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Abstract 

Background 

The prefrontal cortex is considered vulnerable to early and rapid age-related 

decline, however research has yet to clarify how normal ageing differentially impacts 

upon the sub-regions of the prefrontal cortex.  The purpose of the current research 

was therefore to investigate age-related change within two prefrontal sub-regions, 

namely the dorsolateral and orbitofrontal cortices, in an attempt to further refine the 

frontal lobe hypothesis of cognitive ageing.  Previous research claims that reversal 

learning is a common function associated with the orbitofrontal cortex, while 

increasing memory load relies heavily upon dorsolateral functioning.                     

 

Methods and results 

A delayed-response paradigm was therefore modified to independently assess 

purported functioning within the orbitofrontal and dorsolateral regions, by 

manipulating the frequency of rule reversal and the memory load demand, 

respectively.  The basic task procedure involved the presentation of a rule (“match” or 

“non-match”) followed by a memory set to be maintained across a retention interval.  

A pair of items was then presented and participants decided which item matched (or 

did not match) one of the items in the memory set.  Three task conditions were 

created: a baseline condition (low memory load/low reversal); a high memory load 

condition (high memory load/low reversal); and a high reversal condition (low 

memory load/high reversal).     

The aim of Study 1 was to compare the difficulty of the high memory load and 

high reversal conditions, relative to the baseline task, in a group of younger 

participants (N = 24).  Compared to the baseline condition, performance was 

significantly less accurate and slower for the high memory load and high reversal 
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conditions.  Increasing memory load and rule reversal demands therefore similarly 

affected task difficulty, with each experienced as more difficult than the baseline 

condition.   

Previous research suggests that older adults perform more poorly than their 

younger counterparts on delayed-response tasks.  It was therefore necessary to equate 

performance on the baseline task between age groups, so that task difficulty could not 

be confounded with actual age differences on the high memory load and high reversal 

conditions.  In Study 2, the length of the retention interval between memory and test 

items was varied in a group of younger participants (N = 24), and performance 

became slower and less accurate with each incremental increase in the length of 

retention.  Varying the length of the retention period therefore offered a potential 

means of manipulating task difficulty that could be applied in subsequent studies 

comparing older and younger participants.   

   In Study 3, event-related potentials (ERPs) were used to determine indices for 

each cognitive function, as well as underlying neural generators, in a group of 

younger participants (N = 24).  Increasing reversal frequency elicited greater 

positivity 252-700 ms following rule presentation, localised within the orbitofrontal 

and occipital cortices.  In contrast, increased positivity (624-2888 ms) was associated 

with greater memory load demands following memory item presentation, and was 

generated within the dorsolateral and temporal cortices.  These results suggested that 

increasing reversal frequency offered a valid means of recruiting the orbitofrontal 

cortex, while increasing memory load demands successfully engaged the dorsolateral 

region.     

The aim of Study 4 was to investigate the effect of ageing on dorsolateral and 

orbitofrontal functioning, by examining behavioural and ERP performance in a group 

of older (n = 48) and younger (n= 24) participants under high memory load and high 
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reversal demands, respectively.  Within the older group, individuals were identified as 

scoring above (Non-Declining group) or below (Declining group) expected on a 

measure of fluid intelligence, with reference to their scores on a measure of 

crystallised intelligence.  Accuracy was similar between age groups during the high 

reversal condition, and similar reversal-related positivity (300-600 ms following rule 

presentation) was observed for the two age groups.  For both groups, reversal-related 

positivity was localised within the orbitofrontal cortex.  On the other hand, age-

related behavioural impairment emerged during the high memory load condition, 

limited to the Declining group.  In both the older and younger groups, greater 

positivity (1024-2124 ms following memory item presentation) was elicited for the 

high, relative to the low, memory load condition.  This memory-related positivity was 

larger for the older, relative to the younger, group at parietal sites only, and did not 

differentiate between the Declining and Non-Declining groups.  Older and younger 

participants recruited the dorsolateral and parietal cortices during the high memory 

load condition.  During this condition, the Non-Declining group relied upon more 

widespread scalp-recorded activity, possibly reflecting successful compensatory 

reorganisation.  Those in the Declining group failed to recruit this broader network, 

suggesting that processing inefficiencies may have contributed to the observed 

performance decrements.   

 

Conclusions 

Overall, the results further clarify the frontal lobe hypothesis of cognitive 

ageing, suggesting that tasks associated with dorsolateral functioning are more 

sensitive to normal ageing, relative to those associated with the orbitofrontal cortex.   
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Chapter 1 

Introduction to the ageing process and the frontal lobe hypothesis 

 

The process of ageing 

According to the life-span perspective (Baltes, 1987), ontogenesis is a 

continuous process, with ageing constituting both developmental growth and decline.  

The ageing process is also highly variable, with individuals experiencing change at 

different rates and to varying degrees (Daffner et al., 2005; Deary, Starr & 

MacLennan, 1998; MacLullich et al., 2002; Perfect, 1997).  In delineating the concept 

of ageing, Cavanaugh (1999) suggests three major processes.  Primary ageing is 

considered as encompassing normal, disease-free development which continues 

through middle adulthood and late adulthood.  Secondary ageing, on the other hand, 

refers more specifically to changes related to disease and environmental influences, 

while tertiary aging involves rapid loss that occurs shortly prior to death.   

 

Organisation of this thesis 

The focus of the current series of studies was primary ageing, and changes 

typically experienced during this process are discussed in this chapter, including 

effects on physical, sensory, neurological and cognitive functioning.  Various theories 

have been presented to explain how ageing results in such changes.  In particular, the 

present studies were concerned with how normal ageing impacts on neurological and 

cognitive functioning, and some of the prominent theories of cognitive ageing are 

summarised in this chapter.  Of particular relevance is the “frontal lobe hypothesis” of 

cognitive ageing, which proposes that the frontal lobe is affected more markedly by 

the ageing process than other cortical regions (Friedman, 2000; Lövdén, Li, Shing & 

Lindenberger, 2007; Nordahl et al., 2006; Parkin & Walter, 1991; West, 1996, 2000; 
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Woodruff-Pak & Papka, 1999).  A caveat of this theory, however, is the view of the 

prefrontal cortex as a homogeneous construct, with little consideration of how ageing 

differentially impacts upon the various prefrontal sub-regions.  Controversy currently 

prevails as to how two particular sub-regions of the prefrontal cortex, namely the 

dorsolateral and orbitofrontal regions, are affected by normal ageing.   

Chapter 2 provides a review of the literature outlining age-related structural and 

functional change within the dorsolateral and orbitofrontal regions.  However, as 

discussed in Chapter 2, there is evidence in support of each position, as well as a 

number of limitations affecting the validity of these findings.  A major aim of the 

current studies was to extend some clarification to this debate by comparing the 

effects of normal ageing upon memory load processing and reversal learning, 

functions typically associated with dorsolateral and orbitofrontal functioning, 

respectively.  Studies exploring the importance of the dorsolateral region for 

processing increasing memory load demands are reviewed in Chapter 3, as well as 

studies examining the relationship between reversal learning and orbitofrontal 

functioning.  Chapters 4 to 7 report a series of experiments designed to investigate the 

effects of ageing on memory load and reversal processes, using both behavioural 

performance and event-related potentials (ERPs) to compare older and younger 

samples.  The General Discussion (Chapter 8) provides a summary of the results 

obtained in this series, discussing their relevance for the frontal lobe hypothesis of 

cognitive ageing, and more specifically how this theory can be refined to reflect 

differential age-related effects within the dorsolateral and orbitofrontal cortices.          

 

Physical and sensory changes associated with normal ageing 

Changes in appearance, mobility and sensory acuity are common among the 

older population.  The risk of physical illness also tends to increase with advancing 
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age, however a large number of older people adapt successfully to these physical 

changes and continue to rate their health positively (Australian Institute of Health and 

Welfare [AIHW], 2002).  Some of the physical changes generally associated with 

older age include thinning and greying of hair, and wrinkling of the skin (Maddox et 

al. 1995; Whitbourne, 1999, 2005).  Voice characteristics such as pitch and volume 

may also change with increasing age, due to reductions in the strength and elasticity 

of the laryngeal muscles (Cavanaugh & Blanchard-Fields, 2006; Maddox et al., 

1995).  With advancing age, a reduction in body muscle and bone is also observed, 

contributing to a loss in weight and height, as well as limitations on mobility (Sirven 

& Mancall, 2002; Whitbourne, 1999, 2005).  Research suggests that gait becomes less 

efficient with increasing age, as older adults experience poor postural control and 

require more time to regain stability with each step (Newell, Vaillancourt & Sosnoff, 

2006).  Each of these factors may independently, or together, result in slower reaction 

time (RT; Sirven & Mancall, 2002) and limit the degree to which the older person can 

effectively move around in their environment and engage in physical activity.  The 

ability of the heart to pump blood may also be hindered during normal ageing due to 

stiffening of the heart muscle, hardening of arteries, and accumulation of fat deposits 

(Whitbourne, 1999, 2005).  Lung capacity can also be reduced, resulting in 

breathlessness and difficulty engaging in physical exercise (Cavanaugh & Blanchard-

Fields, 2006).   

Ageing is also associated with various changes in visual and auditory processing 

that can impair effective responding to environmental stimuli.  With regard to visual 

processing, older adults may experience a decline in photoreceptors, as well as 

detachment of the vitreous from the retina (Schieber, 2006; Whitbourne, 1999).  The 

lens may lose elasticity with increasing age, contributing to a reduction in 

accommodative power (presbyopia; Schieber, 2006) and visual acuity.  These effects 
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culminate in poor visual acuity for the older individual (Grady et al., 1998) who often 

experience greater difficulty adapting to changes in illumination and focus.  Older 

adults may be at risk of ocular pathology, such as cataract, maculopathy and 

glaucoma, all of which can result in visual impairment (Schieber, 2006).  Age-related 

hearing loss (presbycusis) is a significant contributor to disease burden (AIHW, 2002) 

and results in reduced sensitivity to high frequency tones and poor speech 

discrimination (Levy, Slade & Gill, 2006; Sirven & Mancall, 2002).  Normal ageing 

therefore involves various physical and sensory changes which can increase the risk 

of disease or disability.  Nevertheless, as suggested by Baltes and Baltes (1990), 

optimal ageing can occur when the older person avoids risk factors and environmental 

influences that exacerbate the ageing process and instead reinforce facets of 

recognised health.   

 

Neurological changes associated with normal ageing 

Age-related structural and functional changes within specific cortical regions 

are further discussed below.  Generally, however, increasing age is associated with a 

decline in the weight and volume of the brain (Good et al., 2001; Kemper, 1994; 

McNamara, Liu, Jandacek, Rider & Tso, 2008; Raz et al., 2004; Sirven & Mancall, 

2002; Zamarian, Sinz, Bonatti, Gamboz & Delazer, 2008).  Volumetric loss is 

considered to result from cell shrinkage, synaptic loss, and declining white matter 

integrity (Greenwood, 2007; Hollander, Morales, Kanamalla, Flanders & Boyko, 

2002; but see Good et al., 2001).  Increased age is also correlated with enlarged 

ventricles and cortical sulci (Hollander et al., 2002; Kemper, 1994; Kochunov et al., 

2005; Raz et al., 1993).  Concomitant increases are recorded for cerebral spinal fluid 

which fills expanding cortical sulci, as well increased skull size and thickness (Good 

et al., 2001; Hollander et al., 2002; Kochunov et al., 2005; Raz et al., 2004).  
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Neuronal loss is frequently observed in cortical grey matter (Good et al., 2001; 

Zamarian et al., 2008; Zarahn, Rakitin, Abela, Flynn & Stern, 2007), particularly 

within the frontal and superior temporal regions, as well as the prefrontal cortex 

(Hollander et al., 2002).  Other cross-sectional studies (Jernigan et al., 2001) have 

recorded greater white matter loss (26%) than grey matter loss (14%) across the 

lifespan.  A reduction in glucose metabolism is also observed with advancing age, 

particularly within the frontal, temporal, parietal and somatosensory regions 

(Hollander et al., 2002).  Age-related changes also pertain to neurotransmitters such 

as dopamine (Zamarian et al., 2008), particularly within the substantia nigra-basal 

ganglia pathway, and acetylcholine in the hippocampus (Sirven & Mancall, 2002; 

Whitbourne, 1999).            

Investigations of change within the autonomic nervous system suggest age-

related decline in various regulatory functions.  As a result, older adults may 

experience difficulty regulating heart and vascular functions, as well as poor pupil 

reactivity, impaired temperature regulation and altered sleep-wake cycles (Freimer & 

Cornblath, 1994; Sirven & Mancall, 2002; Whitbourne, 1999).  Such changes may 

result from gradual cellular loss within the descending sympathetic pathway (Freimer 

& Cornblath, 1994). 

 

Cognitive changes associated with normal ageing 

Older adults demonstrate decline in various aspects of cognition, while other 

functions may remain relatively intact (Thornton & Raz, 2006).  Fluid intelligence, 

conceptualised as those learning processes needed for novel verbal and nonverbal 

reasoning tasks (Dixon & Hultsch, 1999; Raz et al., 1993), demonstrates a well-

documented decline with increasing age (Deary et al., 1998; Salthouse, 1999; Sawrie, 

Marson, Boothe & Harrell, 1999; Schaie & Zanjani, 2006).  For example, Raven’s 
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Standard Progressive Matrices (RSPM) is a test of nonverbal reasoning, for which 

older adults typically demonstrate impairment compared to younger individuals 

(Babcock, 1994, 2002; Deary et al., 1998; Salthouse, 1993).  In contrast, crystallised 

intelligence is considered to be relatively resilient to the ageing process, and may 

even increase into late adulthood (Deary et al., 1998; Dixon & Hultsch, 1999; 

Salthouse, 1999; Schaie & Zanjani, 2006).  Crystallised intelligence refers to general 

knowledge and skills thought to accumulate with life and cultural experiences, such 

as reading and comprehension (Dixon & Hultsch, 1999; Raz et al., 1993).  These 

broad domains of cognitive intelligence therefore highlight the propensity for both 

growth and decline with advancing age.   

Compared to younger individuals, older adults are slower to process 

information, with subsequent increases in RT (Bucur et al., 2008; Elderkin-

Thompson, Ballmaier, Hellemann, Pham & Kumar, 2008; Schaie & Zanjani, 2006; 

Sirven & Mancall, 2002).  Rabbitt et al. (2008) claim that white matter lesions and 

global volumetric loss contribute to impairments across various cognitive domains, 

particularly speed of information processing.  Older adults also demonstrate decline 

in other cognitive abilities such as visuospatial orientation and memory (Bosco & 

Coluccia, 2003).  As further discussed below, older adults typically perform more 

poorly than younger adults on various tests of executive functioning, such as the 

Wisconsin Card Sorting Test (WCST) and verbal fluency (Ettenhofer, Hambrick & 

Abeles, 2006; Parkin & Walter, 1991).     

Age-related differences are also reported for various aspects of memory 

functioning.  Performance by younger adults is generally superior to that of older 

adults on tests of working memory (Albert, 1994; Zamarian et al., 2008), particularly 

with increased cognitive loading (Mattay et al., 2006).  Increasing age is associated 

with declining episodic recall, and less consistently with poor recognition (Grady et 
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al., 1998; Perfect, 1997; Rabbitt et al., 2008).  Older adults tend to adopt less 

elaborate encoding strategies than younger adults, which may contribute to the 

observed memory difficulties (Friedman, 2000).  For tests of episodic recognition, 

older adults also tend to rely more upon judgments of familiarity rather than 

recollective experience per se (Friedman, 2000; Perfect, 1997).  Age-related decline 

also pertains to source memory performance, whereby the context in which a target 

was presented must be recalled (Friedman & Trott, 2000; Perfect, 1997; Swick, 

Senkfor & Van Petten, 2006).  On the other hand, normal ageing impacts minimally 

on implicit memory processes (Stine-Morrow & Miller, 1999).  In tests of prospective 

memory, assessing one’s ability to remember to perform a task in the future, older 

adults demonstrate impairment when a response must be self-initiated (time-based), 

but not when cues are included that serve as a reminder of the task itself (Stine-

Morrow & Miller, 1999).  Semantic memory involving language comprehension and 

general knowledge also remains intact with increasing age (Bucur et al., 2008).  Other 

aspects of semantic memory, such as word-finding ability, are more sensitive to the 

ageing process (Wierenga et al., 2008).  Finally, older adults are capable of recalling 

knowledge and facts from autobiographical memory, but are less able to access 

constituent temporal and spatial details (Levine, 2004).       

 

Theories of cognitive ageing 

Various theories have been proposed in an attempt to explain the typical 

cognitive profile exhibited by older adults, four of which will be briefly elaborated 

upon here.  The resources view initially proposed by Craik (1983) suggests that 

attentional resources necessary for cognitive performance are restricted in capacity.  

Age-related neuronal loss further depletes processing capacity, which limits the 

cognitive resources available for task performance (Brébion, Smith & Ehrlich, 1997; 
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Cabeza, 2002; Craik, 1983; Lindenberger et al., 2008; Stine-Morrow & Miller, 1999).  

Decreased cognitive capacity may account for performance decline in divided 

attention tasks for younger adults, which is similar to performance by older adults 

under full-attention conditions (Craik, 1983).  A competing, though not necessarily 

opposing, theory is that older people experience a general slowing in processing 

speed which impairs performance on cognitive tasks (Salthouse & Fristoe, 1995; 

Salthouse & Meinz, 1995; Salthouse & Miles, 2002).  Hasher and colleagues 

alternatively argue that age-related cognitive decline stems from deficiencies in 

inhibitory control (Hasher, Quig & May, 1997; Hasher & Zacks, 1988).  As a result, 

goal-irrelevant information infiltrates cognitive processes, such as working memory, 

as extraneous noise that exhausts attentional resources and increases the propensity 

for inappropriate responses (Albert, 1994; Cabeza, 2002; Chao & Knight, 1997; 

Gazzaley, Sheridan, Cooney & D’Esposito, 2007; Hasher et al., 1997).  Using tasks 

such as implicit priming, studies have demonstrated that inhibitory processes are less 

efficient for older, relative to younger, individuals and may account for the observed 

discrepancies in cognitive performance (Hasher et al., 1997; Stine-Morrow & Miller, 

1999).  Another account of cognitive ageing, pivotal to the current series of studies, is 

the frontal lobe hypothesis, which is outlined in further detail below.                   

