________________________Age_________  _ 

  7 8 9 10 11 17 18 19 20 21 

 

Total    26 25 17 8 10 9 19 11 6 9 

Male   10 17 8 2 4 4 4 3 3 3 

Female   16 8 9 6 6 5 15 8 3 6 

 

 

6.6.2 Apparatus and Oculomotor Recording 

 The experimental stimuli were generated with a personal computer by a custom written 

Matlab programme and presented on a super video graphics array (SVGA) monitor. Horizontal eye 

movement data was collected using an IRIS infrared light reflecting eye-tracking system (Model 

6500, Skalar, Delft, Netherlands) with a temporal resolution of 2 ms (500Hz) and a spatial 

resolution of 2 minutes of arc (See Figure 6.3). The eye movement modulated signal was band-pass 
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filtered, demodulated and low-pass filtered (DC-100 Hz (-3dB)), resulting in the eye movement 

signal which was saved to hard disk for offline processing. 

 

 

 

 
 
Figure 6.3. The Iris infrared light eye tracker. 
 
 
 

6.6.3 Procedure 

 Participants were individually tested in a partially darkened room. Prior to testing, eye 

dominance was ascertained using a pointing procedure. With both eyes open the participant pointed 

with an outstretched arm and index finger to a corner of the room. They then closed one eye at a 

time and were asked with which eye open the finger appeared to move the least distance from the 

corner. This was considered the dominant eye. In all but two participants the right eye was 

dominant. Eye movement was recorded from the right eye for all participants.  

 

 Each participant was then dark-adapted for five minutes. During this time the task was 

explained to the participant and the importance of keeping the head still and just moving the eyes 

was stressed. Each participant then practiced eye movements by following the experimenter’s finger 

moving in a pattern similar to that which they would be required to do in the prosaccade task.  
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 Head position was stabilised using a chin rest. Some of the children found this extremely 

uncomfortable. To avoid this discomfort yet still provide head stability these children leant on their 

hands held in a cup shape under their chin on a fixed mark on the desk and were instructed to keep 

their head as still as possible. This warning was repeated during trials if any head movement 

occurred. Viewing distance was 50 cm. The testing session was half an hour in duration. 

 

 Prior to experimental trials, five calibration trials were run, to ensure that the participant 

understood the instructions and to allow for fine tuning and zeroing of the eye tracker. Each 

participant completed the following sequence: 5 prosaccade calibration trials, 48 prosaccade trials, 

5 antisaccade calibration trials, and 48 antisaccade trials.  

 

 For the prosaccade task, participants were instructed to look at the centre target at the 

beginning of each trial, but promptly follow the target’s movement to the peripheral fixation point 

when it moved, and hold this gaze until the target returned to the centre. In the antisaccade 

condition participants were instructed to move their gaze to the opposite peripheral fixation point 

when the target moved from the centre, and maintain this gaze position until the target returned to 

the centre. During testing if a participant made two consecutive reflexive direction errors, the task 

instruction to “look in the opposite direction” was repeated to ensure that the error was not due to 

uncertainty about the task requirements or the participant’s failure to pay attention. 

 
 
6.6.4  Stimulus Presentation 
 
 A trial sequence is displayed in Figure 6.4. Each trial began with a black fixation screen 

showing three white stationary crosses 5mm square; one central, the others 10 degrees (80mm) to 

the left and right of centre. These crosses remained on screen for the entire sequence.  

 

 The two peripheral crosses were included to ensure that saccades of comparable eccentricity 

were being made to control for any age-related differences in the ability to fixate at a particular 

point in space (See Stuyven et al., 2000, Expt. 3). This initial screen remained for 2000 ms. 
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Following this fixation period a numerical countdown from 5 to 1 appeared in red digits above the 

centre cross. The countdown took 4000 ms.  After the countdown a white ellipse (10 mm by 7 mm, 

visual angle 2°) appeared above the centre cross. This was the target stimulus. This ellipse remained 

above the central fixation cross for a variable time between 2800-5800 ms. The ellipse then 

disappeared from the central position and reappeared immediately above one of the peripheral 

crosses where it remained for 2000 ms. It then returned to the central position signifying the end of 

the trial.  Intertrial interval varied between 2800-5800 ms. 

 

 Initial saccade and subsequent saccade direction was randomly ordered for each 

participant. There were an equivalent number of trials to the left and the right within both the 

prosaccade and antisaccade sequences. Both the prosaccade and antisaccade tasks were overlap 

tasks. The stimulus dimensions and timing for the prosaccade and antisaccade were identical. 

 

 Each child participant also completed Raven’s Standard Progressive Matrices (Raven, 

1989), The Cattell Culture Fair Intelligence Test (Scale 3, Cattell, 1973), the Wechsler Intelligence 

Scale for Children – Revised (WISC-III (R), Wechsler, 1992) and an inspection time task (see 

chapter 2 for a full discussion of these measures). The adult participant’s completed the Cattell 

Culture Fair Intelligence Test (Scale 2, Cattell, 1973).  
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Figure 6.4. A representative saccade trial sequence 
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6.7  Results 

6.7.1   Eye Movement Scoring, Data Screening and Analysis 

 For each trial, the velocity and position in degrees of any eye movement was recorded. Data 

was analysed off-line using a Matlab-based utility at a temporal resolution of 200 Hz. This utility 

scans each trial for candidate saccades that meet a predetermined velocity, acceleration and 

duration criteria and calculates saccadic reaction times for the onset of each saccade. There is no 

standard protocol for determining the required thresholds for each of these values however Fisher, 

Gezeck & Hartnegg, (1997) attempted to identify the minimum requirements for saccadic 

identification. They suggested an eye velocity criterion of 30° second for the saccade as a whole and 

the start and end point of the saccade to be when eye velocity exceeded 20° second. They did not 

identify criteria for peak velocity or duration. 

 

 For the present study the criteria selected for determining whether an eye movement 

qualified as a saccade were:  

a) peak velocity > 200° second 

b) initial acceleration > 6000° second 

c) duration > 10 ms 

For each of these potential saccades the Matlab-based scoring utility then calculated a saccadic RT 

for the onset of the saccade as the point where saccade velocity exceeded 30 ° second.  

 

 Each trial was then categorized as one of the following by a trained rater (see Figure 6.5 for 

examples of trial categories): 

1. Blink – if a blink occurred in the interval 100 ms before the onset of the peripheral stimulus and 

before the end of the primary saccade (Sweeney, Strojwas, Mann & Thase, 1998) or obscured greater 

than 25% of a trial then the trial was classified as a blink. These trials were excluded from further 

analysis on the basis that blinks are thought to de-couple the fixation process and consequently 

modify the psychophysical processes for the remainder of the trial (Calkins, Katsanis, Hammer, 

Iacono et al., 2001).  
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2. Noise – defined as trials where a participant scratched their nose, sneezed, and so forth, or where 

some equipment failure occurred. 

3. Fixation error – if the participant did not maintain fixation within +/- 2 ° for the 100 ms prior to 

stimulus onset yet the eye movement did not meet criteria for a saccade this trial was classified as a 

fixation error. 

4. Early – a saccade occurring in the period 100 ms prior to stimulus onset. 

5. Slow – a saccade which didn’t meet acceleration or velocity criteria. 

6. Unknown – trial didn’t meet criteria for any other category  

7. Correct – the participant’s initial response went in the direction of the cue for the prosaccade 

condition and in the opposite direction to the cue for the antisaccade position 

8. Incorrect – the initial saccade went in the opposite direction than that required by the trial. This 

category does not include trials in which the incorrect saccades were subsequently self-corrected. 

9. Self-corrected (for antisaccade only) – trials in which an incorrect reflexive prosaccade was made 

followed by a correct second saccade. Self-corrected saccades were included only if they occurred 

within 400 ms of the primary (incorrect) saccade (Fischer et al., 1997). 

 

 
 
Figure 6.5. Exemplars of categorized saccade trials. 1. Blinks 2. Noise 3. Fixation Error 4. Early   
5. Slow 6. Correct  7. Incorrect  8. Self-corrected. X-axis represents degrees of eye movement; dotted 
line is fixation (i.e. 0 degrees). Y-axis represents time in milliseconds, dotted line represents target 
onset. 
 
 
 

1 2 3 4 

5 6 7 8
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 The number of invalid trials for each participant was then calculated by summing the 

number of trials categorised as blinks, fixation errors, slow, unknown and noise trials for the 

prosaccade data. A participant’s data was excluded from further analysis if 30% or greater (14 trials 

or more) of the pro-saccade trials were invalid. This resulted in 16 children and 1 adult participant 

being removed from further analysis. The adult participant removed was an 18 year old female. The 

age and gender characteristics of the removed child participants are presented in Table 6.5.  

 
 
 
Table 6.5. Number of Participants Excluded From the Antisaccade Data for Each Age and Gender 
Group 
 Age 

 7.00 8.00 9.00 10.00 11.00 

Male 2 6 2 0 1 

Female 3 0 1 0 1 

 
 

 

 Univariate analysis was carried out to determine whether there were any systematic effects 

of age or gender on these excluded participants. For example, perhaps younger children blinked 

more or had more fixation errors. Despite there being a greater number of younger male excluded 

participants this trend was not statistically significant. 

 

 Regular saccades were classified as those between 100 ms and 1000 ms. Trials with RTs less 

than 100 ms and greater than 1000 ms were excluded from analyses. This resulted in a loss of 4.9% 

of total trials. No separate analysis was carried out for express or anticipatory saccades. The 

following twelve measures were calculated for each participant. The prosaccade variables were 

calculated as a control. If the same relationship is found between the inhibition variables and 

intelligence and the non-inhibition prosaccade variables and intelligence, it would suggest that 

inhibition is not the primary mediating variable. Each of the error variables, that is, percent correct, 

incorrect and so forth, is expressed as a percentage of the total valid trials for each condition for 

each participant:  
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1. Percent correct prosaccade trials  

2. Percent incorrect prosaccade trials  

3. Percent correct antisaccade trials  

4. Percent incorrect antisaccade trials  

5. Percent self-corrected antisaccade trials  

6. Percent total incorrect antisaccade (i.e. incorrect plus self-corrected trials) 

7. Prosaccade RT for correct trials  

8. Antisaccade RT for correct trials  

9. RT for incorrect antisaccade trials  

10. RT for self-corrected antisaccade trials  

11. Correction RT (time between the initial incorrect reflexive prosaccade and the self-corrected 

RT in antisaccade trials) 

12. Difference RT (the difference in RT between mean correct antisaccade trials and mean 

correct prosaccade trials) 

 

 An initial analysis was carried out to determine whether there was any left-right asymmetry 

in any of the above measures. No left-right differences were found for either the prosaccade or 

antisaccade data. Response side was therefore not included as a variable in subsequent analyses. 

Similarly, initial analyses revealed no gender differences in any of the measures. Gender was not 

included in any subsequent analyses. Univariate ANOVAs or independent sample t-tests were 

carried out with age group as the between subjects factor. 

 

 An assumption of the subtractive logic used to calculate the difference RT is that the time 

it takes to generate the voluntary antisaccade, after the incorrect reflexive prosaccade has been 

inhibited, is equivalent to the time it takes to make the prosaccade in the prosaccade task (see 

section 6.1.1).  To check this assumption paired sample t-tests compared prosaccade RT with the 

RT of the initial incorrect reflexive saccade in the antisaccade task. There was no significant 

difference between the two (t(67) = 1.5, p = .137). This finding supports the assumption of the 

subtractive logic and thus the use of the difference RT.  
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6.7.2  Analysis of Developmental Trends 

 Developmental trends were examined in three ways: (1) by comparing adjacent age groups 

of the child participants, (2) by comparing younger and older children, and (3) by comparing the 

children with young adults. All data reported are for participants with 70% or greater valid 

prosaccade trials. 

 

6.7.2.1  Analysis by Adjacent Year Group for Children Aged 7-11 for 

Antisaccade Inhibition 

6.7.2.1.1  RT Data 
 
 Means and standard deviations for each of the RT variables are shown in Table 6.6.  

 
 
Table 6.6.  Mean RT (ms) and Standard Deviation of Valid Trials for Each Saccade RT Variable by 
Age Group. 

 Age 

 7 (N= 21) 8 (N = 20) 9 (N = 12) 10 (N = 6) 11 (N  = 9) 

Variable M SD M SD M SD M SD M SD 

PSCRT 231 36 212 39 210 42 228 40 203 41 

PSIRT 350 200 335 71 340 206 184 55 170 64 

ASCRT 387 66 376 79 360 76 345 48 325 58 

ASIRT 270 72 272 77 271 85 288 9 254 118 

ASSRT 215 27 206 41 216 47 211 45 205 37 

CRT 300 50 260 50 260 50 260 50 230 70 

DRT 160 70 160 70 150 70 120 40 120 40 

Note. RT Variables are: PSCRT = correct prosaccade; PSIRT = incorrect prosaccade; ASCRT = 
correct antisaccade; ASIRT = incorrect antisaccade; ASSRT = self-corrected antisaccade; CRT = 
correction RT (RT2 – RT1); DRT = difference RT (AS-PS). 
 