 

Frontal lobe hypothesis 

The prefrontal region of the brain is generally considered a site vulnerable to 

age-related structural and functional change.  Indeed, studies have suggested that 

normal ageing impacts most markedly upon the prefrontal cortex, relative to other 

cortical regions (Friedman, 2000; Lövdén et al., 2007; Nordahl et al., 2006; Parkin & 

Walter, 1991; Woodruff-Pak & Papka, 1999).  Under this “frontal lobe hypothesis”, 

cognitive processes reliant upon the prefrontal cortex deteriorate earlier and to a 
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greater extent than those associated with other cortical regions (Denburg, Recknor, 

Bechara & Tranel, 2006; Perfect, 1997; West, 1996, 2000).  In line with this position, 

older adults are often impaired in performance associated with prefrontal functioning, 

including working memory, attention, behavioral inhibition and executive functioning 

(Bucur et al., 2008; Nordahl et al., 2006; Parkin & Java, 1999; Parkin & Walter, 

1991; Salat, Kaye & Janowsky, 1999; Woodruff-Pak & Papka, 1999; Zamarian et al., 

2008).  As a result, older adults, relative to their younger counterparts, demonstrate 

difficulties on a variety of tasks thought to differentially draw upon various executive 

processes, including the Self-Ordered Pointing Task (SOPT; West, Ergis, Winocur & 

Saint-Cyr, 1998), WCST (Friedman, 2000; Nordahl et al., 2006; Parkin & Java, 1999; 

Parkin & Walter, 1991; Rhodes, 2004), Trail Making Test (Parkin & Java, 1999), and 

reading and computation span tasks (Fisk & Sharp, 2004).  Others have also 

suggested that age-related decline in fluid intelligence and processing speed are the 

products of frontal lobe degeneration (Bucur et al., 2008; Cowell et al., 2007).  More 

specifically, Bucur and colleagues reported that white matter decline within the 

prefrontal cortex mediates the relationship between perceptual-motor slowing and 

increased RT in older adults.  Declines in frontal lobe integrity thus impact on the 

ability of the older person to successfully perform a range of cognitive tasks.     

Adding further to this frontal lobe hypothesis, imaging techniques have elicited 

replicable evidence of age-related neuroanatomical change within the prefrontal 

cortex.  With age, neurons in the prefrontal cortex have been shown to shrink in size, 

significantly reducing regional volume (Cowell et al., 2007; Haug & Eggers, 1991).  

Other studies have similarly demonstrated a breakdown in prefrontal grey matter 

specific to older subjects (Bartzokis et al., 2001; Raz et al., 1997), with a lower rate of 

decline observed for prefrontal white matter (Raz et al., 2004).  Measuring cortical 

grey matter over a five-year period (mean age = 51 years), Pfefferbaum, Sullivan, 
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Rosenbloom, Mathalon and Lim (1998) reported volume reduction predominantly in 

the prefrontal cortex with normal ageing.  Good et al. (2001) similarly reported 

greater loss of grey matter volume with increasing age (ranging from 17 to 79 years), 

within areas including the anterior cingulate, with relative loss of grey matter 

concentration observed within the left middle frontal gyrus.  A decline in white matter 

integrity was also recorded within frontal regions.  In contrast, grey matter volume 

within the thalami, amygdala, hippocampi, and entorhinal cortex, and white matter 

within the cerebellum and temporal region, were age-invariant (Good et al., 2001).  In 

a three-year longitudinal study of healthy older individuals using voxel-based 

morphometry, Tisserand et al. (2004) observed a general reduction in grey matter, but 

not white matter, throughout the brain, that was especially marked in the prefrontal 

cortex and temporal lobes.  The failure to observe age-related white matter loss, in 

contrast to studies such as Good et al., may in part be attributed to the lack of 

comparison with a younger control group.  As argued below, age-related white matter 

loss is gradual and then accelerates with further advancing age (≥ 85 years).  Across a 

three-year period, therefore, white matter loss may have been minimal in this group of 

participants with a mean age of approximately 72 years at follow-up.   

Similar to Good et al. (2001), other studies (Bartzokis et al., 2001; Piguet et al., 

2009; Salat, Kaye & Janowsky, 2001) have also demonstrated an age-related loss in 

prefrontal white matter volume.  Salat et al. (1999) reported that increased age was 

correlated with a progressive decline in both total volume and white matter volume of 

the prefrontal cortex, where the loss of prefrontal white matter in very old adults (≥ 

85 years) was significantly greater than that of grey matter loss.  In this study, the 

younger old group (mean age = 70.9 years) exhibited greater total prefrontal volume 

and greater prefrontal white matter volume, compared to the older old group (mean 

age = 90 years), with no significant group differences noted for grey matter volume.  
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Expanding on previous imaging analyses, Jernigan et al. (2001) used magnetic 

resonance imaging (MRI) to assess brain abnormality with increasing age (30-99 

years).  An age-related loss of grey matter volume was observed throughout the 

cerebral cortex, but was especially prominent within the frontal lobe relative to the 

parietal lobe and insular cortex. Throughout the brain, white matter loss exceeded that 

of grey matter loss after the age of 70 years, and white matter hyperintensity was 

particularly elevated within the frontal lobe (Jernigan et al., 2001).  Nordahl et al. 

(2006) also reported that white matter hyperintensities increase with normal ageing, 

and that such vascular abnormalities are most prominent within the frontal lobe.  

Nordahl et al. and others (Elderkin-Thompson et al., 2008; Ziegler et al., in press) 

argue that white matter hyperintensities impede upon frontal functioning and are 

related to poor executive performance in older populations.  Grey matter and total 

volume loss within the prefrontal cortex may therefore occur throughout old age, with 

studies suggesting that white matter loss tends to exceed grey matter loss in the very 

old (≥ 85 years) relative to the young old (60-75 years; Salat et al., 2005).  Taken 

together, the above results are indicative of age-related attrition within the prefrontal 

region as an overall cortical construct, lending considerable support to the frontal lobe 

hypothesis of cognitive ageing.       

 

Limitations of the frontal lobe hypothesis 

As discussed above, standard conceptualisations of the frontal lobe hypothesis 

posit normal age-dependent deterioration or atrophy of the prefrontal cortex (Parkin 

& Java, 1999).  However, recent advances in the neurocognitive ageing literature 

suggest that the older brain is capable of plasticity that may preserve cognitive 

performance in various domains.  The functional plasticity of ageing hypothesis 

suggests that progressive age-related decline can be mitigated by the reorganisation of 
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processing networks (Beason-Held, Kraut & Resnick, 2008a; Beason-Held, Kraut & 

Resnick, 2008b; Cabeza, 2002; Greenwood, 2007; Zarahn et al., 2007).  More 

specifically, the effects of neuroplasticity have been exhibited within the prefrontal 

cortex (Cowell et al., 2007), detracting from the frontal lobe hypothesis as it currently 

stands (Swick et al., 2006).  Reviewing the literature in this field, Reuter-Lorenz 

(2002) cites a number of examples where age-related performance detriments are 

indeed related to lowered activation in associated frontal regions.  However, this 

decline is only one pattern by which age affects the prefrontal cortex.  Older adults 

may compensate for cognitive decline by recruiting different, or additional, brain 

regions to their younger counterparts, and ultimately achieve comparable 

performance (Ferrandez & Pouthas, 2001; Friedman, 2003; Grady, 2000; Reuter-

Lorenz, 2002; Stern, Scarmeas & Habeck, 2004).  Older adults may also demonstrate 

enhanced activation in regions similarly engaged by younger individuals (Paxton, 

Barch, Racine & Braver, 2008), and in those areas susceptible to age-related atrophy 

(Greenwood, 2007).  Activity is typically more focused in younger adults but 

becomes more broadly distributed for older adults performing equivalent tasks (Fjell, 

Walhovd, Fischl & Reinvang, 2007; McDowell, Kerick, Santa Maria & Hatfield, 

2003; Nielsen-Bohlman & Knight, 1995; Reuter-Lorenz, 2002).  One example of this 

is hemispheric asymmetry reduction in older adults (HAROLD; Cabeza, 2001, 2002), 

a model that suggests brain activity is more bilateral for older adults during tasks 

demonstrating asymmetrical activation in younger individuals.  Asymmetry is 

considered to reflect the degree of specialisation within the cortex, suggesting that the 

older brain is in turn less efficient (Raz et al., 1993).  Bilateral activation may be 

required by older individuals to maintain performance under such deleterious 

circumstances (Cabeza, 2002).           
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Greenwood (2007) suggests that atrophy within the cortex, particularly the 

prefrontal region, may correspond with greater activation, as well as the recruitment 

of additional brain regions.  Another explanation for the compensatory-recruitment 

result is the notion that older adults encounter increased difficulty during task 

performance, and therefore require additional processes and thus increased activity 

(Reuter-Lorenz, 2002).  Additional brain activation in older adults may also be 

explained by the process of dedifferentiation, suggesting that specialisation of 

function within the cortex becomes more diffuse with age (Cabeza, 2002; 

Greenwood, 2007; Reuter-Lorenz, 2002) and performance declines as a result 

(Zarahn et al., 2007).  Evidence to support the dedifferentiation theory arises from 

increasing correlations among performances for various cognitive tasks with 

advancing age (Cabeza, 2001; Reuter-Lorenz, 2002).  An alternative interpretation of 

HAROLD also illustrates the process of dedifferentiation as an inability to engage 

specialised cortical areas (Cabeza, 2001, 2002; Reuter-Lorenz, 2002).  Compensation 

and dedifferentiation are not necessarily mutually opposed, however, as 

compensatory recruitment of brain regions may serve to ameliorate the effect of 

dedifferentiation or vice versa (Cabeza, 2001; Reuter-Lorenz, 2002).  Differential 

brain activation in older adults can therefore have various implications for cognitive 

performance.  Not only is there the risk of performance detriment, but compensatory 

efforts within the cortex may allow older adults to maintain equivalent performance 

to, and if not outperform, their younger counterparts.   

Environmental supports, such as prompting more elaborate memory encoding, 

can increase prefrontal activation in older individuals (Cabeza, 2002; Greenwood, 

2007; Reuter-Lorenz, 2002).  Studies also suggest that cognitive training can improve 

neural efficiency, demonstrating the potential for brain plasticity across the lifespan 

(Forstmeier & Maercker, 2008; Greenwood, 2007).  The cognitive reserve hypothesis 
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suggests that individual variability in cognitive decline may be moderated by 

motivational factors and lifetime influences, such as premorbid intelligence, brain 

volume, physical health, educational attainment and socio-economic status 

(Forstmeier & Maercker, 2008; Friedman, 2003; MacLullich et al., 2002; Scarmeas et 

al., 2003).  Tucker-Drob, Johnson, and Jones (2009) have recently argued that 

cognitive reserve is indicative of lifelong differences in cognitive aptitude, rather than 

serving as a protective mechanism against decline in later life.  Older adults may also 

prioritise task demands differently to younger adults or employ different cognitive 

processes (Brébion et al., 1997; Cabeza, 2002; Greenwood, 2007), such as 

emphasising accuracy of performance to the detriment of speed (i.e. adopting a 

conservative speed-accuracy tradeoff; Brébion et al., 1997).  Such compensatory 

strategies may counteract the detrimental effects of ageing (Reuter-Lorenz, 2002).  

The potential for cortical plasticity and compensation have not been considered in 

previous, over-simplified theories of age-related atrophy within the prefrontal cortex.  

Although frontal lobe disintegration may occur, future demarcations of the frontal 

theory of ageing must incorporate the potential for plasticity and compensation within 

the prefrontal cortex. 

Another limitation of the frontal lobe hypothesis is the somewhat generalised 

approach to describing change within the prefrontal cortex.  Indeed, the prefrontal 

region is now recognised as anatomically and functionally heterogeneous (Fuster, 

1995, 1997; Petrides, Alivisatos & Frey, 2002; Ragozzino, Wilcox, Raso & Kesner, 

1999), a finding that has been overlooked in previous delineations of the frontal lobe 

hypothesis.  The prefrontal cortex consists of a number of discrete sub-regions, 

defined generally as the dorsolateral prefrontal cortex, anterior cingulate cortex, and 

orbitofrontal cortex (Convit et al., 2001; Happaney, Zelazo & Stuss, 2004; Rajah & 

D’Esposito, 2005; Tisserand & Jolles, 2003).  The current series of studies focused 
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upon the effects of normal ageing within the dorsolateral and orbitofrontal cortices 

due to the growing interest in age differences within these discrete regions.  The 

dorsolateral region includes Brodmann areas (BA) 9 and 46 (Fuster, 2000; Hillary, 

Genova, Chiaravalloti, Rypma & DeLuca, 2006; see Fuster [2000] for a diagrammatic 

representation of these areas), and can be further divided into the superior and middle 

frontal gyri (Convit et al., 2001; Hillary et al., 2006).  Processes typically associated 

with the dorsolateral cortex include working memory and attention (Thornton & Raz, 

2006).  On the other hand, the orbitofrontal cortex is involved in inhibition, 

generativity, stimulus-reward learning, social and emotional decision-making, and 

reversal learning (Elderkin-Thompson et al., 2008; Weiler, Bellebaum & Daum, 

2008).  It is generally considered to comprise the ventral surface of the prefrontal 

cortex, including the rectus gyrus and orbital gyri, defined as BA 10, 11, 12, 13, 14 

and 47 (Denburg et al., 2007; Elliott, Dolan & Frith, 2000; Kringelbach & Rolls, 

2004; Mitchell et al., 2006; Tisserand et al., 2002; see Kringelbach [2005] for a 

diagrammatic representation of these areas).  Following from this stems the 

possibility that normal ageing impacts these two prefrontal sub-regions differently 

(Denburg et al., 2006; MacPherson, Phillips & Della Sala, 2002; Rajah & D’Esposito, 

2005; Tisserand & Jolles, 2003; West, 2000).   

Research is now beginning to move in this direction, by examining age-related 

change more specifically within the prefrontal cortex.  However, as it is still in its 

infancy, such research has yet to clarify whether each prefrontal region is 

differentially affected by normal ageing.  In particular, independent studies have 

reported age-related structural and functional change within both the orbitofrontal and 

dorsolateral cortices.  Such findings have led to the emergence of two disparate view 

points regarding the neural substrate of cognitive ageing, where some view this 

phenomenon as the result of predominant impairment of the dorsolateral cortex 
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(MacPherson et al., 2002; Phillips & Della Sala, 1998; Phillips, MacPherson & Della 

Sala, 2002) and others see it as the result of orbitofrontal dysfunction (Lamar, 

Yousem & Resnick, 2004; Resnick, Pham, Kraut, Zonderman & Davatzikos, 2003).  

The current literature pertaining to each stance is reviewed in the following chapter.  

A major aim of the present studies was to compare how normal ageing impacts 

functioning upon tasks purported to involve the dorsolateral and orbitofrontal regions.       
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Chapter 2 

The effects of normal ageing within the dorsolateral and orbitofrontal regions 

 

Age-related change in the dorsolateral prefrontal cortex 

Recent findings suggest structural decline in the dorsolateral prefrontal cortex 

with age, as well as corresponding performance deficits on related tasks.  Such 

findings have prompted the development of a relatively novel position within the 

cognitive ageing field; one that argues for selective impairment in functions 

subserved by the dorsolateral prefrontal cortex.  Rather than appealing to general 

frontal lobe decline, this position argues that cognitive ageing is the outcome of 

impairment specific to the dorsolateral region (Phillips & Della Sala, 1998).  

Moreover, this dorsolateral decline is considered more prominent than that of the 

orbitofrontal region (Phillips et al., 2002).   

This position has emerged partly from accumulating reports of prominent age-

related volumetric loss within the dorsolateral prefrontal cortex (Raz, 1996).  Raz et 

al. (2004) performed volumetric image analysis throughout the brain in a sample of 

adults ranging in age from 29 to 64 years.  Findings revealed greater age-related 

decline in the volume of the dorsolateral prefrontal cortex relative to other regions, 

including the orbitofrontal, inferior parietal lobule and visual cortex (Raz et al., 

2004).  In a study by Tisserand et al. (2004), MRI scans were compared between 

older individuals considered as cognitive “decliners” or “non-decliners” based on 

comparative cognitive assessment obtained three years earlier.  At follow-up, results 

for the non-decliner group suggested that increasing age was associated with 

significant loss in grey matter density within various prefrontal regions, including left 

dorsolateral prefrontal cortex.  Compared with the non-decliner group, however, the 

decliner group showed comparably greater loss in the right dorsolateral prefrontal 
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region (Tisserand et al., 2004).  Age-related loss therefore appears more extensive 

within the dorsolateral region, particularly in those healthy individuals demonstrating 

cognitive decline.      

Comparing positron emission tomography (PET) scans across age groups, 

Garraux et al. (1999) reported reduced metabolism in prefrontal areas including 

anterior cingulate cortex and dorsolateral prefrontal cortex in healthy older (47-75 

years) relative to younger (19-28 years) adults.  Comparing young (mean age = 27.5 

years) and old (mean age = 67.6 years) male subjects, De Santi et al. (1995) observed 

a significant decrease in resting glucose metabolism within the frontal and temporal 

regions of the older group, where the relationship with age was stronger for the 

frontal relative to the temporal region.  Examining the association between age and 

specific prefrontal regions, age accounted for significantly more variance in 

dorsolateral metabolism compared with orbitofrontal metabolism (De Santi, et al., 

1995).  This study therefore suggests an increased rate of metabolic reduction within 

dorsolateral prefrontal cortex with age, when compared to other prefrontal regions.  A 

more recent PET study by Pardo et al. (2007) reported a significant decline in glucose 

uptake within the anterior cingulate/medial prefrontal gyrus (including BA 9), 

dorsomedial thalamus, and subgenual cingulate cortex/basal forebrain with increasing 

age (18 to 90 years).  Decreased glucose uptake in these regions correlated with 

poorer performance for verbal fluency and neuropsychological assessment based on 

the Minnesota Cognitive Acuity Screen.  Age-related metabolic decline or atrophy, as 

indexed by reduced glucose uptake, therefore occurs within regions such as the 

dorsolateral prefrontal cortex (BA 9), and is associated with poorer cognitive 

performance for certain tasks (Pardo et al., 2007).           

Given the results of imaging studies to date, it is expected that such neurological 

changes would be associated with concurrent impairment in functions associated with 
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dorsolateral prefrontal cortex.  For instance, Esposito, Kirkby, Van Horn, Ellmore and 

Berman (1999) measured regional cerebral blood flow in older and younger subjects 

performing the WCST, a task commonly shown to involve the dorsolateral cortex.  

During the WCST, compared to a control task, younger adults exhibited greater 

activation within various regions including the dorsolateral prefrontal cortex, inferior 

parietal lobe, anterior cingulate cortex, and inferolateral temporal and occipital 

cortices.  For the older group, however, increasing age was predictive of reduced 

activation in the dorsolateral cortex, and was also related to poorer behavioural 

performance on this task.  Compared to the control task, increased WCST-related 

activity was also reported within the mesial and lateral polar prefrontal cortex, cuneus 

and parahippocampal gyrus for the older group, with the younger group in contrast 

exhibiting no activation, or decreased activity, within these same regions.  In line with 

the dorsolateral position, poor cognitive performance by older adults was therefore 

associated with reduced activity in this region.  These results also suggest the 

potential for older adults to recruit additional activation throughout the cortex, 

perhaps in an attempt to compensate for decline in those regions typically employed 

by younger adults for optimal task performance (Esposito et al., 1999).     

Phillips and Della Sala (1998) claim that the dorsolateral prefrontal cortex is 

involved in the regulation of working memory and executive function, while the 

orbitofrontal region is supposedly associated with emotional and social behaviour.  In 

their review, these authors conclude that tasks involving dorsolateral contributions are 

most strongly affected by age, while the abovementioned orbitofrontal behaviours 

remain relatively intact (Phillips & Della Sala, 1998).  Phillips et al. (2002) further 

review the evidence for dorsolateral and orbitofrontal involvement across a number of 

classic neuropsychological tasks, suggesting predominant dorsolateral involvement in 

the WCST, SOPT and delayed-response task, and citing previous research to support 
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an age-related decline on such tasks.  Alternatively, tasks claimed to involve 

orbitofrontal regions, including variations of the Gambling Task, Emotion 

Identification Task and Faux Pas test of theory of mind, have been reported in the 

literature to be less sensitive to the ageing process (Phillips et al., 2002).  Performance 

across three age groups (20-38 years; 40-59 years; 61-80 years) was compared on 

each of these six tasks and results are reported by Phillips et al. (2002) and 

MacPherson et al. (2002).  Older adults performed significantly worse than younger 

adults on all three tasks measuring dorsolateral function, even after controlling for 

memory performance considered to rely upon medial temporal regions (MacPherson 

et al., 2002; Phillips et al., 2002).  Conversely, minimal age effects were reported on 

tasks relying on orbitofrontal regions, with a significant effect initially noted on the 

Emotion Identification Task, but this result failed to reach statistical significance once 

memory was controlled (MacPherson et al., 2002; Phillips et al., 2002).  These results 

evince specific dysfunction within the dorsolateral prefrontal cortex relative to areas 

encompassing the orbitofrontal cortex.  Also comparing older and younger adults on 

the SOPT, West et al. (1998) reported more errors, particularly of a monitoring and 

perseverative nature, in older adults relative to young adults, where errors increased 

with set size.  Thus, in line with recent suggestions, there exists a considerable 

amount of both neuroimaging and neuropsychological evidence to support a 

dorsolateral prefrontal theory of cognitive ageing.    

Although there is support for a general decline in dorsolateral function with age, 

the tenacity of this hypothesis is compromised by new findings of preserved, or even 

elevated, performance on tasks purported to involve this region into late adulthood.  It 

is therefore imperative that the nature of “change” within the dorsolateral region be 

explored in future, rather than simply concluding that age is associated with 

impairment per se.  One possible approach to conceptualising change within the 
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dorsolateral cortex can be derived from Reuter-Lorenz (2002) who summarises 

accumulating reports of age-related compensation and/or dedifferentiation generally 

within the prefrontal cortex (see Chapter 1).  To illustrate, PET recordings have been 

obtained while younger and older adults perform a delayed matching-to-sample task 

where the delay interval was varied between 1 and 21 seconds (Grady et al., 1998).  

Across all conditions assessing memory for face stimuli, older adults responded 

slower and less accurately than their young counterparts (Grady et al., 1998).  

Comparing averaged regional cerebral blood flow (rCBF) during all memory 

conditions to all control conditions, rCBF was greater in the right ventrolateral 

prefrontal cortex (BA 45) for younger, compared to older, adults, but greater in the 

left dorsolateral and ventrolateral (BA 9/45) prefrontal cortex for older, compared to 

younger, adults (Grady et al., 1998).  Increased dorsolateral activity was associated 

with longer RT for older adults, but shorter RT for younger adults.  In contrast to 

other studies, these results suggest that older adults exhibit increased dorsolateral 

activity during memory for face stimuli, which is predictive of poor performance on 

this task.  Increased age-related dorsolateral activity may be indicative of less 

efficient processing within this region, given its association with poor behavioural 

output by older participants.  Older adults may have relied on more elaborate 

monitoring and attentional processes, thus recruiting greater brain activation, in an 

attempt to compensate for concomitant prefrontal decline (Grady et al., 1998).  In 

addition to age-related functional and structural decline, therefore, the older brain 

may also exhibit increases in cortical activity in an attempt to compensate for such 

changes (Reuter-Lorenz, 2002).  In the study by Grady et al., such compensatory 

attempts proved futile for successful task performance and may verify the extent of 

decline within inherent brain regions, including the dorsolateral prefrontal cortex.     
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 A review by Rajah and D’Esposito (2005) identified a series of imaging studies 

comparing age differences in ventrolateral, dorsolateral and anterior prefrontal cortex 

during working memory and episodic memory tasks.  Although changes in brain 

activation are typically associated with poorer behavioural performance by older 

adults relative to younger adults, Rajah and D’Esposito (2005) claimed that 

differential brain activation can also be observed across groups even in the absence of 

behavioural differences.  In particular, they were interested in three possible 

mechanisms underlying age-related loss of hemispheric specialisation within these 

specific prefrontal regions: cortical decline, functional compensation, and 

dedifferentiation of function.  Regarding working memory performance, studies 

generally reported an increase in dorsal activation, and a general decline in ventral 

activity, in older adults compared to younger adults.  Activity in left ventral prefrontal 

cortex tended to decrease during episodic encoding in older adults, relative to younger 

adults, but increased in older adults compared to younger adults during episodic 

retrieval.  Rajah and D’Esposito (2005) suggested that this differential pattern of age-

related change cannot be interpreted as functional decline within the ventral region, as 

behavioural performance was maintained, but may instead reflect dedifferentiation of 

task activity throughout the brain.  Relative to younger adults, studies examining 

episodic encoding and retrieval generally reported less dorsolateral prefrontal activity 

in older adults.  More specifically, across task domains it was reported that older 

adults, relative to their younger counterparts, exhibited decreased activity in right 

dorsal prefrontal cortex, but increased activity in left dorsal prefrontal cortex.  It is 

possible that such age-related increases in activity in the left dorsolateral region 

reflect an effort toward functional compensation to combat impairment within the 

right dorsal prefrontal cortex, however this increased activity does not coincide with 

improved performance (Rajah & D’Esposito, 2005).  Age differences in dorsal 



 
 

23

activity may therefore reflect compensation or dedifferentiation due to functional 

decline, particularly within the right dorsolateral cortex (Rajah & D’Esposito, 2005).  

While providing a number of important considerations for future research, these 

findings suggest that the nature of region-specific age-related change is as yet unclear, 

but may follow a similar trend to that suggested by Reuter-Lorenz (2002) globally 

throughout the prefrontal cortex.    

 

Summary of findings 

The prefrontal cortex is no longer recognised as homogeneous in terms of 

structure or function, raising the possibility that normal ageing may impact differently 

upon the various prefrontal sub-regions.  According to some (Phillips & Della Sala, 

1998; Phillips et al., 2002), the dorsolateral prefrontal cortex is more sensitive to the 

ageing process, compared to other prefrontal sub-regions such as the orbitofrontal 

cortex.  As reviewed above, several studies have reported age-related volumetric loss 

within the dorsolateral prefrontal cortex (Raz, 1996; Tisserand et al., 2004), as well as 

reduced metabolic efficiency (De Santi et al., 1995; Garraux et al., 1999).  Reduced 

activity within the dorsolateral prefrontal cortex is also related to declining cognitive 

performance in older, relative to younger, adults (Esposito et al., 1999).  Studies 

(MacPherson et al., 2002; Phillips et al., 2002; West et al., 1998) have also compared 

performance on cognitive tasks associated with dorsolateral and orbitofrontal 

functioning, revealing selective age-related impairment on those processes relying 

predominantly upon dorsolateral integrity.  These results are indicative of age-related 

decline within the dorsolateral prefrontal cortex.  However, various patterns of 

activation may also be observed within the dorsolateral region and its connecting 

networks, and thus the nature of age-related “change” should not be considered 

simply as functional and structural decline per se.  For instance, older adults may 



 
 

24

demonstrate increased activity within the dorsolateral regions (Grady et al., 1998), 

relative to younger controls, possibly in an attempt to compensate for typical age-

related deterioration or dedifferentiation within the prefrontal cortex.  Although these 

efforts may not always prove effective for optimal behavioural performance (Grady et 

al., 1998; Rajah & D’Esposito, 2005), they do highlight the potential for 

compensation or functional reorganisation within the older brain (Reuter-Lorenz, 

2002).           

 

Age-related change in the orbitofrontal cortex 

Although widespread evidence supports the above position, to argue that the 

dorsolateral region is the predominant site of age-related decline would be an 

erroneous conclusion based on the current state of the field.  As discussed later, there 

are a number of problems with the methods currently implemented to examine 

cognitive ageing, and functioning within dorsolateral prefrontal cortex has yet to be 

systematically compared to that of other prefrontal regions within the same sample.  

Most importantly, however, are countless findings of age-related structural and 

functional impairment in orbitofrontal cortex, which exist alongside those studies 

reporting dorsolateral degeneration.  Such findings question the dorsolateral 

prefrontal theory and have led to the recent suggestion of selective age-related 

impairment in functions subserved by the orbitofrontal cortex (Lamar et al., 2004; 

Resnick et al., 2003).      

In a postmortem study of older adults, Haug and Eggers (1991) discovered that 

the frontal lobe is a particularly prominent site of volume loss up to the eighth decade 

of life.  More specifically, shrinkage within orbitofrontal cortex (BA 11) was minimal 

throughout mid-adulthood and then accelerated dramatically after 65 years of age 

(Haug & Eggers, 1991).  A more recent postmortem study (Miguel-Hidalgo, 
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Nithuairisg, Stockmeier & Rajkowska, 2007) reported increased Intercellular Cell 

Adhesion Molecule 1 immunoreactivity (ICAM-1-I) in the orbitofrontal grey matter 

in normal individuals aged 60-86 years, relative younger individuals (27-54 years).  

An increase in ICAM-1-I is typically observed in neurodegenerative disease, so such 

findings suggest that similar inflammatory processes may occur within the 

orbitofrontal cortex in normal older adults.  Based on postmortem analyses, 

McNamara et al. (2008) reported a decline in orbitofrontal grey matter fatty acid 

composition across the lifespan, particularly in the oldest (65-80 years), relative to the 

youngest (29-35 years), group.  Polyunsaturated fatty acid (docosahexaenoic acid) is 

associated with neuronal shrinkage and may contribute to age-related decline in 

orbitofrontal grey matter integrity (McNamara et al., 2008).  These postmortem 

studies are difficult to compare with the imaging studies reporting age-related 

dorsolateral change, as these two methods differ considerably from one another.  For 

instance, postmortem studies can more reliably select asymptomatic brains, while 

imaging studies may overlook neuropathological structural markers that remain 

undetected for many years prior to clinical presentation (Piguet et al., 2009).  

Discrepancies between imaging and postmortem techniques may also result from 

poorer image resolution and age-related signal-to-noise ratios for the former, relative 

to the latter (Piguet et al., 2009).  It is therefore possible that postmortem studies 

provide a more accurate impression of age-related structural change, relative to 

imaging techniques such as MRI.  Based on the studies outlined above, it seems that 

decline in orbitofrontal integrity is a likely sequelae of the healthy ageing process.           

Using MRI, Resnick et al. (2000) observed larger grey matter volume in 

younger (59-69 years), relative to older (70-85 years), individuals in areas including 

hippocampus, inferior and mesial temporal regions, and orbitofrontal cortex.  A study 

by Resnick et al. (2003) recorded marked tissue loss in the frontal and parietal regions 
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of older adults (59-85 years) over a 4-year period, with particular loss of grey matter 

in orbital and inferior frontal regions, as well as insular, cingulate, and inferior 

parietal regions.  Comparing these studies to those outlined earlier (De Santi et al., 

1995; Garraux et al., 1999; Tisserand et al., 2004), it is possible that older adults 

experience change within the dorsolateral cortex earlier than within the orbitofrontal 

cortex.  Studies reported by Tisserand et al., De Santi et al., and Garraux et al. 

included older samples with mean ages of approximately 72 years, 68 years, and 63 

years, respectively.  According to Haug and Eggers (1991) and Resnick et al. (2000), 

it appears that the orbitofrontal cortex declines most notably during the seventh 

decade, which may partly account for discrepancies between these studies and those 

reporting age-related dorsolateral decline.  Salat et al. (2001) however, observed an 

increase in orbital volume in “oldest” healthy elderly individuals (mean age = 88.9 

years) compared to younger healthy elderly individuals (mean age = 71.7 years).  

These results are difficult to explain given the abovementioned findings citing age-

related atrophy within the orbitofrontal cortex.  Perhaps the larger orbital volume 

observed in the oldest group reflected lifelong discrepancies, captured by the cross-

sectional nature of this study (Salat et al., 2001).  Alternatively, Salat et al. 

acknowledge that volumetric enlargement does not necessarily reflect functional 

integrity within the orbitofrontal cortex and may be caused by such processes as 

neuronal hypertrophy in this older sample, perhaps suggestive of asymptomatic 

Alzheimer’s disease (Iacono et al., 2008).   

A study by Salat et al. (2005) compared cerebral white matter degeneration in 

younger and older adults using high-resolution diffusion tensor imaging, which stems 

from the molecular diffusion of water.  Fractional anisotropy provides a measure of 

white matter integrity, calculated from voxel diffusion properties (Ziegler et al., in 

press).  This technique offers a sensitive measure of abnormal tissue characteristics 
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that may be overlooked by more traditional MRI technology (Salat et al., 2005).  

Findings reported by Salat et al. revealed regional differences throughout the cortex.  

Age-related reduction in fractional anisotropy was observed globally within the 

posterior limb of the internal capsule and prefrontal cortex, sparing the temporal, 

occipital and posterior regions (Salat et al., 2005).  With increasing age, significant 

white matter decline was reported in the anterior corpus callosum and bilaterally in 

the deep frontal, medial orbitofrontal and posterior periventricular regions (Salat et 

al., 2005).  These results suggest that age-related decline in white matter fibre systems 

is selective within the prefrontal cortex, predominantly affecting regions such as the 

medial orbitofrontal cortex.         

Research in this area has also begun to combine neuropsychological testing with 

neuroimaging techniques, with the hope of relating failings in cognitive performance 

to corresponding cortical substrates.  Assessing younger adults using MRI scans, 

Elliott and Dolan (1999) examined cortical regions associated with performance on a 

delayed matching-to-sample (DMTS) and delayed non-matching-to-sample 

(DNMTS) task.  When activity during each condition was compared to that of a 

simple perceptuomotor control task, common areas of activity included anterior 

cingulate, posterior medial frontal gyrus (BA 9), medial occipital gyrus, left 

cerebellum and left posterior parietal cortex.  However, compared to the DNMTS 

condition, the DMTS condition elicited significant activation throughout the caudate 

nucleus, subgenual cingulate cortex, and medial orbitofrontal cortex (BA 11).  

Conversely, the DNMTS condition, compared to the DMTS condition, evoked 

significant activation within the premotor cortex, dorsomedial thalamus, and lateral 

orbitofrontal cortex (BA 11).  Accuracy was greater for the DMTS, relative to the 

DNMTS, task however performance did not correlate with neural activation in any of 

the abovementioned regions (Elliott & Dolan, 1999).  Using a similar task, Lamar et 
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al. (2004) replicated this pattern of orbitofrontal activity in younger adults (mean age 

= 27.9 years), however found no indication of orbitofrontal activity in either condition 

in older adults (mean age = 69.1 years).  In this group, activity during the DMTS 

condition, compared to the DNMTS condition, was instead recorded within the left 

superior frontal gyrus, while activity was observed within superior, middle and 

medial frontal regions during the DNMTS condition, compared to the DMTS 

condition (Lamar et al., 2004).  Younger adults demonstrated superior performance 

on both the DMTS and DNMTS tasks, relative to the older adults, however the 

relationship between cortical activation and performance accuracy was not examined.  