 
 
             The correction RT for the antisaccade condition was the only variable which had a significant 

main effect of age, F(4, 63) = 2.92, p = .028. Partial eta squared for this effect was .156 indicating a 

large effect size. As children got older they took less time to make a second corrective saccade after 

they had made an initial incorrect reflexive prosaccade. Post hoc analyses revealed that the main 

change for this variable occurred between the ages of 7 and 8, t(39) = 2.36, p = .023. No other 

adjacent ages had significantly different correction RTs.  
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6.7.2.1.2   Accuracy data 
 
 Percentages are percentages of valid trial types for each condition (prosaccade and 

antisaccade) for each participant. Table 6.7 shows the mean accuracy data by age group. Three 

accuracy variables demonstrated a significant main effect of age: percent correct antisaccades, F(4, 

64) = 2.64, p = .041;  percent incorrect antisaccades, F(4,64) = 5.68, p =.001; and percent total 

incorrect antisaccades, F(4, 64) = 2.64. p = .041. Partial eta squared for these three main effects 

were .077, .247 and .077, respectively. This indicates a medium effect size for the percent correct 

antisaccade and the total incorrect antisaccades, and a large effect size for the percent incorrect 

antisaccades. As children got older they made more correct antisaccades and performed fewer 

incorrect antisaccades. Notably, the self-corrected errors did not show a significant age effect 

suggesting that the significant total error measure is an artifact of the significant age difference in 

the incorrect antisaccade.  Post hoc t-tests revealed that the main shift for the percent incorrect 

antisaccades occurred between the ages of 7 and 8, t (47) = 3.08, p = .003. Comparisons between 

other adjacent ages and for the other variables were not significant.  

 

Table 6.7.  Mean Percentage and Standard Deviation of Valid Trials for Each Saccade Accuracy 
Variable by Age Group. 
 Age 

 7.00 8.00 9.00 10.00 11.00 

 Variable M SD M SD M SD M SD M SD 

%CPS 98 2 98 2 98 2 98 3 99 2 

%IPS 2 2 2 2 2 2 2 3 1 2 

%CAS 31 20 33 16 42 19 52 18 49 24 

%Incorrect AS 22 16 10 7 11 11 4 5 6 6 

%Self-corrected AS 47 21 57 16 47 16 45 20 45 24 

%Total Error 69 20 67 16 58 19 49 18 51 24 

Note. Variables are: %CPS = Percent correct prosaccade trials;  %IPS = Percent incorrect prosaccade 
trials;  %CAS = Percent correct antisaccade trials; %Incorrect AS = Percent incorrect antisaccade 
trials;  %Self-corrected AS = Percent self-corrected antisaccade trials; %Total Error = Percent total 
incorrect antisaccade (i.e. incorrect plus self-corrected trials). 
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6.7.2.2   Analysis Comparing Saccade Performance for Younger (7-8) and 

Older (10 - 11) Children  

6.7.2.2.1   RT data 
 
 Means and standard deviations for each of the RT variables are shown in Table 6.8.  

 
 Table 6.8. Mean RT (ms) and Standard Deviation of Valid Trials for Each Saccade RT 
 Variable for Younger (7-8) and Older (10-11) Children. N is Number of Children Included  in 
 Each Analysis. 

 Age 

Variables (ms) Younger children  Older Children 

 M SD N M SD N 

PSCRT 221  38 41 213 41 15 

PSIRT 344 158 13 177 49  4 

ASCRT 382   72 41 333 53 15 

ASIRT 271   73 39 264 98 10 

ASSRT 211   34 41 207 39 15 

CRT 278   50 41 242 64 15 

DRT 160   67 41 120 38 15 

 Note. RT Variables are: PSCRT = correct prosaccade; PSIRT = incorrect prosaccade; ASCRT 
 = correct antisaccade; ASIRT = incorrect antisaccade; ASSRT = self-corrected antisaccade; 
 CRT = correction RT (RT2 – RT1); DRT = difference RT (AS-PS). 
 
 

 Three of the RT variables demonstrate main effects of age when the children’s age group is 

defined by younger and older groups: RT for the antisaccade correct trials, t(54) = 2.4, p =.02; the 

correction RT, t(54) = 2.25, p =.028; and the difference RT, t(54) = 2.22, p =.03. In each case the 

older children were significantly faster than the younger children. Cohen’s d for these three effects 

were .92, .72 and .82, respectively indicating that all three main effects were large. 

 

6.7.2.2.2  Accuracy data 
 
 Table 6.9 shows the accuracy data by age group, defined as younger and older children. The 

same three variables showed significant age effects as in the analysis by adjacent years: percent of 

correct antisaccades, t(55) = -3.15, p =.003; percent incorrect antisaccades, t(55) = 2.96, p =.004; 

and total incorrect antisaccades, t(55) = 3.15, p = .003. The older children performed fewer 

incorrect antisaccades than the younger children and made more correct antisaccades. Cohen’s d for 
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these effects was .86, .78 and .86 respectively, indicating that all three effects are large. Again it is 

notable that the self-corrected saccades do not show a significant age effect.  

  
 
 Table 6.9. Mean Percentage of Valid Trials for Each Saccade Accuracy Variable for 
 Younger and Older Children. 

 Age 

Variables  Younger children 

(N = 42) 

Older Children 

(N = 15) 

 M SD M SD 

%CPS 98 2 98 2 

%IPS 2 2 2 2 

%CAS 32 18 50 21 

%Incorrect AS 16 14 5 5 

%Self-corrected AS 52 19 45 22 

%Total Error 68 18 50 21 

 Note. Variables are: %CPS = Percent correct prosaccade trials;  %IPS = Percent incorrect 
 prosaccade trials; %CAS = Percent correct antisaccade trials; %Incorrect AS = Percent 
 incorrect antisaccade trials;  %Self-corrected AS = Percent self-corrected antisaccade 
 trials;  %Total Error = Percent total incorrect antisaccade (i.e. incorrect plus self-corrected 
 trials). 
 
 
 
6.7.2.3  Analysis Comparing Saccade Performance for Children and Adults 

6.7.2.3.1  RT data  

 Means and standard deviations for each of the RT variables are shown in Table 6.10. 

Incorrect prosaccade RT was not included in this analysis as the adults did not make any errors on 

this task. Significant age effects were found for each of the RT variables apart from incorrect 

antisaccades. The adults were faster than the children for the correct prosaccade, t(122) = 12.11, p 

<.001, correct antisaccade, t(122) = 13.64, p < .001 and the self-corrected antisaccade trials, t(121) = 

8.21, p < .001. In the subtraction variables, adults required less time than children to make the 

corrective saccade t(121) = 10.84, p <.001 and had a smaller RT mean difference between 

prosaccade and antisaccade trials t(122) = 6.65, p < .001. All main effects had a Cohen’s d greater 

than .90 indicating large effects. 
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 Table 6.10. Mean RT (ms) and Standard Deviation of Valid Trials for each RT Saccade 
 Variable for Children and Adults. N is Number of Participants Included in Each Analysis. 

 Age 

Variables (ms) Children Adults 

 M SD N M SD N 

PSCRT 220 43 70 142 22 54 

PSIRT 320 168 26 NA NA NA 

ASCRT 368 71 70 224 34 54 

ASIRT 273 81 61 252 79 6 

ASSRT 215 46 70 156 28 53 

CRT 264 58 70 159 45 53 

DRT 147 68 70 82 28 54 

 Note. RT Variables are: PSCRT = correct prosaccade; PSIRT = incorrect prosaccade; 
 ASCRT = correct antisaccade; ASIRT = incorrect antisaccade; ASSRT = self-corrected 
 antisaccade; CRT = correction RT (RT2 - RT1); DRT = difference RT (AS-PS). 
  
  
 
6.7.2.3.2   Accuracy data 

 Table 6.11 shows the accuracy data by age group defined as children compared with adults.  

Significant age effects are now clearly seen for each of the variables apart from percentage of correct 

prosaccades which were equivalent. The children made more errors than the adults for both 

prosaccade t (121) = 2.43, p = .016 and antisaccade t(121) = 6.72, p <.001, they also made more self 

corrections t(121) = 8.37, p <.001. Not surprisingly children made more total errors than adults 

t(120) = 3.81, p<.001. Adults made more correct responses for antisaccade trials t(121) = -10.00, p 

<.001. All effect sizes as measured by Cohen’s d were medium to large.  

 

 To summarise, the number of variables showing significant developmental trends is 

partially dependent upon the developmental groupings. When adjacent year groups are compared 

then one RT measure (correction RT) and three accuracy measures (percent correct antisaccade, 

percent incorrect antisaccade and total percent correct antisaccade) show significant main effects of 

age. The main developmental shift for the RT variable and the percent incorrect antisaccade 

occurred between the ages of 7 and 8. Notably the more traditional inhibition measure, difference 

RT, did not show a significant developmental trend. Importantly, neither did the percentage of self-

corrected errors. This supports the separation of the self-corrected trials from the error measure 

when examining inhibitory effects. The fact that the RTs for the incorrect antisaccades did not show 
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an age effect while the percent incorrect antisaccade did suggests that the age difference in the 

percentage of incorrect antisaccades is not driven by a speed-accuracy trade-off. 

 

 
 Table 6.11. Mean Percentage of Valid Trials for Each Saccade Accuracy Variable for 
 Children Compared With Adults. 

 Age 

Variables  Children   (N = 69) Adults (N =54) 

 M SD M SD 

%CPS 98 2 99 2 

%IPS 2 2 1 2 

%CAS 38 20 75 21 

%Incorrect AS 13 13 .8 4 

%Self-corrected AS 49 19 21 18 

%Total Error 62 20 48 21 

 Note. Variables are: %CPS = Percent correct prosaccade trials;  % IPS = Percent incorrect 
 prosaccade trials;  %CAS = Percent correct antisaccade trials; %Incorrect AS = Percent 
 incorrect antisaccade trials;  %Self-corrected AS = Percent self-corrected antisaccade trials;  
 %Total Error = Percent total incorrect antisaccade (i.e. incorrect plus self-corrected trials). 
  
  
   

 When the children were divided into younger and older age groups, both the correction RT 

and the difference RT showed significant age trends, as did the antisaccade RT. There was also a 

significant age effect for correct and incorrect antisaccade trials, and total incorrect antisaccades. 

However, again the self-corrected antisaccade trials did not show an age effect, indicating that the 

significant overall error effect was probably an artifact of the large difference between young and old 

children for the percent incorrect antisaccade trials. When comparing children with adults all 

antisaccade variables showed significant age effects. Prosaccade performance did not differ in 

accuracy between children and adults however adult prosaccades were faster than children’s. 

 

6.7.2.4   Are the Developmental Changes Inhibition or Speed? Transformed RT 

Data. 

 As mentioned in the introduction, RT differences between groups may be due to 

differences in overall speed of processing. To ensure that the RT differences in the inhibitory 
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measures were not just driven by differences in speed, z-transformations were carried out for the 

child and adult data and the inhibitory measures recalculated. To transform the data, the mean RT 

and standard deviation for correct prosaccade trials was calculated for each participant. For each 

participant this mean value was then subtracted from each individual antisaccade RT. This value 

was then divided by the prosaccade standard deviation. Thus, antisaccade RT was baselined against 

each participant’s prosaccade speed.  Although significant prosaccade speed differences weren’t 

evident in the two child-only groupings there were significant differences for the correction RT. 

Therefore, it was decided to reanalyse the RT results for all three groupings (adjacent years 7-11, 

younger vs. older children and children vs. adults) with the transformed RT data. The reanalysis for 

the two child-only groups found a non-significant age trend for the transformed scores. This 

indicates that the age effects seen for the correction RT and difference RT for children aged 7 to 11 

may be driven by changes in speed rather than changes in inhibition. The reanalysis for the adults 

showed a slightly different pattern. Results are shown in Table 6.12. 

 
 
   Table 6.12. Mean RT (ms) and Standard Deviation of Valid Trials for the z-Transformed 
   RT Inhibitory Variables for Children and Adults. N is Number of Participants Included in 
   Each Analysis. 

 Age 

Variables (ms) Children Adults 

 M SD N M SD N 

zCRT 36.84 66.05 70 4.90 2.20 53 

zDRT 2.24 1.38 70 2.67   1.28 54 

     Note. RT Variables are z-transformed scores for: CRT = correction RT (RT2 – RT1);  
                   DRT = difference RT (AS-PS). 
 
 
  

 Once the individual differences in speed were accounted for there was no main effect of 

age for the decision RT. However, the important finding from this analysis is that the developmental 

trend in the proposed inhibitory measure, the correction RT, remained once individual differences 

in speed have been accounted for. Thus, this trend cannot be explained by the faster responding of 

the older participants. 
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6.7.2.5    Summary of Developmental Findings for the Antisaccade Task  

 Questions of interest were: 

 (1) do the antisaccade variables, in particular the inhibitory variables demonstrate 

developmental trajectories, and  

 (2) do these trajectories differ depending on the developmental groups used?  

 

 The RT measures of inhibition are the difference RT and the correction RT. The correction 

RT showed a significant age trend irrespective of the age grouping. The difference RT only showed a 

significant age trend for the younger-older child comparison and the child-adult comparison. 

Crucially, when the RT data for the child-adult comparison was transformed to remove individual 

speed differences the age effect for the correction RT remained significant, indicating that the effect 

was not just mediated by increased speed in the older participants. However, the age effect for the 

transformed difference RT was no longer significant, indicating that the age trend seen in this 

difference score was possibly mediated by speed differences.  

 

 The error variables of interest are incorrect antisaccades, self-corrected antisaccades and 

total incorrect antisaccades. Significant developmental trends were found for the incorrect 

antisaccades, and the total incorrect antisaccades for all three age-groupings. In addition the 

number of correct antisaccades increased significantly with age for all the age-group comparisons. 

Younger participants performed more uncorrected antisaccade errors and made fewer correct 

antisaccades than older participants. This indicates an improvement with age in inhibitory ability 

and the ability to generate voluntary saccades. Importantly, no age effects were found in the two 

within-child-group comparisons for the self-corrected saccades. This indicates that there is a 

difference between an uncorrected antisaccade and a corrected antisaccade and that it is not 

appropriate to create an error measurement that does not separate the two measures. 

Developmental inhibitory deficits indexed by the uncorrected saccades may be masked in studies 

which calculate error measures with both corrected and uncorrected antisaccade trials. 
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6.7.3 Is there a Relationship between Antisaccade Inhibition, Age and 

Fluid Intelligence? 

6.7.3.1 Children’s RT Data 

 The two questions of interest for the variables are (1) are they related to age, and (2) if so 

are they also related to fluid intelligence? To answer these questions Pearson’s correlations were 

calculated for each dependent variable and the intelligence measures. Although the variables of 

primary interest are the inhibition variables correlations have been calculated for all variables. If 

there are correlations between age, intelligence and all the measures it would be difficult to argue 

that the mediating variable was inhibition. Table 6.13 gives the Pearson’s correlations for the RT 

saccade variables, age and the intelligence measures. The data for incorrect prosaccades is not 

reported due to a small N. 

 
 
Table 6.13. Saccade RT Variables and Correlations with Age and Three Intelligence Measures 
Variable N Age Cattell Raven’s VMA 

WISC-III  

PMA 

WISC-III  

FSIQ 

WISC-III  

PSCRT 68 -.183 .108 -.154 -.137 .046 .096 

ASCRT 68 -.310 * -.060 -.050 -.249* -.102 -.046 

ASIRT 58 -.004 .218 -.040 -.051 .030 .076 

ASSRT 68 -.131 .136 -.011 -.161 .012 -.062 

CRT 68 -.372 * -.247* -.425 ** -.294* -.309* -.106 

DRT 68 -.201 -.137 .045 -.185 -.144 -.111 

* significant at .05 (2-tailed). ** significant at .001 (2-tailed) 
Note. Variables are: PSCRT = Prosaccade RT for correct trials; PSIRT = Prosaccade RT for incorrect 
trials; ASCRT = Antisaccade RT for correct trials; ASIRT = Antisaccade RT for incorrect trials; 
ASSRT = Antisaccade RT for self-corrected trials; CRT = Correction RT (RT2-RT1); DRT = 
Difference RT (AS-PS). VMA = verbal mental age; PMA = performance mental age. These scores are 
z-transformed non-age normed sums for the WISC-III verbal and performance subtests. FSIQ = 
full-scale IQ. 
 
 

 The only RT variable that showed a significant relationship with age and at least one 

measure of fluid intelligence was the correction RT in the antisaccade task which is the time from 

the onset of the initial incorrect reflexive saccade to the point where the corrected eye movement is 

initiated, that is, the time taken to inhibit incorrect eye movement on a particular trial and begin the 

movement in the correct direction. For age, and each of the intelligence measures, this relationship 
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was a negative one such that older children had a shorter correction time, and more intelligent 

children had a shorter correction time. There was also a significant correlation between the 

correction RT and the non-age adjusted WISC-III scores (VMA and PMA). Importantly, there was 

no correlation between the correction RT and the age-adjusted intelligence measures (FSIQ WISC-

III). Nor was there any correlation between the prosaccade measure, age and intelligence.  

 

6.7.3.1.1 Are the relationships between antisaccade inhibition and intelligence due to changes in 

speed?  

 Previous analysis indicated that the developmental changes in correction RT for the 

children aged 7 to 11 disappeared once each participant’s RT data was transformed to account for 

differences in speed. Given this finding it would be suspected that the relationship between 

correction RT, age and fluid intelligence would also disappear once the inhibition measure was 

transformed to account for speed differences. Correlations were recalculated with the transformed 

scores. Results are shown in Table 6.14. 

 

Table 6.14. Transformed Saccade RT Variables and Correlations with Age and Three Intelligence 
Measures 
Variable N Age Cattell Raven’s VMA 

WISC-III  

PMA 

WISC-III  

FSIQ 

WISC-III  

zASCRT 65 -.096 -.099 .136 -.154 -.097 -.167 

zASIRT 55 .085 .094 .131 .054 .063 .001 

zASSRT 65 .152 .042 .178 .115 -.001 -.157 

zCRT 65 .110 .194 .222 .115 .151 .060 

zDRT 65 -.113 -.107 .117 -.178 -.105 -.160 

Note. RT Variables are z-transformed scores for: ASCRT = correct antisaccade; ASIRT = incorrect 
antisaccade; ASSRT = self-corrected antisaccade; CRT = correction RT (RT2 – RT1); DRT = 
difference RT (AS-PS). VMA = verbal mental age; PMA = performance mental age. These scores are 
z-transformed non-age normed sums for the WISC-III verbal and performance subtests. FSIQ = 
full-scale IQ. 
 
 

 These correlations with the transformed RT data show that the relationship between 

correction RT and fluid intelligence appears to be mediated by individual differences in speed and 

that once these differences are removed the relationship disappears.  
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6.7.3.2 Children’s Accuracy Data 

 Correlations were also calculated between the saccade accuracy measures, age and the 

intelligence measures. Results are shown in Table 6.15. 

 
 
Table 6.15.  Saccade Accuracy Variable Correlations with Age and Intelligence Measures 
Variable Age Cattell Raven’s VMA 

WISC-III  

PMA 

WISC-III  

FSIQ 

WISC-III  

%CPS .038 .116 .127 .001 .158 .071 

% IPS -.038 -.116 -.127 -.001 -.158 -.071 

%CAS  .359 ** .300* .379** .220 .382** .121 

% IAS -.416** - .344** -.506** -.397** -.411** -.213 

%Self-corrected AS -.133 -.113 -.099 .009 -.167 .012 

% Total Error  -.359** -.300* -.379** -.220 -.382** -.121 

* significant at .05 (2-tailed). ** significant at .001 (2-tailed) 
Note. N=69. Variables are: %CPS = Percent correct prosaccade trials;  %IPS = Percent incorrect 
prosaccade trials; %CAS = Percent correct antisaccade trials; %Incorrect AS = Percent incorrect 
antisaccade trials; %Self-corrected AS = Percent self-corrected antisaccade trials; %Total Error = 
Percent total incorrect antisaccade  i.e. incorrect plus self-corrected trials. VMA = verbal mental age; 
PMA = performance mental age. These scores are z-transformed non-age normed sums for the 
WISC-III verbal and performance subtests. FSIQ = full-scale IQ. 
 
 
 
 The variables that correlated significantly with age and fluid intelligence were percent 

correct antisaccades (%CAS), percent incorrect antisaccades (%Incorrect AS) and percent total 

incorrect antisaccades (%Total Error) which is the inverse of the percent correct antisaccades.  

Older children performed more correct antisaccades and made fewer incorrect and uncorrected 

antisaccades. In light of the question of whether the incorrect and self-corrected trials are reflecting 

similar or different processes it is interesting to note that the former correlated significantly with 

both age and fluid intelligence while the latter correlated significantly with neither. Thus, the 

combination of these two variables in the total incorrect antisaccades demonstrated a smaller 

correlation than percent incorrect antisaccades as the total correlation was reduced by the inclusion 

of the self-corrected trials.  The ability to make correct antisaccades requires the ability to inhibit 

the reflexive prosaccade and the ability to generate voluntary saccades. Thus, the correlations 

between correct antisaccade, age and fluid intelligence support the development of inhibitory 

ability. Importantly, neither of the prosaccade measures correlated with age and fluid intelligence.  
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This finding supports the argument that it is the development of effortful and controlled processes, 

as reflected in the antisaccade performance, rather than more automatic processes, as reflected in 

the prosaccade performance, which is linked with fluid intelligence.  Also notable is that none of the 

measures correlated with the age-adjusted full scale IQ. This supports the thesis that it is the age-

related component of the inhibition-fluid intelligence relationship that is important.  

 

 Somewhat surprisingly, incorrect antisaccades (%Incorrect AS) correlated with the verbal 

subscale of the WISC-III thought to be more a measure of crystallized intelligence than fluid 

intelligence. Correlations between each of the verbal sub-tests and %Incorrect AS were examined to 

determine if the relationship was being driven by any particular sub-test. This was not found to be 

the case. %Incorrect AS correlated significantly with each of the verbal subtest scores except for 

digit span. This lack of correlation between digit span and %Incorrect AS is interesting as it suggests 

that the error rate is not related to working memory ( as measured by backward digit span) or short 

term memory capacity (as measured by forward digit span).  

 

 The present results indicated that of the inhibitory measures it is the incorrect antisaccades 

(without self-corrected trials) and the correction RT that show a relationship with age and fluid 

intelligence rather than the more typically used inhibition measures of total incorrect antisaccade 

(including self-corrected trials) and decision RT.  However, the correction RT relationship 

disappeared once individual differences in saccade speed were controlled. 

 

6.7.3.3  Are the Two Inhibitory Measures Related? 

 Given that both the correction RT and the incorrect antisaccades show a strong relationship 

with age and intelligence, the question arises as to whether these two variables are related or not. 

Also possible is some kind of speed-accuracy trade-off between the error measure and the RT 

measure. The incorrect antisaccade measure does not include the self-corrected trials from which 

the correction RT is calculated so there is no a priori reason to predict a particularly strong 

relationship. Pearson’s correlations were calculated for the error variable (percent incorrect 

antisaccade trials) with each of the RT variables. Results are shown in Table 6.16.  
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 Table 6.16. Correlations between the Antisaccade Error Variable and RT Variables 
 N Percent incorrect antisaccade  

(%Incorrect AS) 

Correct Prosaccade RT 68 .240* 

Correct Antisaccade RT 68 .399** 

Incorrect antisaccade RT 59 -.029 

Self-corrected trial RT1 68 -.022 

Self-corrected trial RT2 68 .530** 

Correction RT (RT2 – RT1) 68 .621** 

Difference RT (AS-PS) 68 .294* 

* significant at .05 level (2-tailed). ** significant at .001 level (2-tailed) 
Note. Significant correlations are in bold. 

 
 
 
 There were significant correlations between the error variable and the prosaccade and 

antisaccade RT. However, the relationship was in the opposite direction to what would be expected 

if there were a speed-accuracy trade-off. The relationship is a positive one such that the slower the 

RT the greater the number of errors. Interestingly, the relationship between the correction RT and 

the incorrect antisaccades is large and positive. Children who took a longer time to self-correct on 

antisaccade trials also made a larger number of antisaccade errors (not including self-corrected 

trials). The antisaccade error rate was also correlated with the difference RT which is considered the 

more traditional inhibitory index. Thus, the inhibitory measures appear to be strongly correlated 

with each other and there does not appear to be a speed-accuracy trade-off. 

 

6.7.3.4    Adult RT data  

 If the thesis that developmental changes in inhibition drive changes in fluid intelligence is 

correct then it would be predicted that there would not be any significant relationships between the 

antisaccade variables, age and fluid intelligence in the adult data. Correlations between the RT 

variables, age and Cattell scores are reported in Table 6.17. No significant correlations were found 

between any RT variable, age and fluid intelligence. The RT for incorrect antisaccade trials is not 

included as a variable because only 6 participants made any errors. 
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  Table 6.17. Correlations between the Adult Antisaccade RT Variables,  
  Age and Cattell Scores 

Variable Age Cattell 

Correct prosaccade  -.085 .168 

Correct antisaccade  .071 .145 

Self-corrected antisaccade .001 .138 

Correction RT -.08 .015 

Difference RT .159 .048 

  Note. N = 53. 
 
 
 
 

6.7.3.5  Adult Accuracy data 

 Correlations between the accuracy variables, age and Cattell scores are reported in Table 

6.18. No significant correlations were found between any accuracy variable, age and fluid 

intelligence. 

 
 
 
 Table 6.18. Correlations between the Adult Antisaccade Accuracy Variables, Age  
 and Cattell scores. 

Variable Age Cattell 

% correct prosaccade .137 -.057 

% incorrect prosaccade -.137 .057 

% correct antisaccade -.112 .009 

% incorrect antisaccade .056 .205 

%Self-corrected antisaccade .097 -.003 

% Total incorrect antisaccade (incorrect plus self-corrected) .081 .193 

 Note. N = 53. 
  
 
 
 
 In summary, findings from the adult data show quite a different pattern than the children’s 

data. No relationship was found between any of the antisaccade variables, age and fluid intelligence 

as measured by the Cattell. Thus the relationships between age and fluid intelligence in the 

children’s data is development specific at least for ages 7 to 11 rather than a relationship which 

exists across all ages. 
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6.7.4 Is the Relationship between Inhibition and Fluid Intelligence 

Age-Related or Non-Age-Related?  