These results suggest a dissimilar pattern of orbitofrontal activity between younger 

and older adults using a delayed-response paradigm.  Reliance upon alternative 

cortical regions by the older group may reflect an effort to compensate for 

orbitofrontal decline (Lamar et al., 2004).      

Using a battery of neuropsychological tests and MRI methods, Salat, Kaye and 

Janowsky (2002) attempted to correlate performance on indices previously associated 

with dorsolateral functioning (Conditional Association Task, SOPT and n-back task) 

and orbitofrontal functioning (Object Alternation Task) with structural images of 

these regions.  Relative to younger adults, older adults committed significantly more 

errors on all tasks.  With age, the intracranial-corrected volume of the orbital 

prefrontal cortex increased, which was inversely related to composite performance on 

the working memory tasks (SOPT and n-back task), as well as the Object Alternation 

Task.  Larger volume within the superior dorsolateral region predicted more errors on 

the Conditional Association Task (Salat et al., 2002).  The relationship between age-

related orbitofrontal changes and working memory performance, including the SOPT, 

contradicts previous claims of dorsolateral involvement in these tasks (MacPherson et 

al., 2002; Phillips et al., 2002; West et al., 1998).  In an attempt to explain these 
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unusual results, Salat et al. suggested that the orbitofrontal region may be involved in 

simple storage processes, as required for the SOPT and n-back tasks.  In particular, 

the orbitofrontal cortex has been implicated in memory for abstract objects (Owen et 

al., 1999), such as those included in the SOPT by Salat et al.  Nevertheless, these 

noted inconsistencies highlight the difficulty in committing to any conclusive claims 

of age-related dorsolateral or orbitofrontal change based on such results.  The results 

presented by Salat et al. also suggest that age-related volumetric enlargement within 

the orbital regions predicts poor performance on specific cognitive tasks.  A similar 

inverse relationship was also reported by Elderkin-Thompson et al. (2008) between 

orbitofrontal volume and performance on the Controlled Oral Word Association task 

in a group of older participants (61-88 years old).  As discussed above, one 

interpretation of age-related volumetric increase may be neuronal hypertrophy that 

could predict poor cognitive performance in the early stages of Alzheimer’s disease.  

Taken together, these results suggest that cognitive decline can occur even in 

asymptomatic individuals, in the absence of corresponding volumetric loss within 

cortical regions. 

 

Summary of findings 

A multitude of studies have reported both structural and functional change 

within the orbitofrontal region, suggesting that this prefrontal sub-region is most 

sensitive to the ageing process.  Studies examining age-related structural change have 

identified prominent volumetric loss within the orbitofrontal cortex of older 

individuals (Haug & Eggers, 1991; Resnick et al., 2000; Resnick et al., 2003).  As 

discussed earlier, studies have similarly reported loss within the dorsolateral 

prefrontal cortex.  Discrepancies across studies may be attributable to the age ranges 

chosen to examine such changes, where studies identifying dorsolateral loss appear to 
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have included younger old individuals than those studies reporting orbitofrontal loss.  

Although only speculative, it may be possible that age-related decline within the 

dorsolateral cortex occurs earlier and more rapidly than within the orbitofrontal 

cortex.  However, the study by Salat et al. (2005) included older adults with a mean 

age of 70.9 years and nevertheless reported age-related white matter loss within the 

orbitofrontal cortex.  However, the high-resolution diffusion tensor imaging technique 

used in this study may have discovered even minute changes within the orbitofrontal 

cortex that may not have been detected in previous MRI studies.  Unfortunately this 

study did not include the dorsolateral prefrontal cortex as a region of interest and thus 

comparisons between these prefrontal sub-regions are not possible in this instance.  

Studies involving neuropsychological assessment have also reported differences in 

orbitofrontal activation between younger and older adults performing the same tasks 

(Lamar et al., 2004).  The study conducted by Salat et al. (2002), however, reported 

increased orbitofrontal volume that was associated with poorer cognitive performance 

by older adults.  Similar to findings of age-related dorsolateral function, therefore, the 

nature of change within the orbitofrontal region remains unclear.  As suggested by 

Reuter-Lorenz (2002), increased age is characterised by both increases and decreases 

in prefrontal activity, and, although its relation to behavioural output remains 

uncertain, a similar trend appears to have emerged within the orbitofrontal cortex.  

Indeed, as reviewed above, there is ample evidence to suggest age-related 

orbitofrontal decline; however, an opposite pattern of results is not uncommon and 

may be indicative of early disease processes (Salat et al., 2001; Salat et al., 2002).   

 

Further limitations affecting the dorsolateral and orbitofrontal hypotheses 

Further confusing the distinction between age-related orbitofrontal and 

dorsolateral change, are findings that suggest change in both regions within the same 
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sample (Treitz, Heyder & Daum, 2007).  For example, Convit et al. (2001) used MRI 

to compare regional volume within prefrontal sub-divisions, and reported decline 

within the superior frontal gyri of the dorsolateral prefrontal region, as well as the 

orbital frontal gyri of healthy older adults.  A recent functional magnetic resonance 

imaging (fMRI) study (Cook, Bookheimer, Mickes, Leuchter & Kumar, 2007) 

compared regional blood oxygen level dependent (BOLD) signals between older (61-

74 years) and younger (19-34 years) participants during a semantic DMTS task.  In 

one condition, participants were simultaneously presented with line drawings and two 

response choices (“alive” or “not living”).  The second condition was similar, except 

a 9 s delay was introduced between the stimulus and response.  Subtracting activation 

in the former condition from the latter revealed greater orbitofrontal and dorsolateral 

activation in the older group, compared to the younger group.  Cook et al. (2007) 

suggest that older participants relied on greater activation for working memory 

performance, relative to their younger counterparts, and also demonstrated a broader 

distribution of activation patterns.  Such results may be indicative of compensatory 

efforts employed by older adults due to inefficiencies within both the orbitofrontal 

and dorsolateral prefrontal regions. 

Age-related change within both the orbitofrontal and dorsolateral regions has 

also been inferred using psychological assessment.  Lamar and Resnick (2004) 

compared older and younger adults on tasks proposed to implicate orbitofrontal 

regions (Iowa Gambling Task [IGT], DMTS and DNMTS) and those purportedly 

involving dorsolateral prefrontal cortex (SOPT, Letter Fluency, WAIS-R Digit Span 

Backward Task and Months Backward Task).  Overall, younger adults outperformed 

their older counterparts on orbitofrontal tasks, with equivalent performance observed 

for the two groups on measures of dorsolateral function.  However, examination of 

individual tasks revealed age differences on only the DMTS and DNMTS tasks 
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within the orbitofrontal set, where impairment now also emerged on the SOPT within 

the dorsolateral set.  A comparison of effect sizes suggested that age differences were 

greater for the DMTS/DNMTS tasks relative to the SOPT, indicative of greater age-

sensitivity for orbitofrontal functioning.  Given the evidence suggesting age-related 

change within both the orbitofrontal and dorsolateral regions, it therefore remains 

inconclusive whether cognitive ageing can be accounted for by differential rate of 

decline within either prefrontal sub-division.  As discussed below, various 

methodological issues such as a lack of systematic comparison and incompatibilities 

in task selection may limit the confidence with which differential impairment within 

either region can be assumed.   

Taken together, the above results dispute the dorsolateral region as the 

predominant site of age-related change within the prefrontal cortex.  Instead, findings 

such as these have led a number of researchers to now consider the important role of 

the orbitofrontal cortex in prefrontal ageing.  The effect of age on prefrontal 

functioning may therefore be less simplistic than previously thought, possibly 

eliciting both increased and decreased patterns of activation (Reuter-Lorenz, 2002).  It 

seems that age has a significant impact on both dorsolateral and orbitofrontal 

functioning, although the extent of change within either region is as yet unresolved.  

There is evidence to support selective dysfunction within either region, and different 

researchers have accordingly adopted disparate viewpoints regarding discrete 

impairment within the prefrontal cortex.  However, given that there is convincing 

support for both dorsolateral and orbitofrontal change in older individuals, the next 

logical step for research is to systematically compare the effects of age on each region 

within the same sample, using comparable techniques. 

To date, this degree of systematic comparison has yet to be attempted.  Until 

now, studies have relied on a combination of neuroimaging and neuropsychological 
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assessment using tasks considered to rely on specific regional activity.  Studies that 

have applied static imaging techniques to decipher age-related cognitive failure are 

problematic, as structural change is not necessarily indicative of functional decline.  It 

is therefore fallible to base even the most tentative claims of either orbitofrontal or 

dorsolateral dysfunction on structural neuroimaging procedures alone.  Furthermore, 

even within the same sample of participants, different imaging techniques can yield 

different findings.  For instance, an MRI study by Tisserand et al. (2002) compared 

grey matter volume across the frontal lobes of younger and older participants using 

three different techniques: manual tracing, a semi-automatic “Talairach boxes” 

volumetric method, and voxel-based morphometry.  Using the manual tracing 

approach, there was an age-related reduction in dorsolateral, inferior frontal, ventral 

medial, and lateral orbital frontal regions, while the semi-automatic technique 

revealed an effect of age on anterior cingulate and lateral frontal cortex, but no 

significant effect of age on orbitofrontal volume.  Finally, age-related volumetric 

reduction was observed primarily within the anterior cingulate, lateral orbitofrontal 

and inferior frontal cortex using voxel-based morphometry (Tisserand et al., 2002).  

Not only do the results differ across methods, but the manual tracing method reported 

volumetric reduction in both the orbitofrontal and dorsolateral prefrontal regions.  

The fact that different methods provided anomalous results within the same 

participant sample highlights the necessary caution in interpreting the current imaging 

literature pertaining to specific age-related prefrontal change.  

Further problems arise in studies employing batteries of neuropsychological 

tests to assess functions within specific prefrontal regions (e.g. MacPherson et al., 

2002; West et al., 1998).  Neuropsychological tests involve a myriad of cognitive 

processes, which may or may not solely represent the construct of interest (Ettenhofer 

et al., 2006; Phillips, Gilhooly, Logie, Della Sala & Wynn, 2003).  For example, 
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performance on delayed-response tasks cannot be confined to any single function, as 

it is likely that many processes are involved, including working memory and 

procedural memory (Fuster, 1995), and inhibition (Elliott & Dolan, 1999), as well as 

more extraneous variables such as sustained attention and motivation (Bardenhagen 

& Bowden, 1995; Bechara, 2004).  It is therefore impossible to accurately identify 

impairment in a particular cognitive function, as various complex processes may act 

concurrently.  Perhaps even more relevant to the topic at hand, however, is the 

commonly acknowledged lack of precision in consigning cognitive performance to 

discrete brain regions.  Due to widespread interconnectivity within prefrontal and 

non-frontal regions, as well as the intricate nature of neuropsychological tasks, it is 

unlikely that any test will exclusively engage a specific area alone (MacPherson et al., 

2002; Parkin & Java, 1999; Phillips et al, 2002).  Studies involving 

neuropsychological testing are therefore limited in their assumptions that poor 

performance is the result of deterioration in presumably responsible prefrontal areas.  

Consequently, there are difficulties in founding claims of either orbitofrontal or 

dorsolateral change in evidence gleaned from neuropsychological testing alone.   

The few studies that have compared orbitofrontal and dorsolateral function in 

older adults have done so using vastly different tasks to assess each region.  While 

Lamar and Resnick (2004) implemented DMTS and DNMTS tasks to assess 

orbitofrontal function, and the SOPT and Digit Span Backward task to assess 

dorsolateral function, Salat et al. (2002) employed the Object Alternation Task to 

assess orbitofrontal function, while assessing dorsolateral function using the 

Conditional Association Task and SOPT.  As mentioned above, a number of 

confounding processes are likely to differentially influence these chosen tasks.  This 

lack of similarity across tasks assessing orbitofrontal and dorsolateral function 
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severely limits any definitive claims of relative impairment of these regions, where 

results may instead reflect dissimilar comparative techniques.   

The outstanding flaw in any claims of localised age-related prefrontal decline is 

therefore the lack of rigorous comparison across regions using controlled 

experimental manipulation.  It is therefore erroneous to base any theoretical accounts 

of selective age-related impairment on such previous attempts.  Efforts to assess 

cognitive change within orbitofrontal or dorsolateral regions must reconsider chosen 

methods in order to improve upon previous approaches.  To thoroughly compare age-

related change within the dorsolateral and orbitofrontal regions, all experimental 

variables must be adequately controlled except those intended to tax each area.  The 

hope here would therefore be to methodically compare the impact of age on functions 

subserved by the orbitofrontal and dorsolateral regions, while eliminating the added 

confounds existent in previous studies.  

 

Summary and conclusions 

Older adults are impaired on a number of higher cognitive functions relying 

predominantly on the integrity of the prefrontal cortex.  However, the emerging 

picture is now more complicated than originally deemed.  Rather than what was 

originally posed as a uniform construct, the prefrontal cortex demonstrates 

heterogeneity in both structure and function.  It follows, therefore, that the effects of 

ageing may differentially affect discrete sub-regions of the prefrontal cortex.  

Adopting this standpoint, some have ventured to suggest that age particularly impairs 

functions subserved by the dorsolateral region, while others argue for selective 

orbitofrontal decline.  There is, however, evidence to support both claims.  For 

instance, neuroimaging studies have reported inconsistent evidence of age-related 

volumetric loss within both the dorsolateral and orbitofrontal cortices.  It is therefore 
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difficult to discern whether the extent of structural change within these regions can be 

differentiated.  Efforts have also been made to independently assess function within 

each region based on neuropsychological performance, which can then be correlated 

with associated neural activity.  In this vein, studies have observed an age-related 

decline in dorsolateral activity to the detriment of performance on behavioural tasks, 

such as the WCST (Esposito et al., 1999).  Others report age-related differences in 

orbitofrontal activity during the performance of tasks affiliated with this region 

(Lamar et al., 2004).  Initial attempts have also been made to compare age-related 

function in each region within the same sample, using neuropsychological testing and 

supplementary imaging reports.  While some studies note age-related decline on tasks 

associated with dorsolateral function but not those associated with orbitofrontal 

function (MacPherson et al., 2002; Phillips et al., 2002), others report task-related 

decline in orbitofrontal activity (Lamar et al., 2004), while still others report age-

related performance loss corresponding to increased orbitofrontal volume (Elderkin-

Thompson et al., 2008; Salat et al., 2002).  Further obscuring the problem are findings 

of age-related structural and functional loss within both the orbitofrontal and 

dorsolateral regions within the same sample (Convit et al., 2001; Lamar & Resnick, 

2004).   

Not only are the findings of relative loss in each region perplexing, but the very 

nature of this loss is questionable, given the numerous reports of increased task-

related activation in these regions with age.  As suggested by Reuter-Lorenz (2002) 

various patterns of neural change are likely to occur within the prefrontal cortex with 

age, due to both loss and compensatory mechanisms.  Discrepancies across the 

reviewed studies suggest that a similarly diverse pattern of change may also occur 

more specifically within the sub-regions of the prefrontal cortex.  Further challenging 

the results in this field are the various flaws emanating as a result of chosen 
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methodologies.  In particular, neuropsychological tasks, albeit in conjunction with 

imaging recordings or not, are flawed in that multiple processes implicating several 

anatomical regions are typically involved.  It is therefore difficult to specify the 

relative extent of age-related change in either the orbitofrontal or dorsolateral regions 

given the inherent limitations of previous efforts.  
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Chapter 3 

Exploring the neural correlates of memory load processing and reversal learning 

 

 As outlined in the previous chapter, research has yet to systematically compare 

the differential effects of normal ageing on dorsolateral and orbitofrontal functioning 

within the prefrontal cortex.  The aim of the current series of studies was to attempt 

such a comparison, by first modifying a basic delayed-response task to independently 

tax functioning purportedly associated with each prefrontal sub-region.  The current 

chapter reviews functions associated with the dorsolateral and orbitofrontal cortices, 

namely memory load processes and reversal learning, respectively.  Furthermore, the 

effect of normal ageing on each of these functions is also reviewed.  Following from 

this, Chapter 4 describes in more detail how a DMTS/DNMTS task was modified to 

assess such memory load and reversal learning processes while controlling for other 

extraneous influences (see Chapter 2 for further discussion).   

 

Dorsolateral prefrontal cortex and memory load processes 

Based on a well-established association between working memory and the 

dorsolateral prefrontal cortex (Barch et al., 1997; Curtis & D’Esposito, 2003; Jha & 

McCarthy, 2000; Levy & Goldman-Rakic, 2000; Manoach et al., 1997), it may be 

possible to examine this region by manipulating aspects of working memory during a 

delayed-response task.  The organisation of working memory within the prefrontal 

cortex has previously been described as domain-specific, where memory for object 

information is associated with regions of the inferior prefrontal cortex, including 

ventrolateral regions, and memory for spatial information is associated with the 

dorsolateral prefrontal cortex (D’Esposito & Postle, 1999; D’Esposito, Postle, Ballard 

& Lease, 1999; Hillary et al., 2006; Levy & Goldman-Rakic, 2000; Owen et al., 
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1999).  However, more recent accounts reject such an acute differentiation between 

object and spatial working memory and instead assume a process-specific 

organisation, with encoding, selection and comparison operations subserved by 

ventrolateral prefrontal cortex (inferior frontal gyrus, BA 44, 45, 47) and more 

complex updating, monitoring and manipulation functions performed by dorsolateral 

prefrontal regions (middle and superior frontal gyri, BA 9, 46; Curtis & D’Esposito, 

2003; D’Esposito et al., 1999; D’Esposito & Postle, 1999; D’Esposito, Postle & 

Rypma, 2000; Hillary et al., 2006; Owen, Evans & Petrides, 1996; Owen et al., 1999; 

Petrides, 1996; Rypma, Berger & D’Esposito, 2002).   