 The final aim of the study was to determine whether any relationship found between the 

inhibition variables, age and fluid intelligence was primarily age-related or non-age-related. It was 

decided to ask this question for both the incorrect antisaccade measure and the correction RT.  

 

 The rationale for asking the question of the incorrect antisaccade measure is clear. This 

measure showed a strong relationship with both age and fluid intelligence across all age groupings. 

Less clear is the rationale for examining this question for the correction RT. For the children’s data 

the developmental shifts in this variable appeared to be mediated by individual differences in speed, 

as did the relationship between difference RT, age and fluid intelligence. However, given that the 

correction RT comparison between the adult and children remained significant after 

transformation, and that a nonsignificant trend remained in the transformed data for the children, 

it may be that there are developmental changes in inhibition in addition to the changes in saccade 

speed that weren’t identified with the narrower age range.  Therefore, it was decided to include the 

correction RT in the final analyses. 

 

 In order to determine whether the relationship between the two inhibition measures 

(correction RT and percent incorrect antisaccades) and fluid intelligence is primarily age-related 

(developmental) or non-age related (individual differences) two sequences of regression analyses 

were run. The criterion variable in both was fluid intelligence as measured by Raven’s Matrices. The 

Raven’s score was used for this exercise as the correlations with age were stronger for this fluid 

intelligence measure than with the Cattell. In the first analysis the predictor variables were age, 

speed (as measured by inspection time) and inhibition (as measured by percent incorrect 

antisaccade).  Results for this first analysis are shown in Table 6.19, Table 6.20 and Figure 6.6.  
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 Table 6.19. R-Squared and F-Values for the Regression Equations Examining the  
  Contribution of Age, Antisaccade Inhibition (as Measured by Percent Incorrect      
  Antisaccade) and Speed to Raven’s Score 

Regression 

number 

Predictor variables R squared F-value 

1 Age, inhibition, speed .532 F(3,61) = 21.67,    p<.001 

2 Inhibition, speed .402 F(2, 62) =15.02,   p <.001 

3 Age, speed .460 F(2, 62) =24.44,   p<.001 

4 Age, inhibition .494 F(2, 62) = 30.59,  p<.001 

5 Age .407 F(1, 63) = 43.30,  p<.001 

6 Speed .200 F(1, 63) = 3.56,     p =.064 

7 Inhibition .308 F(1, 63) = 27.96,   p<.001 

 
 
 
 
 
Table 6.20. Components of Variance and Value for Area Represented in Venn Diagram (Figure 
6.6) 
Label in 

Venn 

diagram 

Component 

Derived from 

R-squared 

values by 

Calculation Value 

A Unique contribution of age 1-2 .532-.402 .130 

B Unique contribution of inhibition 1-3 .532-.460 .072 

C Unique contribution of speed 1-4 .532-.494 .038 

D 
Shared age-independent 

contribution of inhibition and speed 
1-5-B-C .532-.407-.072-.038 .015 

E 
Age-related contribution of 

inhibition 
1-6-A-B .532-.200-.130-.072 .130 

F Age-related contribution of speed 1-7-A-C .532-.308-.130-.038 .056 

G 
Age-related shared contribution of 

inhibition and speed 
1-A-B-C-D-E-F 

.532-.130-.072-038-

.015-.130-.016 
.131 
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 Figure 6.6. Venn diagram demonstrating components of variance in Raven’s as predicted by 
 age, inhibition (as measured by percent incorrect antisaccade) and speed (inspection time). 
 
 
 
 
 
 In this analysis the area in Figure 6.6 of particular interest for the question of whether 

developmental changes in inhibition underpin developmental changes in fluid intelligence is Area E 

which is the age-related contribution of inhibition (as measured by %Incorrect AS) to the Raven’s 

score.  The age-related contribution of inhibition (13%) to fluid intelligence is much larger than the 

unique contribution of inhibition (7.2%). The effect sizes for these R-squared values are large and 

medium, respectively. More variance is accounted for by inhibition than by either the age-related 

(5.6%) or unique contribution (3.8%) of speed. The effect sizes for these latter values are considered 

medium to small. Notably, the largest contribution is the variance shared between all three 

variables, age, speed and inhibition (13.1%). 

 

 
 In the second regression analysis the predictor variables were age, speed (as measured by 

inspection time) and inhibition (as measured by correction RT). Results for the second analysis are 

shown in Table 6.21, Table 6.22 and Figure 6.7. 

 
 
  
 
 
 
 

 

A.130

B.072

C.038
Inhibition 

Speed 
D.015

E.130
F.056

G.131

Age 



 Chapter 6. The Antisaccade Task 

 230

 Table 6.21. R-squared and F-Values for the Regression Equations Examining the  
 Contribution of Age, Antisaccade Inhibition (as measured by correction RT) and Speed to 
 Raven’s Score. 

Regression number Predictor variables R squared F-value 

1 Age, inhibition, speed .473  18.24,    p<.001 

2 Inhibition, speed .214  8.44,      p =.001 

3 Age, speed .441 24.44,    p<.001 

4 Age, inhibition .448 25.14,     p<.001 

5 Age .407 43.31,     p<.001 

6 Speed .054 3.56,      p=.064 

7 Inhibition .185 14.33,    p<.001 

               Note. N = 64 
 
 
 
Table 6.22. Components of variance and value for area represented in Venn diagram (Figure 6.7) 
Label in 

Venn 

diagram 

Component Derived 

from R-

squared 

values by 

Calculation Value 

A Unique contribution of age 1-2 .473-.214 .259 

B Unique contribution of inhibition 1-3 .473-.441 .032 

C Unique contribution of speed 1-4 .473-.448 .025 

D Shared age-independent 

contribution of inhibition and speed 

1-5-B-C .473-.407-.032-.025 .009 

E Age-related contribution of 

inhibition 

1-6-A-B .473-.054-.259-.032 .128 

F Age-related contribution of speed 1-7-A-C .473-.185-.259-.025 .004 

G Age-related shared contribution of 

inhibition and speed 

1-A-B-C-D-

E-F 

.473-.259-.032-.025-

.009-.128-.004 

.016 

 
 
 

 Again the area of interest in Figure 6.7 is Area E which is the age-related contribution of 

inhibition (as measured by correction RT) to the Raven’s score.  The age-related contribution of 

inhibition (12.8%) to fluid intelligence is much larger than the unique contribution of inhibition 

(3.2%), and both are larger than the age related (0.4%) and unique contribution (2.5%) of speed. 

Again the effect size for the age-related inhibition contribution is considered large, and the effect 

size for the unique contribution medium to small. The effect sizes for the speed contribution are 
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small. However, it could be argued that inspection time is not a valid speed control for the 

correction RT and that prosaccade RT may be a better control. Particularly, as the data which was 

transformed using the saccade RT as a baseline indicated that the age-fluid intelligence relationship 

disappeared once individual differences in saccade RT were accounted for. Given this, the 

regression analysis was rerun using the prosaccade RT as the speed measure. Surprisingly, the 

results did not differ substantially.  The age-related contribution of inhibition to fluid intelligence 

remained relatively high at 12.3%, which was much larger than the unique contribution of inhibition 

(3.8%), and both of these were larger than the age related (0.01%) and unique contribution (0.02%) 

of speed when measured by prosaccade RT. The same pattern of effect sizes is seen as in the 

previous analysis. The age-related inhibition effect is large, the unique inhibition effect is medium 

and the speed effects are both negligible.  

 
 
 

                            
 
 Figure 6.7. Venn diagram demonstrating components of variance in Raven’s as predicted by 
 age, inhibition (as measured by correction RT) and speed (inspection time). 
 
 

  

 Given the strong correlation between the two inhibitory measures and the fact that both 

appear to be contributing similar amounts of variance to the fluid intelligence score, a third series of 

regressions was run including both inhibitory measures and age, with Raven’s again as the criterion 

variable. This analysis would determine whether the two inhibitory measures contributed unique 
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variance to the Raven’s score. The results of the regressions are shown in Table 6.23, Table 6.24 and 

Figure 6.8. Inhibition1 refers to the antisaccade error rate; Inhibition 2 refers to the correction RT. 

 

 

 Table 6.23. R-squared and F-Values for the Regression Equations Examining the  
 Contribution of antisaccade inhibition (as measured by correction RT) and 
 Antisaccade inhibition (as measured by percent incorrect antisaccade) to Raven’s Score. 

Regression number Predictor variables R squared F-value 

1 Age, Inhibition1, Inhibition2 .481 19.77,     p<.001 

2 Inhibition1, Inhibition2 .279 12.56,    p<.001 

3 Age, Inhibition2 .447 26.23,    p<.001 

4 Age, Inhibition1 .477 29.60,    p<.001 

5 Age .406 45.08,    p<.001 

6 Inhibition2 .18 14.52,    p<.001 

7 Inhibition1 .26 23.16,    p<.001 

                   Note. N = 64. 
 
 
 
 
Table 6.24. Components of Variance and Value for Area Represented In Venn Diagram (Figure 
6.8) 
Label in 

Venn 

diagram 

Component Derived 

from R-

squared 

values by 

Calculation Value 

A Unique contribution of age 1-2 .481-.279 .202 

B Unique contribution of inhibition1 1-3 .481-.447 .034 

C Unique contribution of inhibition2 1-4 .481-.477 .004 

D Shared age-independent 

contribution of inhibition1 and 

inhibition2 

1-5-B-C .481-.406-.034-.004 .037 

E Age-related contribution of 

inhibition1 

1-6-A-B .481-.18-.202-.004 .095 

F Age-related contribution of 

inhibition2 

1-7-A-C .481-.26-.202-.004 .015 

G Age-related shared contribution of 

inhibition1 and inhibition2 

1-A-B-C-D-

E-F 

.481-.202-.034-.004-

.037-.095-.015 

.094 
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Figure 6.8. Venn diagram demonstrating components of variance in Raven’s as predicted by   
inhibition(as measured by incorrect antisaccade = inhibition1) and inhibition(as      
measured by correction RT = inhibition 2)   
 
 
 
 
 This analysis reveals that the antisaccade error rate predicts more of the age-related (9.5%) 

and non-age-related (3.4%) variance in Raven’s scores than does the correction RT (1.5% and 0.4% 

respectively). In addition the two variables contribute a substantial proportion of shared age-related 

variance to the Raven’s scores (9.4%). Thus little additional variance is accounted for in the Raven’s 

scores by including the correction RT score over and above the incorrect antisaccade measure. The 

effect size for the age-related error rate contribution is medium to large, and for the non-age related 

error rate medium to small.  

 

6.8  Discussion 

6.8.1 The Antisaccade and Development of Inhibition 

 There were significant developmental trends for the three antisaccade inhibitory measures; 

difference RT, correction RT and uncorrected antisaccade errors. However, these were somewhat 

dependent upon the age groupings for the RT measures. The traditional inhibitory measure derived 

from the antisaccade task, the difference RT, showed a significant age trend when age group was 

defined by younger and older children, and when comparing children with adults. Older 

participants had a smaller mean difference between their antisaccade and prosaccade RTs than 

younger participants. When age group was defined by adjacent year groups within the range 7 to 11 
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the age effect was not significant.  By contrast, the correction RT, proposed as an additional 

inhibitory index, showed a significant age effect irrespective of the age groupings. Similarly, the 

error measure, when defined as uncorrected direction errors, showed a significant age trend 

irrespective of age groupings. Adults were less likely than children to make uncorrected errors on 

the antisaccade task and older children were less likely than younger children to make uncorrected 

errors.  Notably, adults and children did not show a significant difference on the RT for these 

incorrect antisaccades. This lack of difference in RTs suggests that the group difference in error rate 

for incorrect antisaccades was not driven by a speed-accuracy trade-off or group speed differences.  

 

 Interestingly, the percentage of self-corrected errors and the total percentage of errors, 

which are the error measurements typically used in antisaccade developmental studies, did not 

show a significant developmental trend. This may explain why the two developmental studies which 

have also examined age differences in adjacent year groups (Fukushima et al., 2000; Klein, 2001) 

did not find a developmental shift in the antisaccade error measure. The Fukushima et al. study 

used self-corrected errors as the error measurement and the Klein study used total errors 

(uncorrected and self-corrected). This may indicate a difference between the rate of development of 

inhibitory ability and the ability to generate voluntary saccades. Uncorrected errors are an index of 

the former while self-corrected errors, which are included in the total error score, are a combination 

of both the former and the latter.  Thus the uncorrected errors and the self-corrected errors appear 

to be functionally different. This is a crucial distinction for studies which intend to utilise the 

antisaccade error rate as a measure of inhibitory ability: studies which use self-corrected errors or 

total errors are confounding inhibitory ability with the ability to generate voluntary saccades. The 

use of uncorrected errors rather than self-corrected or total error rate is preferable. This is with the 

caveat that attention and goal maintenance are controlled for the antisaccade task. The former can 

be controlled by discarding trials on which pre-saccade fixation was not within a particular 

parameter. The latter can be controlled by monitoring of performance during the task and repeating 

task instructions for each trial or as required.  
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6.8.2 Are the Developmental Changes Caused by Changes in Inhibition 

or Speed?  

 To determine whether the developmental changes in the correction RT and difference RT 

were driven by individual differences in speed, z-transformations were carried out for all RT data. 