Postle, Berger, and D’Esposito (1999) recorded neural activity associated with 

simple maintenance of items over a delay, and compared this to a task involving 

active manipulation during the retention period.  In the former task, participants were 

presented with either two (Forward 2) or five (Forward 5) letter stimuli to be held 

online over a retention interval, and then had to decide whether a letter-digit probe 

corresponded to a letter in the correct position (indicated by the digit) from the 

memory set.  A more complex task (Alphabetize 5) required participants to first 

rearrange the letters in the memory set into alphabetical order, and then determine 

whether the letter-digit probe matched the correct position of a letter within the 

reordered memory set.  During the retention period of the Forward 5 condition, 

greater activation was observed bilaterally within the dorsolateral cortex compared to 

the Forward 2 condition.  However, load-sensitive regions were more reliably 

identified within right posterior regions.  The Alphabetize 5 condition elicited 

significant additional activity within the dorsolateral region, suggesting greater 

sensitivity to manipulation demands (Postle et al., 1999).  Maintaining high memory 

loads over time did enhance activity within the dorsolateral region, however this 

activity was increased further with more arduous demands on memory.           
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A meta-analysis by Wager and Smith (2003) also identified process-specific 

organisation within the ventral and dorsal regions of the frontal cortex, but their 

results differ somewhat to the proposal mentioned above.  Both BA and cluster 

analyses suggested that the bilateral superior frontal and dorsolateral prefrontal 

cortices (BA 6, 8 and 9) are responsible for continuous updating and temporal order 

memory (Wager & Smith, 2003).  In contrast to previous studies, however, the 

manipulation of information within working memory increased activation in right 

ventral prefrontal cortex (BA 46 and 47) and anterior prefrontal cortex (BA 10; 

Wager & Smith, 2003).  While these results contradict those reported in other studies, 

such differences may be explained by the discrepancies in operational definitions.  

Wager and Smith defined manipulation processes to include only those involving 

complex demands such as concurrent memory retention and arithmetic operations, 

while others include in this category processes involved by less complex tasks such as 

the n-back task.  The greater activation of inferior frontal regions identified by Wager 

and Smith (2003) may therefore, at least in part, reflect other executive processes 

such as inhibition and task-switching and may account for the differences across 

studies.  Continuous updating and temporal order memory reflect an increase over 

more simplistic working memory demands, and are more consistent with processes 

identified by previous studies as eliciting dorsolateral activity.  Across studies, 

therefore, an increase in working memory demand calls upon additional processes 

corresponding to increased dorsolateral activation across a number of tasks 

(D’Esposito et al., 1999; Klingberg, O’Sullivan & Roland, 1997; Owen et al., 1999; 

Postle et al., 1999; Rypma, Prabhakaran, Desmond, Glover & Gabrieli, 1999; Salmon 

et al., 1996).   

Others have questioned the simplicity of such process-specific organisation 

within the prefrontal cortex.  For instance, an fMRI study by Leung, Gore, and 
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Goldman-Rakic (2002) identified persistent dorsolateral activity during the retention 

period of a spatial delayed-response task, particularly when the delay period and 

number of memory items were increased.  Initially, cortical activity was compared 

between a delayed-response task for spatial location and a sensorimotor control task 

with no memory requirement.  Activity within the middle frontal gyrus (BA 46) 

remained higher in the memory condition compared to the control condition across 

the length of the 18 s retention period.  When the retention interval was increased to 

24 s, heightened activity remained in the middle frontal gyrus.  The effect of memory 

load was also assessed by measuring delay activity following the presentation of 

either three or five face stimuli.  Activity within the middle frontal gyrus was 

observed in the three-item condition up to 12 s into the retention period, while this 

regional activity was maintained across the 18 s retention period in the five-item 

condition.  Moreover, relative to baseline, the average percent signal change in the 

middle frontal gyrus was greater in the five- compared to the three-item condition.  

These results suggest an important role for the dorsolateral prefrontal cortex, and 

especially the middle frontal gyrus, in the maintenance of memory stimuli, in this 

case spatial location.  This activity was observed independently of sensorimotor 

processing, and was sustained over long delay periods and with increasing memory 

demands (Leung et al., 2002).  This challenges a process-specific organisation of 

memory within the prefrontal cortex, as storage functions appear to coincide with 

dorsolateral activity, which contrasts with previously assigned monitoring and 

manipulation processes.  Moreover, such activity increases with increments in storage 

demand, such as when more items must be retained in memory.                    

Other studies also report heightened activity in the dorsolateral prefrontal cortex 

with increasing memory load (Arnott, Grady, Hevenor, Graham & Alain, 2005; 

D’Esposito et al., 2000; Manoach et al., 1997).  For instance, in a study by Petrides 
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(2000), monkeys with mid-dorsolateral and anterior inferotemporal lesions were 

compared to controls on a self-ordered task that independently varied set size and 

length of retention interval.  In all trials, monkeys initially responded to one item in a 

memory set (presentation trials).  Following a 10 s delay period, the monkey was 

presented with two items and was required to choose the item not previously selected 

(test trials).  Set size was varied by increasing the number of items in the presentation 

trial from 2, 3, 4 or 5 objects, keeping the retention period constant.  In another 

condition, set size was maintained at two objects, but the retention interval was 

increased to 90 s and 120 s.  Only those monkeys with lesions to the anterior 

inferotemporal region were impaired as the retention interval increased; monkeys 

with mid-dorsolateral lesions did not differ significantly from controls.  Illustrating an 

elegant double dissociation, increments in set size detrimentally affected only those 

monkeys with mid-dorsolateral lesions; monkeys with anterior inferotemporal lesions 

did not differ significantly from controls (Petrides, 2000).  These results imply an 

important role for the dorsolateral prefrontal cortex, in this case limited to the mid-

dorsolateral region, in maintaining memory traces as load is increased (Petrides, 

2000; Petrides et al., 2002).                   

Braver et al. (1997) recorded prefrontal activity using an n-back sequential-

letter task across four conditions (0-back, 1-back, 2-back and 3-back) determined by 

the number of interceding trials between target and test stimuli.  A successive 

increase in activity with memory load was observed predominantly in middle frontal 

gyrus (BA 9/46) and left inferior frontal gyrus (BA 44/45; Braver et al., 1997).  These 

results suggest a linear pattern of load-sensitivity within the dorsolateral prefrontal 

cortex.  Similarly, Cohen et al. (1997) reported imaging data obtained during 

performance of a sequential-letter n-back task, which also increased working memory 

load from a 0-back to a 3-back condition.  Again, increased activity was observed 
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within regions including dorsolateral prefrontal cortex, as memory load increased 

from the 0-back to the 3-back condition.   When the n-back task was modified to 

include a 20 s retention interval, dorsolateral activation was sustained across the span 

of the trial, reflective of prolonged maintenance in working memory (Cohen et al., 

1997).  The relationship between working memory load and dorsolateral activation 

has been further demonstrated in an n-back study by Callicott et al. (1999).  

Activation of the dorsolateral cortex (BA 9-10/44-46) increased as a function of load, 

peaking in response to the 2-back condition and then decreasing when this capacity 

was exceeded (3-back).  The dorsolateral response was predictive of performance 

upon the 2-back task, but this relationship diminished in the 3-back condition 

(Callicott et al., 1999).  Subtracting BOLD signals in a 0-back condition from those 

obtained in a 2-back condition, Tomasi, Chang, Caparelli, and Ernst (2007) also 

reported increased activation within the middle (BA 9), inferior (BA 47), and medial 

(BA 8) frontal gyri.  Together, these results depict a load-sensitive response within 

the dorsolateral cortex with increasing difficulty of the n-back working memory task.            

Greater memory load has also been associated with increased dorsolateral 

activity in a number of studies involving a delayed-response paradigm.  In an fMRI 

study using the Sternberg item recognition paradigm, Manoach et al. (1997) 

manipulated the number of to-be-remembered items in a choice recognition task.  In a 

low memory load condition, subjects studied two target digits and were then 

presented with a series of single digits, responding to whether each probe was 

included in the original memory set or not.  The high memory load condition 

followed a similar procedure, except five target digits were now presented for study.  

When activation during the high memory load task was compared to that for both the 

low memory load condition and a control task, activity was reported to increase 

within the dorsolateral region.   
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Also using a delayed-response task, Rypma et al. (1999) recorded cortical 

response to increases in the number of items to be retained over time.  Subjects were 

required to maintain either one, three or six items across a 5 s interval, following 

which they indicated whether a single probe item had appeared in the original 

memory set.  An increase in activity prevailed predominantly within precentral gyrus 

(BA 6) and left caudal inferior frontal gyrus (BA 44) when three letters, relative to 

one, were maintained across delay.  When memory load was increased to six items, 

heightened activity occurred again within inferior frontal gyrus (BA 44/45) and 

precentral gyrus (BA 6), as well as within middle and superior frontal gyri (BA 8, 9, 

46).  These studies further suggest that the dorsolateral prefrontal cortex is summoned 

when stimulus load exceeds a sub-capacity of working memory (Rypma et al., 1999).   

Focusing more specifically on different components of a delayed-response task, 

Rypma et al. (2002) found that increasing memory load from 0 to 8 items 

significantly elevated dorsolateral activation at both 4 s and 8 s into the retention 

period and at response, but not during the encoding period.  Activity in ventrolateral 

prefrontal cortex decreased significantly with increasing memory load during 

encoding, but did not change markedly during retention or response periods (Rypma 

et al., 2002).  In a study by Linden et al. (2003), participants completed a visual 

discrimination task in which one to four abstract objects were presented for retention 

over a 12 s delay and were to be matched to a probe stimulus.  The dorsolateral cortex 

was predominantly active across the retention interval, and demonstrated a linear 

increase with memory load during this period (Linden et al., 2003).  A delayed-

response study (Habeck et al., 2005) using letter stimuli also reported increased 

retention-related activity within the cerebellum, thalamus and dorsolateral prefrontal 

cortex as memory load increased (one, three or six letters).  A load-dependent 



 
 

45

decrease in activation was concomitantly reported within the parietal, frontal, 

temporal, and limbic regions (Habeck et al., 2005).   

Jha and McCarthy (2000) compared memory for various numbers of face 

stimuli in a delayed-recognition task.  Subjects were presented with either one, two or 

three faces to be retained across an unfilled retention period of 15 s.  The retention 

period ended with the presentation of a recognition probe item.  Six seconds 

following onset of the memory items, mean signal values were greater in the two- and 

three- relative to the one-item trials in the middle and inferior frontal gyri, cingulate 

gyrus, intraparietal sulcus and fusiform gyri.  This activity remained for 9 s, with 

additional activation seen within the superior-frontal gyrus.  At 15 s, load differences 

were only observed within the middle frontal gyrus and intraparietal sulcus, with no 

apparent differences at the end of the retention period (18 s; Jha & McCarthy, 2000).   

These results suggest that activity within the dorsolateral regions, including middle 

and superior frontal gyri, is modulated as a function of memory load, especially 

during the retention interval.   

A more recent account proposed by Curtis and D’Esposito (2003) expands on 

the traditional role of the dorsolateral prefrontal cortex in retention period activity in 

working memory tasks.  These authors suggested that past sensory events and 

anticipated motor responses are actually stored within more posterior regions, and 

that the dorsolateral cortex plays a supervisory role in directing attention toward 

appropriate memory representations.  Curtis and D’Esposito (2003) conclude that, 

although studies have observed heightened dorsolateral activity during sustained 

retention periods and with increases in the number of memory items, these results 

reflect more effortful control rather than storage per se.  For instance, studies have 

reported increased activation within posterior parietal regions, including the 

intraparietal and intraoccipital sulci, as the number of items to be retained across a 
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brief (1200 ms) retention period is increased (Todd & Marois, 2004).  These results 

were maintained when the retention period was extended (9200 ms).  Todd and 

Marois suggested that posterior parietal regions may be involved in limited storage of 

memory traces, where prefrontal regions act to maintain these representations.  The 

precise role of the dorsolateral cortex as a control repository and its relationship with 

more posterior storage regions remains tentative.  However, regardless of its 

definitive role, studies do demonstrate an association between dorsolateral activity 

and increases in the number of memory items (Habeck et al., 2005; Hillary et al., 

2006).  Manipulating memory load may therefore provide a plausible means of 

engaging dorsolateral activity, whether it be in a maintenance or supervisory role.         

 

Age-related effects on memory load processing 

Several studies have now attempted to compare memory for increasing loads 

across age groups.  For instance, Zarahn et al. (2007) compared performance by older 

and younger participants using a delayed-response task, in which the number of 

letters in the memory array was varied (one, three or six).  In both older and younger 

groups, responses became slower with increasing memory load.  An interaction 

between age group and memory load suggested that the effect of increasing memory 

load on RT was greater for the older group, relative to the younger group.  

Performance was less accurate with increasing set size in the older group, while this 

effect did not reach significance in the younger group.  Based on such results, older 

adults may be disproportionately impaired when the demands placed upon memory 

processes are increased.  Gazzaley et al. (2007) also reported an age-related decline in 

accuracy when memory load was increased during a delayed-recognition task, but 

only when a distracter task was added to the retention interval.  In this study, 

participants were presented with a single letter (low load) or multiple letters based on 
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their predetermined memory span (high load).  The retention interval preceding 

probe-presentation was either uninterrupted or interrupted by a series of nine words, 

which were to be attended to but not remembered (distracter task).  Overall, both 

young and old participants performed slower and less accurately during the high, 

relative to the low, load condition.  Differences between the old and young 

participants emerged only when the high memory load condition was administered 

with intervening distracter activity.  Gazzaley et al. suggested that an age-related 

inhibitory deficit may have prohibited the older adults from ignoring the distracter 

task, while a limited storage capacity reduced the amount of information retained.  

Working in concert, both factors may have impeded performance by the older group.  

While Zarahn et al. (2007) presented older and younger groups with comparable set 

sizes at each load-level, Gazzaley et al. (2007) adjusted the high memory load based 

on individual memory spans.  The memory capacity of the older participants may 

have only been exceeded, therefore, with the addition of distracter activity.  In the 

study by Gazzaley et al. (2007), perhaps the high memory load condition interrupted 

by distracter activity was similar to the high memory load condition (six items) in the 

study by Zarahn et al. (2007).  In that case, both studies suggest that older adults are 

more impaired than younger adults when performing memory tasks under high-load 

capacity.                       

Petrella et al. (2005) measured brain activity in older adults (mean age = 68 

years) performing a delayed-recognition task which varied the number of memory 

items.  During this task, subjects were presented with one or three face stimuli 

simultaneously to be retained across a 15 s unfilled retention interval.  After this 

delay, a single test stimulus appeared and subjects decided whether the item was part 

of the original memory set.  Both accuracy and RT improved when only one item was 

to be retained, relative to three items.  At various time points during the encoding 
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period, activity was greater for the three- versus one-face condition within areas 

including the inferior, middle, and superior frontal gyri.  The effect of load was also 

significant during the retrieval period, where activity increased within the superior 

and inferior frontal gyri.  There was, however, no load-sensitive effect during the 

retention period (Petrella et al., 2005).  These results suggest that, similar to younger 

adults, older adults also demonstrate greater dorsolateral activity in response to 

increased memory load.  Comparing the regional brain volumes of these older adults 

to a group of younger adults included in a similar study (Jha & McCarthy, 2000), a 

trend arises for greater volumetric loss in older adults within the inferior, middle and 

superior frontal gyri (Petrella et al., 2005).  The tendency to rely on the dorsolateral 

cortex under circumstances of increased memory load therefore appears to be 

preserved in later life, despite the possibility of neuronal loss within these regions.        

Although the results presented by Petrella et al. (2005) suggest that the 

dorsolateral region continues to process high working memory demands into late 

adulthood, performance was not directly compared to that of young adults under 

similar circumstances.  An earlier study by Rypma, Prabhakaran, Desmond and 

Gabrieli (2001) more adequately addressed this issue.  In this study, older (mean age 

= 68.6 years) and younger (mean age = 25.3 years) participants completed a delayed-

recognition task, where either one or six letters were studied and then matched to a 

single probe letter after a 5 s retention interval.  Older adults tended to respond more 

slowly and less accurately than younger adults, however the interaction between age 

and memory load was not significant for either of these performance indices.  Older 

and younger adults did, however, demonstrate significant differences in regional 

activity between different load conditions.  In both groups, the six-letter condition 

elicited greater activity within the inferior frontal gyrus (BA 44, 45, and 47) and 

precentral gyrus (BA 6), compared to the one-letter condition.  However, when 
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activity was compared between age groups, younger adults demonstrated increased 

activity within areas including left precentral gyrus (BA 6) and middle frontal gyrus 

(BA 9 and 46), while activity was increased in left superior and medial frontal gyri 

(defined as BA 10 in this study) in older adults (Rypma et al., 2001).  The dorsolateral 

prefrontal cortex (BA 9 and 46) therefore appears to be recruited to a greater degree 

in younger, relative to older, adults when memory load is increased.  However, given 

the lack of significant load-dependent group differences in performance, it is possible 

that older adults recruited differential neural networks in an attempt toward optimal 

performance.              

In an fMRI study by Rypma and D’Esposito (2000), older and younger adults 

performed a delayed-response task which varied the number of to-be-remembered 

items between two and six letters.  No differences were observed between younger 

and older groups with respect to ventrolateral prefrontal activation during any stage 

(encoding, retention and response) of either memory load condition.  Although 

dorsolateral activation during encoding and retention also failed to distinguish 

between age groups, older adults demonstrated a marked decrease in activation 

relative to younger adults during the response period of the six-item condition 

(Rypma & D’Esposito, 2000).  Age-related decline in dorsolateral activity may 

therefore have a particularly dramatic effect when a probe item must be compared 

with items stored in memory.     