Significant group differences remained after transformation for the correction RT but not for the 

difference RT. This suggests that the developmental changes in the difference RT are driven by 

individual changes in speed rather than developmental changes in inhibitory ability. In contrast the 

developmental changes in correction RT do not appear to be due to differences in speed.  

 

 However, because the correction RT includes both the inhibition of the reflexive prosaccade 

and the generation of the voluntary antisaccade it could be argued that the developmental changes 

may reflect changes in either inhibition or generation of voluntary saccades. One possible way of 

deciding is to examine the correct antisaccade RT after z-transformation. Correct antisaccade 

performance depends upon inhibitory ability and the ability to generate voluntary saccades as does 

performance on the self-corrected trials. If the developmental changes in correction RT are due to 

changes in the ability to generate voluntary saccades then a similar pattern of results would be 

expected for the correct antisaccade RT once it had been transformed. However, no significant 

developmental differences remained for the RT for correct antisaccade trials after saccade speed 

differences had been controlled. This suggests that it may be the inhibitory ability that is differing in 

the correction RT rather than the ability to generate voluntary saccades.  

 

 In summary, a developmental trajectory was found for the uncorrected error variable and 

the correction RT for the antisaccade task. Notably, the more traditional inhibitory measures, 

difference RT and total antisaccade error (including self-corrected trials) did not show a 

developmental trajectory. The changes in the difference RT over development appear to be driven 

by individual differences in saccade speed rather than inhibitory ability.  
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6.8.3 Inhibition, Development and Fluid Intelligence 

 The primary hypothesis for this study was in two parts. One, that there would be a 

relationship between the inhibitory measures, age and fluid intelligence. And two, that the 

developmental changes in fluid intelligence would be mediated by developmental changes in 

inhibitory ability. The first part of the hypothesis was supported for the antisaccade error rate 

(%Incorrect AS) and untransformed correction RT but not for the percentage of self-corrected trials, 

total antisaccade error, difference RT or z-transformed correction RT.  The second part of the 

hypothesis was also supported. The regression analysis demonstrated that the age-related 

component of inhibition as indexed by the antisaccade error rate contributes more to the variance in 

fluid intelligence than does the non-age-related component. Although age-related variance in the 

correction RT also contributed significantly to the fluid intelligence score it did not contribute 

additional variance to that contributed by the error rate alone. Error rate also accounted for more 

age-related variance in fluid intelligence than did speed.  

 

 To conclude, age-related changes in inhibitory ability as measured by uncorrected direction 

errors in the antisaccade task, contribute to age-related changes in fluid intelligence to a significant 

degree, and to a greater extent than non-age related changes or speed of processing. Thus, for 

oculomotor inhibition, as measured by antisaccade error rate, Dempster’s thesis is supported. Age-

related changes in inhibition are contributing significantly to age-related changes in fluid 

intelligence. 
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Chapter 7. Comparison Across Inhibition Tasks 

 Given that the same participant group completed all tasks, apart from the Stop Signal task, 

a number of questions about the nature of the developmental changes in inhibition can be answered 

by examining the data across the different tasks. The questions to be considered in the following 

chapter are: 

1. Do all the inhibitory measures show a developmental trajectory? 

2. When does the main developmental improvement in inhibitory ability occur on the tasks, 

that is, do they show similar developmental trajectories? 

3. Is performance on the different inhibitory tasks related? 

4. What do these findings have to say about the nature of inhibition?  

 

7.1  Do all the Inhibitory Measures Show a Developmental Trajectory? 

 Not all the measures purported to be inhibitory measures showed a developmental 

trajectory. Table 7.1 summarizes the findings for each of the inhibitory measures for each 

developmental grouping. 

 

 The pattern of findings is not consistent across the inhibitory measures as a whole or even 

within the inhibition groupings suggested by Harnishfeger (1995) and Nigg (2001), that is, 

behavioural inhibition, resistance to interference, oculomotor inhibition and automatic inhibition. 

Of the behavioural inhibition measures, the go-nogo error rate shows a developmental effect as does 

the Stop Signal RT for compatible trials. However, there is no developmental effect Stop Signal RT 

for incompatible trials, at least within the age range 7 to 11. For the resistance to interference 

measures there are no developmental improvements for any of the three measures, Simon-square, 

Simon-arrow or spatial Stroop. The untransformed RT measures show some degree of improvement 

when comparing children and adults; however, these disappear when the RT scores are transformed 

to account for individual differences in speed of responding. The automatic inhibitory index, IOR 

was not evident at all for the majority of children or adults. A facilitation of return effect was found 

instead. This did show a developmental trajectory, but could not be considered inhibitory. The 

oculomotor inhibition measures from the antisaccade task show the strongest development effect.  
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         Table 7.1. Summary of The Developmental Effects Found for Each of the Inhibitory   
          Variables for the Three Developmental Groupings. 

  Developmental Effect Found 

Inhibition 

subtype Variable 

Adjacent 

years 

 

Younger vs. 

older 

children 

Children 

vs. Young 

adults 

SSRT compatible No Yes - 

SSRT incompatible No No - 

Behavioural 

Inhibition 

Go nogo errors Yes Yes - 

     

Simon-square No No Yes 

zSimon-square No No No 

Simon-square inhibition No Yes Yes 

zSimon-square inhibition No No No 

Simon-square errors No No No 

Simon-arrow No No Yes 

zSimon-arrow No No No 

Simon-arrow inhibition Yes No Yes 

zSimon-arrow inhibition No No No 

Simon-arrow errors No No No 

Resistance to 

Interference 

Spatial Stroop No No   Yesa 

     

Simon-square IOR   Nob No No 

Simon-arrow IOR No No No 

Automatic 

Inhibition 

Spatial Stroop IOR No No No 

     

Incorrect antisaccade Yes Yes Yes 

Correction RT (antisaccade) Yes Yes Yes 

z Correction RT (antisaccade) No No Yes 

Oculomotor 

Inhibition 

Difference RT (antisaccade) No Yes Yes 

 zDifference RT (antisaccade) No No No 

           aopposite to predicted direction, older larger inhibitory effect than younger.  
          b for each of the IOR measures facilitation of return (FOR) was found not IOR, there was an      
          age trend to the FOR but because this was not inhibition the effect has not been recorded in    
          the table.  
         Note. Z= transformed scores. 
 
  

Both the error rate and RT measures show a developmental trend. When the RT measures were 

transformed to account for individual differences in speed the correction RT measure still showed a 
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developmental difference when comparing children and adults. This suggests that the 

developmental improvement in the ability to inhibit incorrect reflexive prosaccades is not mediated 

by individual saccade speed. 

 

 As can be seen from Table 7.1 the definition of the developmental group dictated to a certain 

extent whether or not a developmental effect was found. This may seem a trivial statement given 

that for most measures that change with age a stronger developmental shift would be expected the 

wider the age range. Nevertheless developmental studies do not necessarily take this into 

consideration. A developmental study may compare only 3 and 4 year olds, or it may compare 

children up to the age of 12 with older adults. The existence or otherwise of a developmental effect 

will then be reported. This result in turn will be used by future studies or review as “evidence” that 

task X can measure inhibition successfully or not across a particular age span. The optimal situation 

is for developmental studies to measure changes across a wide age range. In practice this may not 

always be possible. Therefore, the availability of norms which identify where developmental shifts 

are most likely to occur in particular tasks can help identify the most appropriate groupings of 

participants. This thesis aims to be a step in this process. 

 

 A number of reasons can be suggested for why developmental trends were not seen for all 

variables. One, the development may have occurred before age 7. Two, development may have 

occurred after the age of 11 for tasks in which there was no adult group, or after age 21 for tasks in 

which there was an adult group. Three, there may be no developmental change in inhibitory 

performance on the task. Four, the changes may have been too small or too unreliable to be picked 

up by this age range. This is despite this age range being one of the times of largest change in the 

frontal cortex thought to mediate the abilities underpinning these tasks (Diamond, 2002).   

 

7.2 Do the Tasks Show Similar Developmental Trajectories? 

 For the measures that did show a developmental shift a question of interest is when the 

main shift in performance occurred. Table 7.2 identifies the age at which the main developmental 

shift occurred. The antisaccade task shows the largest improvement in ability between the ages of 7 
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and 8 while the behavioural inhibition tasks showed most improvement between the ages of 9 and 

10. Note that these findings do not identify the age of maturity of these abilities, or the age at which 

they first appear. A full developmental sample would be needed to answer those questions. 

However, it is interesting to note that the behavioural inhibition tasks show a later shift in 

improvement than the antisaccade task.  

 

                Table 7.2. Summary of The Developmental Effects Found for Each of The Inhibitory                     
 Variables for the Three Developmental Groupings. 

Inhibition subtype Variable  Age of greatest developmental 

change 

SSRT compatible 9-10 Behavioural 

Inhibition Go nogo errors  9-10 

   

Incorrect antisaccade 7-8 

Correction RT (antisaccade) 7-8 

Oculomotor 

Inhibition 

Difference RT (antisaccade) 7-11 

 

 

7.3  Is Performance on the Different Inhibitory Tasks Related? 

 Table 7.3 gives the correlations between all the inhibition indices. Most measures correlated 

significantly with measures derived from same task. For example, the Simon-square RT, the Simon-

square inhibition measure and the Simon-square error measure are all significantly correlated. This 

is not too surprising. What is surprising is that this was not always the case. For example, the 

Simon-arrow errors were significantly related to the Simon-square RT variables but not to the 

Simon-arrow RT variables. Also surprising is that the Simon-square RT and Simon-arrow RT 

variables are not related to each other. These two tasks were identical apart from the stimuli used. 

Also surprising is that the Simon-arrow and spatial Stroop RT variables are not related. These two 

tasks used the same stimuli and task specifications but varied only in response rule. The former 

required responding to the stimulus and ignoring the location. The latter required responding to the 

location and ignoring the stimulus.   
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Table 7.3. Correlations between the Different Inhibitory Measures. 

 
Simon
square 
overall 

Simon-
square 

inhibition 

Simon-
square 
error 

Simon-
arrow 
overall 

Simon-
arrow 

inhibition 

Simon-
arrow 
error 

Spatial 
Stroop 

Spatial 
Stroop 
error 

Simon
square 

IOR 

Simon-
arrow 
IOR 

Spatial 
Stroop 

IOR 

Incorrect 
AS  

CRT 
Go 
nogo 
error 

Simon-
square 
overall 

1 .547** .311** .077 -.038 .262** -.098 -.048 -.196 .04 -.183* -.002 .085 -.053 

Simon-
square 
inhibition 

 1 .222* -.037 .023 .283** .020 .028 .036 -.065 -.225* .074 .055 -.016 

Simon-
square 
error 

  1 -.043 -.275** .433** .167 .134 -.075 -.093 -.006 .287** .131 .038 

Simon-
arrow 
overall 

   1 .532** .084 -.013 -.107 -.096 .159 .062 .119 .070 -.045 

Simon-
arrow 
inhibition 

    1 -.097 .073 -.324** -.052 .155 -.138 -.042 .009 -.153 

Simon-
arrow error      1 .108 .249** -.027 -.208* -.101 .302** .313** -.027 

Spatial 
Stroop       1 -.321** -.169 -.222* -.101 .399** .141 .071 

Spatial 
Stroop 
error 

       1 .196* -.065 .098 .09 .125 .086 

Simon-
square IOR 

        1 .087 .300** -.175 -.219* .094 

Simon-
arrow IOR 

         1 -.039 -.100 -.095 .024 

Spatial 
Stroop IOR 

          1 .061 -.096 .099 

Incorrect 
AS  

           1 .471** -.015 

CRT             1 -.003 

Incorrect 
nogo 

             1 

* Correlation is significant at the .05 level (2-tailed).  * * Correlation is significant at the .01 level (2-tailed) 
Note. N = 117. Significant correlations in bold. CRT = Correction RT (RT2 – RT1)
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 Error measures had stronger patterns of correlations than the RT measures. For example, 

antisaccade errors correlated with Simon-square errors and Simon-arrow errors, as well as with 2 

RT measures, the spatial Stroop and the antisaccade correction RT. The Simon-arrow errors 

correlated significantly with all three Simon-square variables, spatial Stroop error, antisaccade error 

and antisaccade correction RT.  

 

 The go-nogo error variable was the only inhibitory measure that did not correlate with any 

other inhibitory measure.  Although the other behavioural inhibition measure, the Stop Signal RT 

was not included in this omnibus comparison because it was completed by a different participant 

pool, correlations reported in Chapter 4 for a subset of participants, showed that go-nogo error did 

not correlate with the Stop Signal measures. 

 

7.4 What do these Findings have to say about the Nature of 

Inhibition?  

 This lack of regular relationship among the inhibitory variables is consistent with the 

conclusions of Passler et al. (1985) who stated that one measure of inhibitory function cannot 

predict performance on other measures of inhibition. A number of other studies also report a lack of 

relationship between inhibitory measures (Band, van der Molen, Overtoom & Verbaten, 2001; 

Johnson et al., 2003; Kramer, Humphrey, Larish, Logan & Strayer, 1994; Shilling, Chetwynd & 

Rabbitt, 2002). One possibility for this pattern of results is that inhibition is not a unitary construct 

and that the tasks are measuring different and non-related processes.  