The effect of age on processing different memory loads within the brain was 

further explored in a study by Mattay et al. (2006).  In this study, older (mean age = 

59 years) and younger (mean age = 30 years) adults performed an n-back task with 

different levels of difficulty (0-back, 1-back, 2-back and 3-back) during simultaneous 

fMRI scans.  Accuracy was reduced in older adults and with increasing memory load.  

Performance was equivalent between age groups in the 1-back task, but became 
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significantly impaired in the 2- and 3-back tasks in the older group.  Older adults also 

performed more slowly than younger adults across all levels of memory load.  During 

the 1-back task, dorsolateral (BA 9) activity was elevated in the older, compared to 

the younger, group.  As discussed previously, this age-related increase in brain 

activity may reflect the recruitment of additional neural resources needed to maintain 

similar performance to younger adults.  During the 2- and 3-back conditions however, 

when younger adults achieved superior performance, there were relative age 

differences in dorsolateral activation.  When memory load was increased, older adults 

demonstrated a decrease in dorsolateral activity relative to younger adults (Mattay et 

al., 2006).  As the demands on memory approach supra-capacity, older adults 

demonstrated a decline in dorsolateral activity, coinciding with impaired 

performance.            

 

Summary of findings 

It has been established that the dorsolateral cortex is associated with working 

memory function.  It therefore follows that, by adding to the memory demand, it 

could be possible to increase the necessary involvement of dorsolateral cortex 

accordingly.  Neuroimaging techniques offer valuable evidence toward this claim, 

with a number of studies reporting a proliferation of dorsolateral activity as the 

number of to-be-remembered items increased across tasks.  Further to this, 

researchers are now taking a closer look at the temporal dynamics of load-sensitivity 

within the dorsolateral region.  Although any conclusions remain tentative, there does 

emerge relatively consistent evidence to suggest a particular effect of memory load on 

dorsolateral activity while items are maintained across a retention interval.  In 

general, there is a tendency for memory load to correspond with greater dorsolateral 

activity in younger adults.  With regard to older adults, varying memory load may 
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therefore be a suitable means of examining age-related function within the 

dorsolateral cortex.  In fact, research has begun to move in this direction, with several 

studies having already assessed age differences in neural activity related to memory 

load.  While these preliminary results are equivocal, there is some evidence to suggest 

age differences in dorsolateral activity associated with increments in memory load.  

Not only is further research needed in this regard, but a systematic comparison of 

concomitant decline associated with other prefrontal regions is also lacking. 

 

Orbitofrontal cortex and reversal learning 

It has been suggested that the appraisal of the value or relevance of a course of 

behaviour is a primary function of the orbitofrontal cortex, with particular attention 

paid to the reward and punishment values of reinforcers (Elliott, Dolan, et al., 2000; 

Elliott, Friston & Dolan, 2000; Elliott, Newman, Longe & Deakin, 2003; Hornak et 

al., 2004; Kringelbach, 2005; Kringelbach & Rolls, 2004; Rolls, 1996, 2004; 

Tremblay & Schultz, 1999).  More specifically, the medial portion of the orbitofrontal 

cortex is considered to be implicated in processing positive outcomes, while the 

lateral portion purportedly reflects negative outcomes (Frank & Claus, 2006).  As a 

result, it has been suggested that the orbitofrontal region informs goal-oriented 

behaviour (Critchley, Mathias & Dolan, 2001; Elliott, Friston et al., 2000; Roberts, 

2006; Tremblay & Schultz, 1999).  Sharing interconnections with limbic regions such 

as the amygdala (Dias, Robbins & Roberts, 1996; Frank & Claus, 2006; Petrides et 

al., 2002), the orbitofrontal cortex reportedly integrates signals concerning outcome 

expectancies with internal states within working memory, in order to guide behaviour 

(Budhani, Marsh, Pine & Blair, 2007; Schoenbaum & Roesch, 2005).  Any changes 

in reinforcement contingencies are identified by the orbitofrontal cortex and 

behaviour is changed when recognised as no longer appropriate (Kringelbach & 
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Rolls, 2004; Rolls, 1996, 2000, 2004).  As such, it has been reported that the 

orbitofrontal region is implicated in stimulus-reinforcement association and reversal 

learning, as well as decision-making and emotion (Bechara, 2004; Bechara, Damasio, 

Damasio & Anderson, 1994; Frank & Claus, 2006; Hornak et al., 2004; Kringelbach, 

2005; Kringelbach & Rolls, 2004; Roberts, 2006; Rogers et al., 1999; Rolls, 1996, 

1999, 2000, 2004; Tremblay & Schultz, 1999).  Reversal learning involves rapid 

behavioural adaptation, or relearning, in response to intra-dimensional contingency 

changes between stimulus-reward pairings, where responses are made to previously 

unrewarded or irrelevant stimuli (Bond, Kamil & Balda, 2007; Budhani et al., 2007; 

Clark, Cools & Robbins, 2004; Franken, van Strien, Nijs & Muris, 2008; Rolls, 

2000).  The orbitofrontal cortex is considered to play an integral role in stimulus-

action associations and reversing behavioural responses when contingencies change 

(Kringelbach, 2004; Rolls, 1996, 1999, 2004; Schnider, Mohr, Morand & Michel, 

2007).  The involvement of the orbitofrontal cortex is considered as limited to intra-

dimensional reversals, in which new stimulus-response pairings are drawn from the 

same perceptual, or attentional, dimension as previously-learned contingencies 

(Birrell & Brown, 2000; Kramer et al., 2007; Ragozzino, Detrick & Kesner, 1999; 

Ragozzino, Wilcox, et al., 1999).  When new learning must take place across 

perceptual dimensions (extra-dimensional shifts) research suggests that the 

dorsolateral cortex becomes implicated, such as in the WCST (Brown & Bowman, 

2002; Dias, Robbins & Roberts, 1997; Kramer et al., 2007; Ragozzino, Detrick, et al., 

1999; Ragozzino, Wilcox, et al., 1999).  Rule reversal may therefore pose an 

appropriate means of engaging orbitofrontal function to be systematically compared 

with dorsolateral functioning.     

Evidence for orbitofrontal involvement in reversal learning can be gleaned from 

both animal and human lesion studies.  Compared to controls, studies using odour 
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discrimination tasks have demonstrated that rats with orbitofrontal lesions are less 

able to alter behavioural choices in response to contingency reversals (Kim & 

Ragozzino, 2005; McAlonan & Brown, 2003; Schoenbaum, Setlow, Nugent, Saddoris 

& Gallagher, 2003).  Using a go/no-go odour discrimination task, Schoenbaum, 

Nugent, Saddoris and Setlow (2002) reported that both control rats and those with 

orbitofrontal lesions were equally capable of learning associations between odours 

and associated reward or punishment.  When contingencies between stimulus and 

reinforcement were reversed, however, lesioned rats were initially impaired compared 

to controls, although this effect was present only for the first reversal (Schoenbaum et 

al., 2002).  Similarly, Boulougouris, Dalley, and Robbins (2007) assessed the 

performance of rats with lesions to the orbitofrontal, infralimbic, or prelimbic cortices 

on a spatial discrimination task, and subsequent reversal learning conditions.  The rats 

pressed one of two levers to obtain a reward during the spatial discrimination 

component, following which a reversal was introduced and the rewarded lever was 

switched.  Performance did not differentiate between groups during the preoperative 

spatial discrimination task, nor for the retention of this discrimination postoperatively 

(Boulougouris et al., 2007).  During the initial reversal phase, orbitofrontal-lesioned 

rats committed significantly more errors in general, and more perseverative errors 

specifically, than controls, while performance did not differ between controls and the 

other lesioned rats.  However, performance by rats with orbitofrontal lesions 

improved across successive reversals (Boulougouris et al., 2007).  Damage to the 

orbitofrontal cortex therefore appears to compromise the ability of the animal to learn 

and reverse associations between stimulus and response, preventing adaptation to 

changing contingencies (Clark et al., 2004; Nobre, Coull, Frith & Mesulam, 1999).  

While this deficit is most marked initially, due to a diminished ability to overcome a 
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prepotent response to a previously-rewarded stimulus, performance appears to 

improve with practice (Boulougouris et al., 2007).   

Performance by monkeys with lesions of either the orbitofrontal or lateral 

prefrontal cortex has been compared to that of controls during different conditions of 

a rewarded discrimination task (Dias et al., 1996; Dias et al., 1997).  In these studies, 

a reversal condition encouraged participants to switch between responses based on 

changing stimulus-reward pairings within a given perceptual dimension.  Monkeys 

with lesions to the orbitofrontal cortex were significantly impaired at this task 

compared to other groups, requiring more trials to achieve criterion performance and 

committing more perseverative errors (Dias et al., 1996; Dias et al., 1997).  The 

ability to reverse associations between stimulus and reward therefore appears to rely 

heavily on orbitofrontal function.       

Studies with human patients have also reported a detrimental effect of 

orbitofrontal lesions on the performance of reversal learning tasks (Mitchell et al., 

2006; Ochsner & Gross, 2005), highlighting the importance of this region in reversal 

learning across species.  Patients with orbitofrontal lesions (BA 24, 32, 10 and 11) 

performed poorly compared to controls, when required to alternate their choices in 

accordance with changing reward contingencies (Freedman, Black, Ebert & Binns, 

1998).  These patients found it difficult to suppress their response tendency toward a 

previously rewarded stimulus in favour of a newly rewarded stimulus (Freedman et 

al., 1998).  In an early attempt to study reversal learning in humans, patients with 

lesions to the ventral frontal areas were compared to those with non-ventral lesions 

during performance of a visual discrimination task (Rolls, Hornak, Wade & McGrath, 

1994).  While the ventral group included patients with lesions to the orbitofrontal 

cortex, the non-ventral group did not.  Patients were instructed to touch one of two 

visual patterns, and points were accrued or lost in accordance with stimulus-reward 
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associations.  After the performance criterion was achieved, these contingencies were 

reversed so that a previously rewarded response had to be suppressed in order to 

continue accumulating points.  Those with ventral lesions experienced considerable 

difficulty overcoming prepotent responses to previously rewarded responses, and as a 

result committed more errors than non-ventral patients.  Individuals with ventral 

lesions were aware of the contingency reversals, but nonetheless reported an inability 

to suppress their habitual responding to the no-longer rewarded stimulus (Rolls et al., 

1994).  These results therefore suggest that patients with lesions to the ventral frontal 

regions, including the orbitofrontal cortex, are impaired when responses must be 

adapted to changing stimulus-reward contingencies.                           

Fellows and Farah (2003) compared subjects with lesions of the ventromedial 

prefrontal cortex, including orbitofrontal cortex, to those with dorsolateral lesions on 

a monetary-reward card task.  The task involved selecting a card from one of two 

packs, where one pack was associated with a reward for eight consecutive trials, after 

which these contingencies were reversed.  Whereas all subjects successfully 

performed the initial learning trials, the ventromedial-lesioned group was 

significantly impaired when reinforcement contingencies were reversed, compared to 

the dorsolateral-lesioned and control groups.  While global atrophy of the 

ventromedial region did not correlate with reversal performance, impairment of the 

posteromedial orbitofrontal cortex was associated with poor reversal learning ability 

(Fellows & Farah, 2003).  In a more recent study, Fellows and Farah (2005) tested 

patients with ventromedial (including orbitofrontal regions) and dorsolateral lesions 

on a version of the IGT, as well as a reversal learning task.  In the IGT, participants 

chose from four decks of cards; two of which resulted in small wins and small loses 

(advantageous) and the other two resulted in large wins but large loses 

(disadvantageous).  The reversal task required participants to choose between two 



 
 

56

decks, one of which produced a monetary gain and the other a loss; these 

contingencies were then reversed.  In the former task, performance by the patients 

was significantly poorer than controls, regardless of lesion locality (Fellows & Farah, 

2005).  This task was repeated in a “shuffled” format, with loss occurring during early 

trials to remove the possibility of initial preferential responding to disadvantageous 

decks and reducing the demand to overcome such prepotent responding with 

subsequent losses (reversal learning).  The performance of the ventromedial patients 

did not differ significantly from controls on this variant of the task, thus suggesting 

that prior poor performance was substantially impaired by perseverative responding, 

that is, reversal learning difficulties.  The ventromedial group also demonstrated 

impaired performance on the reversal learning task, which correlated significantly 

with the improvement demonstrated on the “shuffled” card task (Fellows & Farah, 

2005).  Overall, these results support the involvement of ventromedial regions, 

including orbitofrontal cortex, in reversal learning tasks.                    

Hornak et al. (2004) also assessed the performance of patients with specific 

prefrontal lesions on a monetary-reward task.  In their task, subjects responded to one 

of two stimuli, and money was either retracted or awarded according to a contingency 

rule which changed intermittently throughout the task.  All patients performed 

adequately during initial stimulus-association learning, with group-differences arising 

only when reversal learning was introduced.  Compared to controls and other lesioned 

patients, including those with unilateral orbitofrontal lesions, patients with bilateral 

orbitofrontal lesions were markedly impaired on this task, unable to utilise feedback 

advantageously in order to continue a response after reward or change the response 

after loss (Hornak et al., 2004).  Adopting the same task, Berlin, Rolls and Kischka 

(2004) found that reversal learning was severely impaired in patients with 

orbitofrontal damage, including unilateral lesions, relative to those with non-
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orbitofrontal lesions and normal controls.  Orbitofrontal patients demonstrated intact 

performance during an initial acquisition phase, but became significantly impaired 

when reversals were introduced, accumulating less money than other groups and 

responding less appropriately to reward and punishment cues (Berlin et al., 2004).   

Together, the results emerging from lesion studies suggest that damage to the 

orbitofrontal cortex results in an inability to update associations between stimuli and 

reinforcers in the face of change (Berlin et al., 2004; Hornak et al., 2004).   

Reversal learning has also been studied in healthy human subjects using 

imaging techniques.  O’Doherty, Kringelbach, Rolls, Hornak, and Andrews (2001) 

applied event-related fMRI during a reversal task involving monetary gains and 

losses.  Increased activity was reported in medial orbitofrontal cortex following a 

rewarded response, while negative feedback activated lateral orbitofrontal cortex.  

However, the role of reversal learning in such orbitofrontal activity was undefined in 

this study, and appears to relate more to reward valuation.  Cools, Clark, Owen, and 

Robbins (2002) also performed fMRI scans while subjects completed a probabilistic 

reversal-learning task.  Subjects responded to one of two stimuli and were rewarded 

for a correct choice, where the correct response was changed periodically to the 

alternate item in the pair.  Significant activation was observed in right ventrolateral 

prefrontal cortex and ventral striatum when responding reversed from a previously 

rewarded stimulus to a previously irrelevant stimulus (Cools et al., 2002).  Although 

fMRI data were not produced for orbitofrontal regions in this study, the ventral 

striatum shares a connection with the orbitofrontal cortex (Cools et al., 2002; 

Kringelbach & Rolls, 2003), thus suggesting a possible contribution of this latter 

region to reversal learning.  

An fMRI study by Remijnse, Nielen, Uylings, and Veltman (2005) examined 

the neural correlates of reward, punishment and affective shifting during a reversal 



 
 

58

learning task.  In this task, participants chose between two objects and were rewarded 

for correct responses, or punished for a correct response when it occurred for the first 

trial following a reversal (probabilistic error).  Following 6 to 10 correct responses a 

contingency reversal was introduced, whereby the “correct” object was switched.  

Relative to baseline trials, in which neutral feedback was presented, the provision of 

reward (earning points) resulted in increased activation throughout the orbitofrontal 

regions, as well as the striatum, inferior frontal gyrus, and occipital, dorsolateral and 

parietal cortices.  Punishment (losing points) was associated with heightened 

activation within orbitofrontal regions, and insular and occipital cortices, relative to 

baseline.  The neural response to affective shifting (reversal) was also compared to 

baseline activity, and revealed involvement of several areas including parts of the 

orbitofrontal region (Remijnse et al., 2005).  This study therefore highlights the 

involvement of orbitofrontal regions in evaluating reward and punishment values, as 

well as initiating novel responses following reversal.       

In a task developed by Kringelbach and Rolls (2003) subjects selected one of 

two faces that changed to either a “happy” or “angry” expression, and then continued 

choosing the happy face of the pair until the contingency was reversed and this face 

instead responded with an angry expression.  Subjects also completed a second 

(control) reversal task, which was the same as the first, except that a “neutral” 

expression instead signified a change in responding rather than an angry expression.  

This variation removes the possibility of facial expression determining response, as 

an angry expression is more commonly used to indicate a change in behaviour in the 

natural social environment (Kringelbach & Rolls, 2003).  An angry expression is 

typically not indicative of a positive or rewarding response, so the control task also 

removed the reinforcing effect of the happy expression in the main reversal task.  In 

the main reversal task, neural activity during acquisition learning was subtracted from 
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that of reversal performance, resulting in significant activation within orbitofrontal 

cortex, anterior cingulate, inferior precentral sulcus, and ventral striatum.  Similar 

activity in orbitofrontal and anterior cingulate was also discernible during reversal of 

the control reversal task.  Together, these results indicate that orbitofrontal cortex is 

highly responsive to cues for behaviour change, even in the absence of reinforcers 

and regardless of the type of facial expression signalling such change (Kringelbach & 

Rolls, 2003).   

 

Age-related effects on reversal learning 

Despite the growing interest in reversal learning as a function of the 

orbitofrontal region, very few studies have yet to assess this function in later 

adulthood.  Studies using animal subjects have reported age-related impairments in 

reversal learning abilities.  For instance, a study by Voytko (1999) suggested that 

aged rhesus monkeys, compared to younger adult monkeys, experienced difficulty 

learning and reversing visual stimulus-response contingencies, while performance 

remained intact for spatial trials.  Tsuchida, Kubo, and Kojima (2002) also reported 

an age-related decline in position reversal learning in a group of old macaque 

monkeys.  In contrast, performance by this group of older monkeys was equivalent to 

their younger counterparts on a position discrimination task (Tsuchida et al., 2002).  