 

 Another possible reason for the lack of relationship across measures in the present study is 

that maturity on the different measures may occur at different times. Thus, these correlations may 

be comparing performance across one task on which the majority of participants have attained 

mature performance, one task on which half the participants  have reached mature performance 

and one on which only a small number have attained mature performance. Ceiling effects on the 

first task would mitigate correlations between that task and one in which no maturity had yet been 

attained. Alternatively, the pattern may be in the reverse direction. Results may be at floor on tasks 
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for which development has not yet occurred. One way of addressing this problem is to take a more 

neuropsychological approach to the data and examine performance across tasks for individuals poor 

and strong in inhibitory performance and see if different patterns of correlations exist. The 

assumption in this analysis is that for a particular task better performers may be at ceiling and 

poorer performers may still be developing inhibitory ability for this task. Therefore, if the better 

performers are removed from the correlational analysis the ceiling effects will be removed and 

correlations for this task may be stronger for the poorer performing group. Or alternatively if 

inhibitory ability on a particular task has begun to develop for the better inhibitors but is still at 

floor for the poorer inhibitors then removing the poorer inhibitors will remove floor effects. If this is 

the case then it would be expected that correlations in the better inhibitors would be stronger for 

that particular task.  

 

 To analyze the data using this approach each inhibitory variable, excluding the inhibition of 

return variables, was recoded into four quartile categories. That is, from the 1st to the 25th percentile, 

the 26th to the 50th percentile, the 51st to the 75th percentile and the 76th to the 100th percentile. This 

gave each participant a score of 1 to 4 for each task, with 1 equaling performance in the 25th 

percentile, that is, good inhibitors, and 4 equaling performance from the 75th percentile on, that is,  

poor inhibitors. Initial examination of the data revealed no pattern within a participant’s 

performance. Being good at inhibiting in one task did not indicate whether or not a person would be 

good at inhibiting in another task. For example, one individual may have been in the top 25th 

percentile of inhibitors for one task and in the bottom 25th percentile for another task, while a 

second individual may have shown the reverse pattern.  

 

 To determine the participants who were better inhibitors across most tasks the number of 1 

to 4 rankings across tasks were collated such that each participant had a frequency score for ones, 

twos, threes and fours. That is, for how many tasks were they in the top 25% of inhibitors, how 

many tasks were they in the next 25% of inhibitors and so on. The 25% of participants with the 

highest frequency of ones were then selected as the top 25% inhibitors, and the 25% of participants 

with the highest frequency of fours were selected as the worst inhibitors. This was done within each 
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age group so that there were representative participants from each age group. To ensure that 

performance by the best and worst inhibitors was significantly different for the different tasks 

independent t-tests were run comparing mean performance for each inhibitory variable for the two 

groups. All variables showed a significant difference between the low and high inhibitory groups 

with the exception of the go-nogo errors and the spatial Stroop error.  This lack of difference in 

performance may explain why these measures did not correlate strongly with other inhibitory 

measures. The range in scores may not have been wide enough. Given the lack of difference between 

high and low inhibitors on these variables these measures were not included in the following 

analysis. 

 

 Three correlational analyses were then run. Firstly, performance was compared across tasks 

for the poorer inhibitors, secondly performance was compared across tasks for the better inhibitors, 

and finally performance was compared across tasks for the two groups combined. If there is a 

ceiling effect in the inhibition data then it would be predicted that the strongest correlations would 

occur in the worst performing group, the weakest correlations in the better performing group and 

correlations between these values for the combined analysis. If there is a floor effect in the data then 

the reverse pattern would be expected. Stronger correlations would be found for the better 

inhibiting group. Table 7.4 presents a sample of these correlations for the antisaccade errors 

(chosen as it was the variable which showed the strongest developmental trend and the largest age-

related correlations with fluid intelligence). One bivariate outlier was removed for the poor 

inhibitors and the overall analysis. 

 

 An interesting pattern is seen in this analysis. Much stronger correlations are seen in the 

poor inhibiting group than the higher inhibiting group for the two Simon inhibition measures and 

the correction RT for the antisaccade task. Following the arguments above this suggests there may 

be ceiling effects occurring in these measures. Performance on these tasks may have already reached 

maturity for the better inhibitors. The only task which has a stronger correlation for the better 

inhibitors is the spatial Stroop. Again using the above logic this suggests possible floor effects on 
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this task where the poorer inhibitors have not yet begun to develop. Given that a large number of 

children did not actually demonstrate a spatial Stroop effect this may be the case. 

 

 
 
Table 7.4. Correlations between the Incorrect Antisaccades and Other Inhibition Variables for the 
Poorest and Best Performing Participants. 

Measure Correlated with 

Incorrect antisaccades 

Lowest 25th 

percentile = 

poor inhibitors 

(N = 28) 

Highest 25th 

percentile = 

good inhibitors 

(N = 26) 

Lowest and 

Highest 

percentile  

(N = 54) 

Full sample 

(N = 117) 

Simon-square inhibition     .422* .366 -.037     .283** 

Simon-square error .186 .159       .348**     .433** 

Simon-arrow inhibition      .549** -.008 .068 -.097 

Simon-arrow error .144 .178      .393** .108 

Spatial Stroop -.124 .444*      .406**      .249** 

Antisaccade correction RT     .527** .299     .429**     .313** 

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 
level (2-tailed) 
Note. Significant correlations are in bold. 
 

 

 The small numbers in these correlations make these conclusions tentative. For a subset of 

the tasks it is possible to increase the N by including the young adult participants.  Correlations for 

inhibitory measures for both children and adults are presented in Table 7.5. One bivariate outlier 

has been removed.  

 

 The pattern of correlations across the wider age range shows, not surprisingly, a much 

stronger pattern of correlations. However, correlations do not increase for all variables. The 

antisaccade error variable correlated with all variables except the Simon-square effect, while the 

Simon-square error variable and the spatial Stroop variable correlated with far fewer variables.  The 

next question is whether these correlations are different for the better inhibitors and the poorer 

inhibitors. To calculate this percentile rankings were calculated separately for the children and 

adults. The best 25% and worst 25% of inhibitors for both adults and children were compared using 

the same analysis described above. To ensure that the separation of best and worst inhibitors 
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actually distinguished performance between groups independent sample t-tests were conducted 

comparing inhibitory performance. There was a significant effect of inhibitory performance for all 

variables indicating that performance between good and poor inhibitors was significantly different. 

Correlations for the best and worst inhibitors are presented in Table 7.6. A bivariate outlier was 

removed from the poor inhibiting group and the overall group. 

 

 
 
Table 7.5. Correlations between Inhibitory Variables across both Children and Adult Participants 

Variable 
Simon 

square 

Simon 

square 

inhibition 

Simon 

arrow 

Simon 

arrow 

inhibition 

Spatial 

Stroop 

Simon 

square 

error 

Simon 

arrow 

error 

Spatial 

Stroop 

error 

Anti 

saccade 

CRT 

Anti 

saccade 

error 

Simon-

square 
1 .529** .396** 

         

.375* 

 

-.181** .117 .291** .130 .398** .172 

Simon-

square 

inhibition 

 1 .245** .387** -.066 .033 .272** .167* .293** .213** 

Simon-

arrow 
  1 .625** -.064 .066 .370** .079 .385** .343** 

Simon-

arrow 

inhibition 

   1 -.029 -.089 .385** .006 .451** .324** 

Spatial 

Stroop 
    1 .071 .022 -.329** -.061 .258** 

Simon-

square 

error 

     1 .363** .137 .157 .223* 

Simon-

arrow error 
      1 .145 .424** .338** 

Spatial 

Stroop 

error 

       1 .279** .286** 

Antisaccade 

CRT 
        1 .505** 

Antisaccade 

error 
         1 

* correlation is significant at 0.05 level (2-tailed). ** correlation is significant at 0.01 level (2-tailed) 
Note. N = 163 
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      Table 7.6. Correlations between the Antisaccade Errors and Other Inhibition Variables for the   
      Poorest and Best Performing Participants for Children and Adults. 

Measure Correlated with 

Simon-arrow Errors 

Lowest 25th 

percentile 

(N = 38) 

Highest 25th 

percentile 

(N = 17) 

Lowest and Highest 

percentile (N = 55) 

Full sample 

(N = 163) 

Simon-square inhibition .165 -.139 .263 .213** 

Simon-square error .373* -.122     .386** .223* 

Simon-arrow inhibition .161 -.307 .223 .324** 

Simon-arrow error .482** .016    .529** .338** 

Spatial Stroop .200 .172 .263 .258** 

Spatial Stroop error .117 .006 .239 .286** 

Antisaccade correction RT .754** .675**    .760** .505** 

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 
level (2-tailed) 
Note. Significant correlations are in bold. 

 

 

 A similar pattern was seen for the child-adult correlations as for the child-child correlations. 

The poorer inhibitors showed stronger correlations between inhibitory measures than the stronger 

inhibitors. For this comparison it was the Simon error measures which showed the effect rather 

than the Simon difference scores. This was a reflection of the error rate being at ceiling for the better 

inhibitors for both children and adults.  

 

 It should be noted that these patterns of correlations are only for the relationship between 

antisaccade errors and the other inhibitory variables. Different patterns of correlations between 

high and low inhibitors may exist for the other measures. Nevertheless, the analysis does reveal 

differences in patterns between better and poorer inhibitors that may explain the limited 

correlations found between the different measures. That is, that differing levels of maturity of 

inhibitory performance on the different tasks will mitigate the correlations across measures. It also 

supports a more neuropsychological analysis of inhibitory performance to reveal the complexities of 

the relationships between measures. A lack of correlation across all measures and all participants 

may not necessarily mean that there is no relationship. 
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7.5 Reliability of the Inhibitory Measures 

 A final possibility for the lack of correlations between measures is that the inhibitory 

measures themselves may be inherently unreliable.  Further, the fact that the majority of the 

measures are difference scores may exacerbate the problem. For example, the Simon RT measures, 

the spatial stroop RT measures, the antisaccade correction RT, and the Stop Signal RT are all 

calculated using various subtraction techniques. Difference scores such as these necessarily have 

lower reliability than the measures on which they are based, as the measurement errors are 

compounded in the derived variables (see Dunlap, Kennedy, Harbeson & Fowlkes, 1989). This is 

particularly true for the Simon and spatial Stroop RT measures as these are composed by averaging 

several RT subtractions.  Very few studies have examined the reliability of these measures, 

particularly in children.  Of the studies that have, it has been temporal stability rather than internal 

consistency that has been calculated. The following brief review will discuss the test-retest reliability 

for each measure, and give values for split-half reliability calculated for the data from the current 

studies (see Table 7.7).  

 

Table 7.7. Split-Half Reliability Estimates for the Inhibition Measures 

Measure Correcteda split-half reliability 

Stop signal RT .835 

Go-nogo error rate .603 

Simon-square RT .415 

Simon-square inhibition RT .438 

Simon-arrow RT .662 

Simon-arrow inhibition RT .574 

Spatial Stroop RT .392 

Antisaccade error rate .573 

               a Spearman-Brown correction 

 

 

 Two studies were found which examined test-retest reliability for the Stop Signal task. 

Kindlon, Mezzacappa and Earls (1995) tested 31 children aged 6 to 16 years on two occasions 2 to 5 

months apart. They reported moderate to high stability for all the stop task variables (bivariate 
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correlations .61-.79; squared partial correlations, controlling for age, .33-.52.)   However, the study 

did not report results for the SSRT which is the variable of interest for the present study. 

 

 Kuntsi, Stevenson, Oosterlaan and Sonuga-Barke (2001) examined the test-retest reliability 

of a number of executive function tasks, including the Stop Signal task, in children aged 7 to 15 

years.  The tasks were completed two weeks apart and inter-class correlations, intra-class 

correlations and partial correlations controlling for age effects were calculated. They reported mixed 

results for the Stop Signal measures with poor to modest reliabilities. The reliabilities for the SSRT 

were .21, .11 and .23 for the inter-class correlation, intra-class correlation and partial correlation 

controlling for age effects, respectively. These were the lowest reliabilities of all the Stop Signal 

measures examined, suggesting that the SSRT is not a reliable measure, at least temporally. 

However, it should be noted that the Stop Signal paradigm employed by Kuntsi et al. used fixed Stop 

Signal delays, rather than the tracking procedure used in the study reported in this thesis (Chapter 

3).  As discussed in Chapter 3.3 fixed Stop Signal delay is a less reliable way to calculate SSRT than 

the tracking procedure. Therefore, the reliabilities reported in the Kuntsi et al. study may be an 

underestimation. 

  

 A split-half reliability for SSRT for compatible trials was calculated for the current study. 

The two halves were significantly correlated, r(110) = .717, p <.001. Applying the Spearman Brown 

correction for split-half reliability increased this value to .835 which is an acceptable reliability 

coefficient.  

  

 One paper was found which examined the test-retest reliability for three versions of the go-

nogo task with 49 children aged 8 to 13 year (Kuntsi, Andreou, Ma, Börger & van der Meere, 2005). 

Inter-class Pearson product moment correlations and partial correlations, controlling for age, were 

calculated for each of the response variables. The variable of most interest for current purposes is 

the rate of commission errors. The test-retest reliability for this variable ranged from .47 to .70. The 

authors concluded that the task had moderate test-retest reliability. A split-half reliability was 

calculated for the commission errors for the present study. The correlation coefficient was 



 Chapter 7. Comparison Across Inhibition Tasks 

 250

significant, r(168) =.432, p <.001. The Spearman Brown correction for split-half calculations 

increased this value to .603. This is considered a moderate degree of reliability. 

 

 A recent paper calculated split-half correlations as a reliability estimate for the Simon task, 

the Flanker task and the Stroop Color task (Stins, Polderman, Boomsma & de Geus, 2005). The 

participants were sixty-nine 12-year-old children. They calculated a split-half reliability for the 

Simon effect of .333. This value has been corrected with the Spearman Brown correction.  In the 

current study Simon effects were calculated separately for the first and second half of the trials. 

After applying the Spearman Brown correction, the split-half correlation for the overall Simon-

square effect was r(117) = .415, p =.018, and for Simon-square inhibition effect, r (117) =.438., p 

=.011.  For the Simon-arrow measures the estimates were a little higher. For the overall Simon-

arrow effect the corrected split-half correlation was r(117) = .662, p <.001, while for the Simon-

arrow inhibition measure the split-half correlation was r(117) = .574, p <.001.  Stins et al. did not 

calculate reliability for the colour-Stroop. Corrected split-half reliability for the spatial stroop in the 

current study was very modest r(115) = .392, p = .008. 

   

 The antisaccade task is considered to have high test-retest reliability. In normal adult 

populations, test-retest reliability for antisaccade accuracy has been calculated at values from .67 

(Crevits, De Clerck & Van Maele, 2000) to .89 (Ettinger, Kumari, Crawford, Davis, Sharma & Corr, 

2003). Ettinger et al. also calculated internal consistency for the antisaccade error rate. Cronbach’s 

alpha was .87 indicating high internal consistency. No studies were found which examined 

reliability in the antisaccade in child populations. Corrected split-half reliability for antisaccade 

error rate in the current study was of a moderate level, r (139) = .573, p <.001. This lower value may 

be due to the greater variability in children’s error rates compared to adult error rates. 

  

 To summarise, the internal consistency of the inhibition measures ranges from poor (spatial 

stroop) to high (Stop Signal RT). The majority of the measures have low to moderate reliability. This 

could help explain the low inter-measure correlations. However, the pattern of reliabilities does not 

appear to explain the stronger relationship between the antisaccade error rate and the fluid 
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intelligence measures. For example, the reliability estimates for the antisaccade error rate and the 

Simon arrow measures are approximately the same, yet the Simon-arrow measures does not 

correlate with fluid intelligence while the antisaccade error measure does. So, if anything, the 

strength of the relationship found with antisaccade error rate suggests a robust effect given its 

moderate reliability. 

 

 To conclude, there does not appear to be a consistent pattern of relationships between the 

inhibition measures.  Neither is there a consistent developmental trajectory for the different 

inhibitory measures. Incorrect antisaccade rate, go-nogo error rate and Stop Signal RT for 

compatible trials were the only inhibitory variables in the current study that showed a significant 

developmental trend over the ages 7 to 11. A number of possibilities for the lack of developmental 

trend and lack of relationship between inhibitory measures have been considered including low 

reliability of the measures and different ages of maturity on task performance. An analysis of poorer 

and stronger inhibitors across all tasks indicated that the lack of relationship between measures 

may be partially caused by degree of inhibitory skill. Poorer inhibitors over all age groups showed 

stronger relationships between inhibitory measures than did the better inhibitors.  
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Chapter 8. General Discussion 

 This thesis investigated Dempster’s (1991) view that developmental changes in inhibition 

underpin developmental changes in intelligence. This was done by examining developmental 

changes using a number of inhibitory tasks, assessing the degree of relationship of these changes to 

measures of fluid intelligence, and gauging whether any such relationship was primarily age-related 

(developmental) or non-age-related (non-developmental or individual differences). Inhibition tasks 

were categorised into four groups according to Harnishfeger’s (1995) and Nigg’s (2001) taxonomies. 

These were behavioural inhibition (Stop Signal, go-nogo), resistance to interference (spatial Stroop, 

Simon task), oculomotor inhibition (antisaccade) and automatic inhibition (inhibition of return). 

Each task was reviewed according to four criteria: 

 1. Whether the task could be considered a measure of inhibition. 

 2. Whether the task utilised frontal areas of the brain. 

 3. Whether there was a developmental trajectory in performance on the task. 

 4. Whether there was any evidence of a relationship between performance   

 on the task and intelligence.  

 

 Further empirical evidence for each task was then provided for the third and fourth of these 

questions and addressed in the individual chapters. Finally, the crucial question in terms of 

Dempster’s thesis of whether any relationship found between inhibition and intelligence was 

primarily age-related or non-age-related was answered for each variable. This discussion will 

provide a summary of each of these areas including recommendations and questions for further 

research.  

 

8.1 Inhibition 

 A number of methodological and theoretical conclusions regarding the inhibition measures 

can be drawn from the current study. Methodologically, it is crucial in tasks using difference scores, 

to include a neutral baseline. This is important for two reasons. One, it enables the calculation of the 

facilitation and inhibitory components of the measures. This is essential in developmental studies 

because the two components can have different developmental trajectories and, more importantly 
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for current purposes, can be differentially related to intelligence over development. For example, in 

the present study the facilitation component of the Simon-square task did not show a significant 

developmental trajectory nor did it correlate significantly with fluid intelligence. This is in contrast 

to the inhibitory component for the Simon-square task (pre-z-transformation) which did show a 

developmental trajectory and did correlate with age and fluid intelligence. In adult studies neutral 

conditions are often not included because they are not thought to be functionally different from the 

compatible or facilitation condition; however this is clearly not the case in developmental studies.  

 

 Two, the inclusion of a neutral condition enables baseline transformation of data to account 

for individual differences in speed. Developmental differences in the two Simon tasks disappeared 

once RTs had been baselined against the neutral condition RT.  This suggested that the 

developmental changes in these tasks were due to changes in overall speed rather than inhibition.  

 

 If there is no neutral condition in a task, as in the antisaccade task, then it is important to 

account for speed differences in other ways. For example the antisaccade data was transformed 

using prosaccade speed as a baseline.  Once this transformation was carried out developmental 

changes in the traditional inhibitory measure in the antisaccade task, the difference RT (antisaccade 

RT subtract prosaccade RT), disappeared. This suggests that these changes were due to changes in 

speed over the course of development rather than changes in inhibitory ability. The same 

transformation was carried out for the correction RT, hypothesized in the present study to be a 

measure of inhibition. In contrast to the difference RT, the developmental trend in correction RT 

remained for the child-adult comparison, even after correcting for overall speed. This suggests that 

the correction RT is a measure of development in inhibitory ability rather than reflecting changes in 

speed. As this is the first study to have utilised this measure as a developmental inhibition index this 

conclusion remains intriguing but inconclusive.  

 

 Developmental speed differences were also accounted for in some measures using 

regression and variance partitioning techniques. For example, if developmental changes in Stop 

Signal RT were primarily due to overall speed of RT rather than inhibition speed, then once age-



 Chapter 8. General Discussion 

 254

related variance in overall RT was partialled out, the amount of variance in Stop Signal RT 

explained by age should almost be eliminated (Ridderinkhof et al., 1999). This was the case in the 

present study indicating that developmental changes in Stop Signal RT were primarily due to 

developmental changes in overall RT rather than inhibition. 

 

 In summary, several of the developmental changes in the proposed inhibitory measures 

were due to developmental changes in speed rather than inhibition. It is recommended that all 

studies examining inhibitory processing over the course of development control for developmental 

changes in speed of processing. 

 

 The relationship between the inhibitory measures was also examined. No clear pattern of 

correlations was found either for the measures overall or within the sub-groupings suggested by 

Harnishfeger (1995) and Nigg (2000). Puzzlingly, the distinction between automatic and effortful 

inhibition was not really evident in the current data. No automatic inhibition effects, that is, 

inhibition of return were found for either the children or adult participants using a paradigm which 

typically produces these effects. It is not clear why this was the case.   

 

 The overall lack of relationship between inhibition measures is consistent with Dempster’s 

argument that inhibition is a family of specialized inhibitory processes, operating differently under 

different circumstances and task demands. However, it is difficult to see inhibition as a unitary 

construct given this lack of relationship between measures. If a task or measure is described as an 

inhibition task because of face validity alone it reduces the utility of the concept of inhibition. 

 

8.2 Frontality 

 Dempster’s proposition that inhibition tasks are frontally instantiated could be considered a 

link between the measures beyond face validity. However, the reviews in the previous chapters 

found a paucity of developmental imaging studies using these paradigms. In adults there did seem 

to be some prefrontal involvement for most of the tasks, particularly in the left dorsolateral 

prefrontal cortex. However, the few developmental imaging studies which used these inhibition 
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paradigms with children showed different patterns of neural activation with equivalent performance 

for kids and adults. For example, Rubia, Overmeyer et al. (2001) in a study using the Stop Signal 

task found that adolescents and adults obtained similar Stop Signal RTs, that is, their inhibition 

performance was equivalent. However, different and more diffuse areas of the brain were being 

used by adolescents. Similarly, in the go-nogo task the pattern of brain activation was more diffuse 

and extended further into the parietal region with children than adults. This was particularly the 

case when comparing performance between successful and unsuccessful inhibition performance. 

Successful performance for children was related to increased activation in the middle frontal gyrus 

but also in bilateral parietal areas (Bunge et al., 2002). For successful adult performance the 

activation increase was primarily in frontal cortex. This suggests that in children and adolescents 

frontal involvement alone is not necessary for successful inhibitory performance and that the adult 

pattern of frontality cannot be assumed across development.  It should be noted that only a very 

small number of imaging studies actually compare activation for successful versus unsuccessful 

inhibition so these findings require replication.  

 

 No developmental imaging studies were found for the Simon or spatial Stroop paradigms so 

it is not possible to say whether the same changes in activation pattern occur across development. 

Only one developmental imaging study was found for the antisaccade task. The developmental 

patterns in brain activation from childhood to adolescence to adulthood appear complex and do not 

follow a simple pattern of decreasing or increasing in one area with increasing age. For example, 

adolescents showed greater activation in the DLPFC than both children and adults (Luna et al., 

2001). 

 

 In summary, Dempster’s assumption that development in inhibitory ability is frontal 

remains to a large extent an assumption. The limited experimental evidence does go a small way to 

supporting the assumption as frontal involvement has been found in the small number of 

developmental imaging studies carried out. However, the pattern of cortical change across 

development appears to be highly complex, involving diffuse networks of activation which do not 

change to the mature pattern of activation in a simple linear fashion. It may be that these tasks 
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activate different brain areas between the ages of 7 and 11. Thus the facts that these tasks do utilise 

frontal areas in adults and that frontal areas do develop in children between the ages of 7 and 11 

may be mere association rather than cause.  

 

8.3 Development 

 The three main findings regarding the development of inhibition were:  

1. Of the 12 inhibitory measures 9 showed a significant developmental change between the age 

of 7 and young adulthood 

2. Of these 9 measures the developmental changes in 5 were caused primarily by changes in 

speed and not inhibition. This meant only four measures (Stop Signal RT, go-nogo errors, 

incorrect antisaccades and antisaccade correction RT) could properly be considered 

measures of developmental change in inhibition.  

3. The developmental grouping dictated to a certain extent whether developmental changes 

were significant. Of the 4 measures that showed significant developmental change after 

speed had been accounted for 3 (Stop Signal RT, go-nogo errors, incorrect antisaccades) 

showed this change between the ages of 7 and 11, the other (antisaccade correction RT) was 

significant only when comparing children and adults. 

 

 The fact that none of the resistance to interferences measures showed a developmental 

trajectory after developmental differences in speed were accounted for has significant implications 

for Dempster’s model of inhibitory processes. He argued that resistance to interference is the 

primary inhibitory process underpinning the development of intelligence. However, none of the 

three resistance to interference measures showed this development while some of the inhibitory (i.e. 

not resistance to interference) measures did show this development.  This seems to contradict 

Dempster’s assertion that resistance to interference is the primary process. In addition it weakens 

Dempster and Corkill’s (1999b) argument that the distinction between inhibition and resistance to 

interference is superficial.  
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      As discussed in chapter 7 there are a number of possible reasons for the lack of 

significant developmental trends in the inhibition measures. One, the development may have 

occurred before age seven. Two, development may have occurred after the age of 11 for tasks in 

which there was no adult group, or after age 21 for tasks in which there was an adult group. Three, 

there may be no developmental change in inhibitory performance on the task. Four, the changes 

may have been too small to be picked up by this age range. This is despite this age range being one 

of the times of largest change in the frontal cortex thought to mediate the abilities underpinning 

these tasks (Diamond, 2002).  

 

8.4 Intelligence  

8.4.1 Is the Pattern of Relationship to Fluid Intelligence Consistent 

Across Inhibitory Measures? 

     One of the major questions of this thesis is whether or not inhibition is related to fluid 

intelligence. Table 8.1 summarises the relationship between each of the inhibitory measures, age 

and fluid intelligence. 