A series of studies by Schoenbaum and colleagues revealed similar reversal-related 

impairment in samples of aged rats (Schoenbaum, Nugent, Saddoris & Gallagher, 

2002; Schoenbaum, Setlow, Saddoris & Gallagher, 2006).  Incorporating reversal 

shifts in a go/no-go odour-discrimination task, Schoenbaum et al. (2006) conducted 

single-cell recordings of the orbitofrontal regions of young and aged rats.  All rats 

performed similarly during initial odour discrimination learning.  The group of aged 

rats was then divided into those that were impaired or umimpaired when stimulus-
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reward contingencies were reversed.  In response to such reversals, firing of 

orbitofrontal neurons in the reversal-impaired aged rats was relatively diminished and 

did not adapt to changing contingencies, compared to younger and aged-unimpaired 

rats (Schoenbaum et al., 2006).  These findings demonstrate the importance of 

orbitofrontal contribution in successfully adjusting responses to changing reward 

contingencies.  That some aged rats were less capable of adapting to reversal shifts 

than others, and compared to their younger counterparts, suggests that functioning 

within the orbitofrontal region is vulnerable to age-related decline in certain subjects 

at least.         

Recent human studies using the IGT have demonstrated impaired decision-

making in some older individuals, tentatively suggesting age-decline within 

ventromedial regions (Denburg et al., 2006; Denburg et al., 2007; Denburg, Tranel & 

Bechara, 2005; Kovalchik & Allman, 2006; Zamarian et al., 2008).  More relevant, 

however, are three recent studies comparing reversal learning abilities across older 

and younger groups.  Using a probabilistic object reversal task, Mell et al. (2005) 

instructed participants to choose between four letters, which were rewarded or 

punished by a gain or loss of points, respectively.  Once a learning criterion was 

achieved, contingencies were changed and another stimulus became associated with 

maximum reward.  Older and younger adults did not differ significantly in their 

tendency to continue choosing a stimulus no longer rewarded (perseverative errors; 

Mell et al., 2005).  However, older adults earned significantly less points than 

younger adults, executed more random errors, and achieved learning criterion less 

rapidly (Mell et al., 2005).  These results suggest that certain aspects of reversal 

learning are more impaired for older adults relative to their younger counterparts.  

More recently, Boutet, Milgram, and Freedman (2007) compared performance 

between older and younger participants using a more traditional reversal learning 
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task.  During the object discrimination condition, participants were presented with 

two objects, one of which was associated with a monetary reward.  The reward 

contingencies were then switched during the reversal learning task.  Older adults 

performed more poorly than the younger adults during the reversal task, while 

performance was equivalent across groups for the object discrimination task.  Boutet 

et al. attributed their findings to age-related deterioration of the amygdala and 

orbitofrontal cortex.  Weiler et al. (2008) similarly compared older and younger 

adults using a probabilistic reversal learning task.  Here, participants learned the 

associations between two colours and each of four Asian symbols.  Following 

stimulus-response acquisition, the contingencies between symbols and colours were 

reversed.  Compared to performance by the younger group, older participants 

demonstrated inferior performance on both the acquisition and reversal phases of this 

task.  Older adults required more trials than younger adults to reach the initial 

learning criteria and, while younger adults gradually improved their performance 

following contingency reversal, older adults did not perform above chance level.  

Behavioural results reported to date (Boutet et al., 2007; Mell et al., 2005; Weiler et 

al., 2008) are therefore consistent in suggesting that reversal learning is impaired with 

increasing age.  However, these studies await replication with complementary 

imaging techniques to further qualify the relationship between reversal learning and 

orbitofrontal functioning in older adults.   

 

Summary of findings 

Reversal learning is essential for adapting to the ever-changing contingencies 

inherent in our social interactions.  More basic to survival however, reversal learning 

is necessary for switching behaviour in the face of changing reinforcement incentive 

(Roberts, 2006).  Reversal learning involves suppressing previously applicable 
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responses in favour of currently relevant behaviour, and has been repeatedly 

associated with the orbitofrontal cortex.  As outlined above, animals and humans with 

orbitofrontal lesions experience difficulties in reversing stimulus-response 

associations as rule contingencies change.  Also, single-cell recordings and human 

imaging studies present a trend for heightened orbitofrontal activity during tasks 

involving reversal learning.  Accumulating evidence from a number of sources 

therefore supports the view that reversal learning is a principal function of the 

orbitofrontal cortex and interconnecting regions.  As yet however, reversal learning 

has not been extensively explored in older populations, although the few existing 

studies do suggest age-related deterioration in reversal learning abilities.  Given the 

current emphasis on comparing dorsolateral and orbitofrontal regions in this age 

group, reversal learning therefore presents a potentially valuable means of assessing 

function within the latter of these regions.              

 

Conclusions 

A major theme evident in Chapter 2 relates to the degree of inconsistency in 

reports of age-related change within prefrontal sub-regions, and the lack of systematic 

comparison between functions subserved by each.  The next logical step in this 

research field was therefore to gain more control over the task parameters used in this 

comparison, by equating all test variables except those designed to specifically tax 

each region.  Given its common use in memory studies, especially within older 

populations (Elliott & Dolan, 1999; Fuster, 1991, 1995; Lamar & Resnick, 2004; 

Lamar et al., 2004; Rypma & D’Esposito, 2000), the delayed-response paradigm is a 

suitable candidate for this endeavour.  It may therefore be possible to vary different 

dimensions of such a task to differentially engage the orbitofrontal and dorsolateral 

cortices, while controlling for other extraneous confounds.  This process could allow 
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a more rigorous comparison of orbitofrontal and dorsolateral regions in older adults, 

not yet achieved by standard neuropsychological means.   

As described in this chapter, varying the number of items to be maintained in 

memory provides a reliable method of assessing dorsolateral function.  Indeed, 

numerous studies reported greater dorsolateral activity when memory load was 

increased relative to sub-capacity volume.  Preliminary results suggested a potential 

for younger adults to engage dorsolateral regions to a greater extent than their older 

counterparts, with such increases in memory load.  The proposal to incorporate 

memory load as a means of assessing age-related dorsolateral function during a 

delayed-response task was therefore founded in the current literature.  On the other 

hand, a review of the literature suggested that reversal learning is a process heavily 

associated with orbitofrontal function.  Studies involving both animal and human 

subjects have replicated the association between orbitofrontal activity and rapid shifts 

in stimulus-response associations, as well as the inability of participants with lesions 

in this region to perform such tasks.  Reversal learning therefore offers an alternative 

means of manipulating a delayed-response task to engage orbitofrontal involvement.  

Such comparison could expand our understanding of age-related cognitive change 

within the prefrontal cortex.     

 

Overview of the following series of experimental studies 

According to the frontal lobe hypothesis outlined above (see Chapter 1), early 

and rapid age-related change is considered to occur within the prefrontal cortex.  It 

has not, however, been clearly articulated how ageing might differentially impact 

upon the various prefrontal sub-regions.  Chapter 2 reviewed a series of studies 

investigating the effects of ageing upon dorsolateral and orbitofrontal sub-regions of 

the prefrontal cortex, highlighting the lack of consensus surrounding these issues, as 
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well as the methodological limitations precluding such clarity.  Chapter 3 suggested 

two functions typically associated with dorsolateral and orbitofrontal activity, namely 

load-related memory processing and reversal learning, respectively.  The major aim 

of the following studies was therefore to examine the effects of normal ageing upon 

memory load and rule reversal processes and the corresponding neural correlates, in 

an attempt to refine the frontal lobe hypothesis of cognitive ageing.  If the dorsolateral 

prefrontal cortex is more adversely affected by the ageing process, behavioural and 

neurophysiological indices associated with this region should demonstrate greater 

levels of impairment, relative to functions associated with the orbitofrontal cortex.  

On the other hand, if the orbitofrontal cortex is more susceptible to age-related 

change, then impairments should be most pronounced for functions associated with 

this region, relative to the dorsolateral cortex.   

Study 1 (Chapter 4) reports the development of a computerised delayed-

response task that modified memory load and reversal learning properties, in an 

attempt to engage dorsolateral and orbitofrontal activity.  In this study, a group of 

younger participants completed the experimental tasks, and the behavioural results are 

reported for accuracy and RT.  The aim of Study 2 (Chapter 5) was to adjust the 

difficulty of the experimental tasks, offering a potential means of titrating task 

difficulty for subsequent testing with older adults.  Study 3 (Chapter 6) assessed the 

performance of a group of younger participants on the experimental tasks, collecting 

both behavioural and ERP results.  ERP indices of memory load processing and 

reversal learning are reported for this study, and estimates of the neural generators of 

these ERP indices are provided.  Following from this, Study 4 (Chapter 7) repeated 

similar procedures to measure performance by both older and younger participants on 

the experimental tasks.  The aim of this final study was to compare behavioural and 

ERP results across age groups, and for sub-groups within the older sample, for 
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memory load and reversal processing, as well as identifying differences in the neural 

generators responsible for such functions.  Finally, Chapter 8 (General Discussion) 

reviews the findings of the current studies, offering new insights for consideration in 

the frontal lobe hypothesis of cognitive ageing.                 
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Chapter 4 

Study 1: Task development 

 

Recent findings emanating from the ageing literature suggest changes within 

both the dorsolateral and orbitofrontal regions of the ageing brain.  However, this line 

of research is yet to conclusively establish the relative extent of change within each 

region, and recent findings are often compromised by methodological shortfalls.  To 

systematically compare processing across the dorsolateral and orbitofrontal regions, it 

is necessary to test region-specific functions while controlling as many extraneous 

variables as possible.  As discussed in Chapter 3, increasing working memory load 

requires recruitment of the dorsolateral prefrontal region, while rule reversal is a 

function typically associated with orbitofrontal processing.  In the current experiment, 

a task was therefore developed to assess both rule reversal and memory load while 

controlling other variables within the task.   Performance accuracy and RT were 

assessed under varying rule reversal and memory load demands to ensure 

comparability in the assessment of these cognitive processes, and control for any 

potentially confounding differences in task difficulty in later comparisons.  

 

Delayed match- and non-match-to-sample tasks 

The delayed-response paradigm is commonly used to assess human and non-

human primate memory performance, and typically evokes activity within the 

prefrontal cortex (D’Esposito et al., 2000; Elliott & Dolan, 1999; Fuster, 1991, 1995; 

Klingberg et al., 1997; Levy & Goldman-Rakic, 2000; Postle et al., 1999).  In a 

common version of this form of task, memory items are presented for retention across 

a short delay period, following which these items are identified within a set of probe 

stimuli.  This simple paradigm invokes primarily working memory functions, 
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including encoding, retention, retrieval, and response selection, with the relative 

exclusion of other cognitive processes, such as strategy development, inhibition, and 

attention- and set-shifting (D’Esposito & Postle, 1999; Fuster, 1995; Jha & 

McCarthy, 2000; Russell, 2005).  In the current study, a DMTS/DNMTS variant of 

this paradigm was employed.  The DMTS condition requires a response to a probe 

item corresponding to one of the original memory items, while the DNMTS task 

involves choosing the item that does not match any of the previously studied memory 

items (Elliott & Dolan, 1999; Lamar & Resnick, 2004).  Traditional delayed-response 

tasks, as well as the DMTS/DNMTS variants, are also suitable for use with older 

populations (Lamar & Resnick, 2004; Lamar et al., 2004; MacPherson et al., 2002; 

Rypma & D’Esposito, 2000).  The current experiment therefore employed a 

DMTS/DNMTS paradigm that varied the number of items to be remembered, as well 

as the frequency of reversal shifts between response types.  Shifting from a match 

response to a non-match response requires a reversal of the rule contingency, 

therefore involving the suppression of the previously relevant learning criterion 

(either match or non-match; Boulougouris et al., 2007).        

The DMTS and DNMTS tasks have each demonstrated involvement of the 

orbitofrontal cortex.  As discussed in Chapter 2, Elliott and Dolan (1999) reported 

medial orbitofrontal activity during the DMTS compared to the DNMTS task, and 

lateral orbitofrontal activity during the DNMTS relative to the DMTS task.  In their 

tasks, participants were presented with a complex shape for 1 s followed by a short (5 

s) or long (15 s) delay.  Two shapes were then presented, one corresponding to the 

original object as well as a second novel shape.  During the “match” condition, a 

response was made to the previously seen object in the pair (either left or right), while 

the “non-match” condition required a response to the novel item (either left or right).  

Findings revealed a significant difference between the DMTS and DNMTS 
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conditions, with superior performance observed on the former, and no significant 

interaction with length of retention interval (Elliott & Dolan, 1999).  This procedural 

approach has been adopted in several subsequent studies (Lamar & Resnick, 2004; 

Lamar et al., 2004) and provides a general methodological framework for the current 

experiment.                           

While the DMTS task involves a response to previously seen stimuli, the 

DNMTS task increases cognitive demand by introducing additional processes such as 

response inhibition (Lamar et al., 2004).  While non-human primates demonstrate a 

preference for novel stimuli, adult humans tend to prefer familiar items (Elliott & 

Dolan, 1999).  Therefore, during the DNMTS task, human participants must suppress 

a natural tendency to choose the familiar item, and respond instead to the novel 

object.  As mentioned above, Elliott and Dolan (1999) reported significantly poorer 

performance upon the DNMTS task relative to the DMTS task, possibly due to this 

preference for familiar items.  Studies by Zhang and colleagues also report a 

significant delay in RT for non-match trials relative to match trials, but suggest that 

this effect is the result of priming (Zhang, Begleiter, Porjesz & Litke, 1997; Zhang, 

Begleiter, Porjesz, Wang & Litke, 1995).  When only a single probe item is presented, 

a match trial consists of the repetition of the original memory item for which a 

memory trace remains, thus facilitating recognition.  However, non-match trials 

involve the presentation of a novel stimulus that must be compared to the contents of 

memory, thus delaying the response (Zhang et al., 1995; Zhang et al., 1997).  The 

above studies illustrate the additional processes involved in non-match trials that may 

impact detrimentally upon performance.           
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Outline of the DMTS/DNMTS tasks used in the current studies 

For the basic task procedure used in the current series of studies, participants 

were initially presented with the instruction “match” or “non-match” to indicate the 

type of response required for each trial.  A memory array was then presented followed 

by a blank retention period.  Finally, a pair of probe items was presented and 

participants decided which item matched, or did not match, the original memory 

item(s) depending on the type of response required (see Figure 4.2 for examples of 

each trial type).  For each trial, the response phase therefore included one item from 

the memory set and one item that was not from the set.   

As discussed further below, manipulations of memory load and rule reversal 

were introduced to purportedly assess dorsolateral and orbitofrontal functioning, 

respectively.  As a result, three experimental conditions were produced.  The first 

condition (low memory load/low reversal) acted as a baseline condition, in which 

only one memory item was presented and there was a single change between match 

and non-match trials.  During this condition, an instruction appeared at the outset of 

each trial to indicate the type of response (either match or non-match) required.  One 

memory item was then presented and was to be retained across a short delay period.  

Following this retention interval, two test items were presented and a response was 

made to one of the items, indicating which item matched (or did not match) the 

original memory item.  In the first variation of this task (high memory load/low 

reversal; herein referred to as the high memory load condition), the frequency of 

reversal change remained minimal, however the number of items to be remembered 

was increased to two.  Conversely, the second variation (low memory load/high 

reversal; herein referred to as the high reversal condition) involved only one memory 

item, but increased the frequency of change between match and non-match trials.  
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Parameters of the modified DMTS/DNMTS task 

Sixteen Attneave-type (Attneave & Arnoult, 1956) irregular polygons (see 

Figure 4.1) were chosen as memory and test stimuli for the current DMTS/DNMTS 

tasks due to their inherent difficulty for verbal labeling (Chuah, Maybery & Fox, 

2004; Postle, Locascio, Corkin & Growdon, 1997; Smith et al., 1995).  Verbal 

labeling strategies are likely to facilitate performance, especially as labels become 

increasingly familiar with practice (Vanderplas & Garvin, 1959).  In a study assessing 

visual and spatial memory within a delayed-response paradigm, Elsley, Parmentier, 

and Maybery (2009) presented Attneave-type shapes to be retained across a retention 

interval and matched to a probe item.  Articulatory suppression was introduced to 

determine the impact of verbal memory upon item encoding.  This additional verbal 

processing did not significantly impact upon performance accuracy, thereby 

suggesting that the irregular polygons were encoded predominantly within visual 

memory (Elsley et al., 2009).  Participants are therefore unlikely to apply common 

labels to these abstract shapes, and therefore it is not expected that verbal memory 

contributes substantially to task performance.  
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Figure 4.1.  Set of 16 Attneave-type polygons from which stimuli were derived in the 

current experiment. 

 

The task used in the current experiment provided an instruction prior to each 

trial, informing the participant of the type of response required (either match or non-

match).  Some previous reversal learning studies did not provide this instruction, and 

instead required that the participants make trial and error decisions and acquire the 

rule based on reward accumulation (Berlin et al., 2004; Remijnse et al., 2005).  Other 

studies suggest that rule provision does not significantly alter performance compared 

to conventional procedural learning.  In a study by Bardenhagen and Bowden (1995), 

for instance, alcohol-dependent participants and controls were administered the 

DMTS task under differing conditions of acquisition training, rule provision and 

number of items to be remembered.  Acquisition training itself did not significantly 

improve performance on subsequent trials, and during the acquisition phase, those 

provided with the response rule did not demonstrate significantly improved 

performance relative to those not explicitly made aware of the response rule.  When 
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the number of items to be remembered was increased, rule provision did significantly 

improve performance.  However, this effect was relatively small compared to the 

impact of memory load upon performance, and all participants were similarly able to 

derive the response rule, regardless of it being explicitly provided.  According to 

Bardenhagen and Bowden (1995), successful performance upon the DMTS task 

therefore relies less on rule provision alone and more importantly upon memory 

retention abilities.  Given the minimal effect of rule provision on DMTS performance, 

the current experiment provided subjects with the response rule on each trial.  This 

procedure is similar to other DMTS/DNMTS studies informing subjects of a change 

between match and non-match responses using explicit instruction (Elliott & Dolan, 

1999; Lamar et al., 2004).            