 

     Six measures show a clear relationship with both age and fluid intelligence: SSRT for the 

compatible condition; percent incorrect nogo trials; Simon-square inhibition; Simon-arrow errors; 

antisaccade correction RT; and antisaccade error rate. However, for two of these six, Simon 

inhibition and antisaccade correction RT, the relationship appears to be mediated by speed rather 

than inhibition, as when the inhibitory indices were transformed to account for individual 

differences in speed the relationship with fluid intelligence disappeared. With the exception of 

Simon-arrow errors it is notable that none of the inhibitory variables correlate with both non-age-

adjusted intelligence scores and age-adjusted intelligence scores. This indicates that the relationship 

is primarily age-related. On the other hand, the relationship between Simon-arrow errors and 

intelligence appears to be mediated by individual differences and/or developmental differences as  

 
 
 
 
 



 Chapter 8. General Discussion 

 258

Table 8.1. Correlations between Age, Intelligence and the Inhibition Variables for Each Paradigm 

Variable N Age Cattell Raven’s 
VMA 

WISC-III 

PMA 

WISC-III 

FSIQ 

WISC-III 

SSRT compatible 95 -.217* -.225* -.247* -.242* -.234* -.158 

SSRT incompatible 95 -.128 -.158 -.184 -.029 -.204* -.060 

% total incorrect nogo 167 -207** -.162* -.226** -.198* -.213** -.140 

Simon-square inhibition 116 -.248** -.150 -.218* -.216* -.185 -.109 

z-Simon-square inhibition 116 -.165 -.051 -.126 -.162 -.074 -.029 

Simon-arrow inhibition 116 -.252** .053 .014 -.155 -.015 .039 

z-Simon-arrow inhibition 116 -.119 .147 .221* .050 .129 .156 

Spatial Stroop 116 .065 -.203* -.118 -.060 -.120 -.100 

Simon-square errors 116 -.119 -.149 -.325** -.141 -.245* -.166 

Simon-arrow errors 116 -.190* -.281** -.418** -.326** -.414** -.375** 

Spatial Stroop errors 116 -.024 -.096 -.015 .062 -.057 .038 

Antisaccade CRT 68 -.372 * -.247* -.425 ** -.294* -.309* -.106 

Antisaccade DRT 68 -.201 -.137 .045 -.185 -.144 -.111 

z-Antisaccade CRT 65 .110 .194 .222 .115 .151 .060 

z-Antisaccade DRT 65 -.113 -.107 .117 -.178 -.105 -.160 

Incorrect antisaccade 69 -.416** - 344** -.506** -.397** -.411** -.213 

*Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed). 
Note. Significant correlations are in bold type. SSRT = Stop Signal reaction time; CRT = correction RT (RT2-
RT1); DRT = difference RT (AS-PS); VMA = verbal mental age; PMA = performance mental age. These scores 
are z-transformed non-age normed sums for the WISC-III verbal and performance subtests. FSIQ = full-scale 
IQ. z= RT scores transformed to account for individual differences in speed.  
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can be seen in the significant relationship between the error variable and the age-adjusted full IQ 

score.  This leaves three variables that have a strong relationship with both age and fluid intelligence 

and are thus candidates for answering the question of whether or not this relationship is mediated 

primarily by age as predicted by Dempster (1991). These are the antisaccade error rate, the go-nogo 

error rate and the Stop Signal RT for compatible trials. 

 

8.4.1.1 Developmental and Individual Differences in Relationship to Intelligence. 

 A crucial finding of this study with regards to the development of intelligence and the 

relationship of any variable to this development is the importance of distinguishing between 

developmental and individual differences. As seen in Table 8.1 a number of the inhibition tasks 

showed a relationship with raw intelligence scores but not with age-adjusted full IQ scores. The 

former identifies the age-related or developmental relationship between the variables while the 

latter identifies the relationship between these variables for non-age-related or individual 

differences.  If a study wants to examine developmental relationships between a particular variable 

and intelligence it is important to make the comparisons with raw intelligence scores not age-

adjusted scores.  As identified in the general introduction failure to identify which type of 

comparison is being made can result in inappropriate empirical evidence being used to support a 

research question. For example, a large proportion of the evidence used to support Dempster’s 

thesis that inhibition underpins developmental changes in intelligence was actually addressing the 

question of whether inhibition underpins individual differences in intelligence across different age 

groups. This is a different question.  This thesis has focused specifically on addressing the question 

of whether inhibition underpins developmental changes in intelligence. 

  

8.4.2 Is the Relationship between Inhibition and Fluid Intelligence 

Primarily Age-Related or Non-Age Related? 

 Dempster’s (1991) thesis proposes that developmental changes in inhibition mediate 

developmental (i.e. age-related) changes in fluid intelligence. Throughout this thesis a variance 

portioning technique has been used to examine the proportion of age-related and non-age related 
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variance that inhibition and speed contribute to fluid intelligence scores. A summary of this data for 

the three variables showing the consistent relationship with age and fluid intelligence is presented 

in Table 8.2. 

 
 
   Table 8.2. Age-Related and Non-Age-Related Variance Components for Three Inhibition   
    Measures. Criterion Variable Was Raven’s Score. 

 Inhibition Variable 

 SSRT 
Go-nogo 

error 

Antisaccade 

error 

Variance component 
R-squared value 

Unique contribution of inhibition .026 .038 .072 

Unique contribution of speed .001 .078 .038 

Age-related contribution of 

inhibition 
.018 .052 .130 

Age-related contribution of speed .002 .100 .056 

Age-related shared contribution of 

inhibition and speed 
.017 -.017 .131 

  

 

      If Dempster’s thesis is correct then the age-related variance for inhibition will be greater 

than the unique (non-age-related) variance for inhibition and the age and non-age-related 

variance for speed. The answers to these questions are summarised in Table 8.3. 

 

Table 8.3. Summary of Whether Age-Related Inhibition Variance Contributed More to Raven’s 
Scores than Non-Age-Related Inhibition Variance and Unique and Age-Related Speed Variance. 

Inhibition variable Variance > non-age-

related inhibition 

variance 

Variance > age-

related speed 

variance 

Variance > non-

age-related speed 

variance 

SSRT X   

Go-nogo error  X X 

Antisaccade error    
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 Both the SSRT and the antisaccade error account for more age-related variance in Raven’s 

scores than do the speed measures. The SSRT contributes more non-age-related variance to Raven’s 

scores than age-related variance. The go-nogo error does contribute more age-related variance than 

unique variance to the Raven’s score. However, speed measures on the go-nogo task contribute 

more variance to the Raven’s score than does the inhibition measure. In summary, the SSRT and 

the antisaccade error rate both contribute age-related variance to fluid intelligence scores 

supporting Dempster’s thesis. 

 

8.4.3 Do these Tasks Contribute Independently to Intelligence? 

 Given that the inhibitory measures do not appear to be highly correlated with each other 

there is a possibility that they may contribute independently to the fluid intelligence scores. To 

determine whether this was the case a multiple regression was conducted in SPSS with forward 

stepwise entry of the eight inhibitory variables. This type of regression does not include a variable in 

the model unless the variable significantly improves the fit of the model to the data. The Raven’s 

score was the criterion variable. This analysis did not include Stop Signal data as it was from a 

different participant pool, or go-nogo data as only half the participants in any one year completed 

this task, meaning that the total N was reduced if this data was included. 

 

 Prior to regressing the inhibitory variables on the Raven’s score each of the distributions of 

the variables was examined for their suitability in modeling via ordinary least squares multiple 

regression. In general these variables were deemed suitable for modeling with multiple regression.  

 

 The analysis identified three inhibition variables that predicted fluid intelligence scores over 

and above the other variables. These were antisaccade error rate (β = -.266, t = -2.484, p =.015), 

Simon-arrow error rate (β = -.243, t = -2.447, p = .017), and antisaccade correction RT (β = -.218, t 

= -2.031, p =.046).  This suggests that the two antisaccade inhibition measures are contributing 

independently to the Raven’s score. However, given previous analysis with the transformed 

correction RT which suggested that group differences in this variable were due to speed as well as 

inhibition the regression was rerun entering the z-transformed correction RT variable. In this 
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instance only the antisaccade error rate (β = -.356, t =-3.591, p = .001) and the Simon-arrow error 

rate (β = -.284, t = -2.866, p = .005) uniquely predicted Raven’s scores. As the antisaccade error 

rate and Simon-arrow error rate were correlated in some of the previous analyses collinearity 

statistics were examined for these two variables. The condition indices were low (<3), tolerance 

levels were > .9, and none of the variance inflation factors (VIFs) were >=2. This suggests no 

problems with collinearity in the regression analyses. In summary this analysis suggests that 

antisaccade error rate and Simon-arrow error rate predict fluid intelligence scores independently 

and no more predictive power is gained by adding additional inhibitory measures. However, 

previous analysis indicated that the Simon-arrow error rate contributed both age-related and non-

age related variance to fluid intelligence scores. Therefore, if a measure is required in order to 

predict just age-related inhibition variance in Raven’s scores the antisaccade error rate alone would 

be sufficient.   

 

 In conclusion, Dempster’s hypothesis that inhibitory ability is related to the development of 

fluid intelligence holds for only two of the inhibitory measures examined in the present study: Stop 

signal reaction time for the compatible condition, and antisaccade error rate. However, these 

variables contribute only small amounts of the total variance in fluid intelligence. Despite the 

overall relationship being significant it appears that variables other than inhibition would appear to 

explain the bulk of the variance in the development of a child’s fluid intelligence.  

 

8.4.4 What other Variables may be Contributing to the Development 

of Fluid Intelligence? 

 If Dempster is incorrect and inhibition does not mediate developmental changes in fluid 

intelligence then the question remains as to what may underpin this developmental change. As 

mentioned in the introduction the two processes most often considered as candidates are speed of 

processing and working memory. Results from the current thesis provide some evidence for the role 

of speed of processing in underpinning these changes. For example, the Simon-square inhibition 

measure and the antisaccade difference scores were related to both age and fluid intelligence. 

However, once the measures were transformed to account for speed differences these relationships 
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disappeared. This indicates that the age-intelligence relationship was primarily speed driven for 

these measures.   

  

 Working memory was not specifically addressed in the current study as the focus was on 

Dempster’s thesis regarding inhibition and intelligence.  However, there is strong evidence that 

individual differences in WM predict fluid intelligence (Kyllonen & Christal, 1990; Engle, Tuholski, 

Laughlin, & Conway, 1999; Kane & Engle, 2002).  Therefore, it may also be the case that this 

relationship may hold developmentally.  As discussed in the introduction, of the four studies which 

have examined the relationship between WM, age and fluid intelligenc, two gave support to the role 

of WM in the development of fluid intelligence (Chang, 2004; Bayliss et al, 2005).  

 

 Engle and colleagues define WM as the holding of attention particularly in the presence of 

interference. Thus one component of WM has some similarity to the concept of inhibition or 

resistance to interference as discussed in the present thesis. Given this, the findings from the 

current studies are more in line with the findings from Fry and Hale (1996) which argue that speed 

and WM work in concert to mediate the age-related changes in fluid intelligence. For example, the 

results from the stop task (chapter 3) indicate a developmental shift in both speed and inhibition 

and both of these may be related to the changes in intelligence.  However, given the paucity of 

studies, the issue is far from resolved. 

 

8.4.5 The Clinical Relevance of These Findings  

 A number of the findings or recommendations from the present study have applications for 

clinical studies. A foremost recommendation is that studies examining differences in inhibitory 

performance between two groups need to account for speed differences. A quick search of any 

psychology database will reveal Stroop tasks being used as a measure of executive function in ADHD 

studies (Doyle, Biederman, Seidman, Reske-Nielsen, & Faraone, Stephen, 2005; Homack & Riccio, 

2004; Lawrence, Houghton, Douglas, Durkin, Whiting, & Tannock, 2004; Slaats-Willemse, Swaab-

Barneveld, De Sonneville, & Buitelaar, 2005). These studies do not typically account for speed 

differences when calculating difference scores or interference scores for the Stroop measures.  They 



 Chapter 8. General Discussion 

 264

simply subtract a compatible condition RT from an incompatible condition RT as use this as a 

measure of interference. The two groups are then compared on this measure and conclusions are 

typically made that the group difference represents an inhibitory deficit in the ADHD group. 

However, as seen in the present study, the differences in measures may be due to speed and not 

inhibition. Therefore, the conclusions of an inhibitory deficit may be incorrect.  

    

8.5   Conclusion 

 Dempster’s thesis that developmental changes in inhibitory ability underpin developmental 

changes in intelligence is supported by two inhibitory measures in the present study: the 

antisaccade error rate and the Stop Signal RT for compatible trials. However, these measures only 

account for a small amount of variance in intelligence scores. The majority of variance is assumed to 

be accounted for by processes other than inhibition. Developmental changes in the resistance to 

interference measures (spatial Stroop and Simon tasks) and the antisaccade difference score appear 

to be developmental changes in speed rather than in inhibitory ability. The importance of 

controlling for individual and group differences in speed when examining developmental changes is 

highlighted by these findings. The different inhibitory measures did not correlate with each other in 

any identifiable pattern.  This may have been due to a real lack of relationship between the 

inhibitory measures, different rates of maturity on the tasks, or the low to moderate internal 

consistency of the measures. 
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