Given the role the orbitofrontal region plays in evaluating and responding to 

reward and punishment cues, reversal learning tasks traditionally reinforce correct 

reversal shifts by offering monetary or food rewards (e.g. Boulougouris et al., 2007; 

Deco & Rolls, 2005; Hornak et al., 2004; O’Doherty et al., 2001).  However, studies 

have reported that reversal tasks not employing this reinforcement strategy continue 

to elicit orbitofrontal activity in response to reversal shifts.  For example, in a study 

by Schnider, Treyer, and Buck (2005) participants were presented with two coloured 

rectangles, behind one of which was an object (correct response).  Various versions of 

the task were employed, including a condition during which the correct object 

position was reversed every one to four trials.  Although no reward was provided 

throughout any of the conditions, each elicited orbitofrontal activation to varying 

degrees.  These results support the assumption that rule-reversal itself is sufficient to 

engage the orbitofrontal cortex, without the need for rewarded learning.  Using a 

similar task paradigm, a more recent study (Schnider et al., 2007) reported lateral 
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orbitofrontal activation in response to a cue indicating that stimulus-response pairings 

had been reversed, despite the lack of tangible reward.         

Adding to this position is a recent fMRI study, in which individuals with 

Parkinson’s disease performed a probabilistic reversal learning task while taking 

dopaminergic medication, and again following no medication (Cools, Lewis, Clark, 

Barker & Robbins, 2007).  In this task, participants responded to one of two visual 

patterns and were rewarded (green smiley face) for correct responses.  “Probabilistic 

errors” occurred when negative feedback (red sad face) was provided for correct 

responses but was not followed by subsequent contingency change.  Following a 

predetermined number of correct responses, the contingency changed and the 

alternate item in the pair was substituted as the correct stimulus.  “Preceding reversal 

errors” involved a response to the incorrect stimulus following contingency change, 

while “final reversal errors” preceded a behavioural shift (correct response) on the 

subsequent trial.  Significant signal change was observed for final reversal errors, 

relative to correct responses, bilaterally in ventrolateral prefrontal cortex, insula, 

rostral cingulate, right orbitofrontal cortex, and dorsolateral prefrontal cortex, 

regardless of medication status.  Activity in the nucleus accumbens (within the ventral 

striatum) also increased in response to final reversal errors when patients were 

medication-free, relative to testing while on medication.  These findings suggest that 

activity increased throughout various forebrain regions, including ventrolateral and 

orbitofrontal cortices, and nucleus accumbens, when individuals became aware that 

the response rule had changed (final reversal errors) and not with the subsequent 

adaptation of behaviour.  Therefore, activity was related to the conscious signalling of 

contingency reversal itself, rather than the reinforcing properties of a correct outcome 

following reversal (Cools et al., 2007).  The signalling of a rule reversal, in this case 

by final reversal errors, is similar to the presentation of a response rule (match or non-
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match) in the current experiment, and challenges the assumed need for reinforcement 

in the form of reward.             

As discussed in Chapter 3, a study by Kringelbach and Rolls (2003) also 

highlighted the involvement of orbitofrontal activity in rule reversal, without the 

accompanying need for reward.  Here, subjects were instructed to select one of two 

faces that continued to respond with a “happy” expression until changing to either an 

“angry” (main reversal task) or “neutral” (control reversal task) expression signalling 

a required shift in response.  Regardless of the nature of the reversal cue (angry or 

neutral face expression) orbitofrontal activity was observed in response to a general 

reversal shift, despite the lack of reward provision (Kringelbach & Rolls, 2003).  

Without rewarding subjects for correct responses, several other studies have similarly 

recorded activity within orbitofrontal regions under reversal conditions (Elliott & 

Dolan, 1999; Lamar & Resnick, 2004; Lamar et al., 2004).        

For the DMTS/DNMTS task used in the present research, the frequency of 

contingency reversal between match and non-match decisions was varied as a 

potential manipulation of orbitofrontal involvement.  Switching between match and 

non-match responses is considered an instance of intra-dimensional reversal 

(Boulougouris et al., 2007; Ragozzino, Detrick, et al., 1999).  When reversal demand 

was low, a block of match trials was presented, followed by a block of non-match 

trials (or vice versa), requiring only one reversal shift between response types across 

the condition.  Alternatively, increasing reversal demand involved changing between 

match and non-match responses every eight trials, thereby increasing the number of 

reversal shifts compared to the low reversal condition.  Each reversal shift required 

subjects to reverse the previous rule by switching their responding from match or 

non-match, or vice versa.  Previous research has demonstrated the detrimental effect 

of rule reversals upon behavioural performance.  For example, a study by Rushworth, 
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Passingham, and Nobre (2002) included a reversal learning task in which two shapes 

were paired with a left- or right-key response, with instructional cues (“switch” or 

“stay”) indicating a required reversal in these learned pairings.  Although accuracy 

was not reported in this study, it was noted that RT increased considerably following 

the reversal of intentional set, particularly for the trial immediately following this 

switch (Rushworth et al., 2002).  Other studies have similarly reported increased RT 

following switch trials relative to non-switch trials, using a variety of task-switching 

paradigms (Kieffaber & Hetrick, 2005; Schnider et al., 2007).  As discussed in 

Chapter 3, such reversal processes are considered to rely predominantly upon 

orbitofrontal input, and a similar paradigm was therefore adapted here for the 

DMTS/DNMTS task.       

While the frequency of rule reversal was augmented to engage orbitofrontal 

activity in the current experiment, working memory load was manipulated by varying 

the number of memory items from one to two items.  As discussed in Chapter 3, 

increasing memory load evokes additional activity within the dorsolateral prefrontal 

cortex (D’Esposito et al., 2000).  Dorsolateral involvement results from additional 

monitoring demands that increase the difficulty of the task (Petrides, 2000).  This 

effect has been demonstrated in numerous studies for which a decline in accuracy, 

and slower RT, has been observed as memory load increases in an n-back memory 

task (Tomasi et al., 2007), and as the number of items is increased in a delayed-

response paradigm (Gazzaley et al., 2007; Habeck et al., 2005; Leung et al., 2002; 

Petrella et al., 2005; Petrides, 2000; Rypma et al., 2002; Sammer, 1996; Zarahn et al., 

2007).  It has been reported that significant behavioural and neurological differences 

occur even with small increments in visual memory load, such as encoding and 

retaining one compared to two memory items.  For example, Jha and McCarthy 

(2000) presented subjects with one, two or three face stimuli to be retained over a 
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delay and then matched to a probe item.  When two memory items were presented, 

performance was slower and less accurate compared to when one item was presented, 

and did not differ significantly from the three-item condition with regard to accuracy.  

In terms of behavioural performance, therefore, this particular study suggests that 

introducing an additional visual item poses significant performance detriments 

compared to encoding a single visual item.  Compared to the single-item condition, 

the retention of two face stimuli also increased delay-period activation across the 

middle frontal, inferior frontal, and superior frontal gyri (Jha & McCarthy, 2000).   

Also employing a delayed-response task, Linden et al. (2003) reported a decline 

in RT for a two-item condition, relative to a one-item condition.  In this study, non-

natural objects were used as visual stimuli, comprising blurred outlines of random 

tetris shapes.  Within the left dorsolateral cortex, activation increased significantly 

from the one-item to the two-item condition at both early- and mid-delay periods 

(Linden et al., 2003).  In addition to its impact on behavioural performance, these 

findings suggest that introducing a second memory item is sufficient to increase 

activation within the dorsolateral cortex relative to a single memory item.  Studies by 

Jha and McCarthy (2000) and Linden et al. (2003) included face stimuli and abstract 

objects, respectively, suggesting that behavioural performance and dorsolateral 

activity can be moderated by increasing the content load within visual memory.  In 

the current experiment, two abstract visual items were therefore introduced into the 

high memory load condition, offering a means of increasing demand within visual 

memory. 

                

Overview of the current study 

Experimental manipulations intended to target each prefrontal region should 

ideally demonstrate comparable levels of difficulty.  It was therefore necessary to 
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obtain performance indices while varying both working memory load and rule 

reversal across the three conditions outlined above.  The aim here was thus to ensure 

that placing high demands on dorsolateral functioning by increasing load to two 

memory items, was similar in difficulty to placing high demands on orbitofrontal 

functioning by increasing the frequency of contingency change.  Given previous 

reports of significant decline in behavioural performance when retaining two memory 

items compared to a single item, it was expected that the high memory load condition 

would produce poorer performance, with regard to accuracy and RT, relative to the 

low memory load (baseline) condition.  Similarly, increasing the frequency of rule 

reversal should also impair performance, with the high reversal condition expected to 

reduce accuracy and increase RT compared to the low reversal (baseline) condition.  

It was expected that this pattern of results would be exacerbated immediately 

following a switch of rule contingency, so that the difference in performance for the 

high and low reversal conditions would be most pronounced for the first few trials 

following each rule change.  To ensure the difficulty of each experimental variation 

was equated, it was also necessary to examine whether increasing the reversal 

frequency produced a similar change in accuracy and RT performance as increasing 

the number of memory items.  Finally, performance differences between match and 

non-match trials were also expected.  Due to the increased cognitive load involved in 

non-match trials (Lamar et al., 2004), it was predicted that these trials would elicit 

lower accuracy and slower RT relative to match trials across all conditions.       

 

Method 

Participants 

Twenty-four volunteers (17 female) participated in this study.  They consisted 

of undergraduate and postgraduate psychology students at the University of Western 
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Australia, who participated for either monetary reimbursement or course credit.  

Participants were aged between 17 and 42 years (mean [M] age = 24.92 years; 

standard deviation [SD] = 5.31 years).  All participants provided informed consent 

prior to participating.     

 

Materials and Equipment 

Memory and test items consisted of 16 Attneave-type (Attneave & Arnoult, 

1956) irregular polygons (see Figure 4.1).  Rather than including trial-unique stimuli, 

items were repeatedly drawn from this stimulus set to engage working memory 

processes for item recognition (Hartman, Dumas & Nielsen, 2001).  The polygon 

shapes and the words “match” and “non-match” appeared white on a black 

background, with text written in font size 24.  Shapes appeared black inside a white 

square 3 cm x 3 cm in size.  Presentation (version 9.90) software was used to develop 

the task and control stimulus presentation.  Stimuli were presented on a Sony EDSYS 

PC, with a 39 cm NEC MultiSync V500 monitor.  Using a QWERTY keyboard, the 

‘z’ key represented a left response and the ‘/’ key represented a right response.         

 

Design 

The experiment followed a within-subjects design, where each participant 

completed all three conditions, with the order of conditions counterbalanced across 

participants.  In each condition, half the trials required a match response and half 

required a non-match response (see Figure 4.2 for examples of each trial type).  The 

order in which each participant completed these two types of trials (match or non-

match) was also counterbalanced, where half the participants commenced with a 

block of match trials followed by a block of non-match trials for each condition, 

while the remaining half received the reverse order.  Each participant completed 64 
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match trials and 64 non-match trials in each condition.  In the baseline condition (low 

memory load/low reversal) only one memory item was presented on each trial and 

there was a low frequency of reversal change.  For this condition, participants 

completed one block of match trials and one block of non-match trials.  The high 

memory load condition also involved infrequent reversal change, with one block of 

match trials and one block of non-match trials, but the number of memory stimuli was 

increased to two items.  For the high reversal condition, memory load consisted of 

one memory item, but the frequency of reversal change was increased so that blocks 

of eight match trials and eight non-match trials were presented in alternation for a 

total of 128 trials.  Each condition commenced with eight practice trials, alternating 

between match and non-match responses, followed by the 128 test trials.   

 

Procedure 

Each trial began with a blank screen appearing for 1000 ms.  An instructional 

cue then appeared on-screen for 500 ms (“match” or “non-match”), indicating 

whether a match or a non-match decision was required for that trial.  This cue was 

then replaced by a blank screen presented for 1500 ms.  Depending on the condition, 

either one or two memory items, selected randomly from the 16 possible abstract 

polygons, were then presented for 1000 ms.  This display was then replaced by a 

blank screen for 5000 ms, which constituted the retention interval of the task.  This 

retention period was similar to those commonly used in previous studies employing 

delayed-response tasks (Elliott & Dolan, 1999; Lamar & Resnick, 2004; Lamar et al., 

2004; Oscar-Berman & Bonner, 1985).  Following the retention interval, two test 

stimuli were then presented side-by-side for 1000 ms.  For the low memory load 

conditions, one of these test items was identical to the memory item presented for that 

trial, while the other was chosen randomly from the remaining 15 abstract shapes.  
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For match trials, participants were required to decide which of the two test stimuli 

matched the memory item.  Non-match trials required participants to instead choose 

which test stimulus did not match the memory item.  For the high memory load 

condition, in which two memory items were presented, participants chose which of 

the two test stimuli matched one of the memory stimuli, or did not match either.  A 

response was made by pressing a key (left or right) to indicate which of the test 

stimuli matched (or did not match) the memory item(s).  Responses were self-paced, 

in as much as each trial did not commence until a response was made to the preceding 

trial.  Both accuracy and RT were recorded for each trial.     

 

match

non-match

trial type memory item(s) delay test items response

500ms 1000ms 1000ms5000ms

(correct)

(correct)

(correct)

(correct)

non-match

match

 

Figure 4.2.  Examples of each trial type.  The first and second rows represent match 

and non-match trials, respectively, when memory load is low (one item).  The third 

and fourth rows represent match and non-match trials, respectively, when memory 

load is high (two items).   
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Results 

Trials were removed if a response was made prior to the presentation of the test 

items.  Trials were also deleted if the latency of a response was less than 100 ms or 

greater than 6000 ms.  If more than one response was made in a single trial, only the 

first response was scored and all subsequent responses were removed from the data 

set.  Accuracy was calculated for each participant as the percent of trials responded to 

correctly in each condition, and separately for match and non-match trials.  The mean 

percent correct and SDs are presented in Table 4.1 for each condition, as well as for 

match and non-match trials comprising each condition.  Only those trials responded to 

correctly were included in calculations of RT.  To reduce skew in the RT distribution, 

a median RT was obtained for each participant in each condition, and separately for 

match and non-match trials.  Median RT was then averaged across participants to 

produce an overall mean RT for each condition, as well as match and non-match 

trials.  The means and SDs of the median RTs for each condition, and for match and 

non-match trials comprising these conditions, are presented in Table 4.2.   

Individual summary scores (mean accuracy and median RT) for each condition 

were initially screened for outliers, defined as standardised scores greater than 3.29 or 

less than -3.29 (p < .001, two-tailed test; Tabachnick & Fidell, 2001).  No outliers 

were identified in the data sets.  A Kolmogorov-Smirnov test was used to determine if 

each dependent variable was normally distributed for each condition.  The asymptotic 

significance value for all conditions was greater than 0.05, suggesting that the data 

were normally distributed in each case.  
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Table 4.1.  

Means and SDs for percent correct for each condition, and for match and non-match 

trials within each condition (N = 24). 

  M SD 

Baseline Match 96.21 3.74 

 Non-match 95.76 3.31 

High memory load Match 91.20 5.06 

 Non-match 92.96 4.30 

High reversal Match 93.30 5.51 

 Non-match 92.47 5.31 

 

Table 4.2. 

Means and SDs of median RT (ms) for correct trials in each condition, and for match 

and non-match trials within each condition (N = 24). 

  M SD 

Baseline Match 591   88 

 Non-match 688 122 

High memory load Match 826 157 

 Non-match 915 186 

High reversal Match 634 110 

 Non-match 725 124 

 

In this study and those that follow, Greenhouse-Geisser values are reported for 

all analyses of variance (ANOVA) when the sphericity assumption was not met.  

Bonferroni correction was applied for all multiple pair-wise comparisons in this study 

and subsequent studies.  Where these comparisons have been performed, the critical p 
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value is indicated for each.  Condition (low memory load/low reversal; high memory 

load; high reversal) was included along with trial type (match or non-match) as 

within-subject factors in separate 3 x 2 ANOVAs for accuracy and RT.   

There was a significant main effect of condition on accuracy, F(1.60,36.89) = 

10.14, p < .05, η p
2 = .31.  Paired-sample t-tests revealed that performance in the 

baseline condition was significantly more accurate than performance in the high 

memory load condition, t(23) = 3.19, p < .0167, η p
2 = .31, and in the high reversal 

condition, t(23) = 4.20, p < .0167, η p
2 = .43  .  Comparing effect size values, the 

effect of increasing memory load was similar to the effect of increasing reversal 

frequency.  Both effect sizes are moderate based on Cohen’s classification.  There 

was no significant main effect of trial type, and no significant interaction between any 

factors.   

Condition also had a significant main effect on RT for correct trials, 

F(1.36,31.37) = 69.52, p < .05, η p
2 = .75.  Paired-sample t-tests revealed that RT was 

significantly reduced for the baseline condition compared to both the high memory 

load condition, t(23) = 8.94, p < .0167, η p
2 = .78, and the high reversal condition 

t(23) = 3.61, p < .0167, η p
2 = .36.  Based on a comparison of partial eta-squared 

values, the effect of increasing memory load was larger than the effect of increasing 

reversal frequency for RT.  There was also a significant main effect of trial type, 

whereby non-match trials were performed significantly slower than match trials 

overall, F(1,23) = 63.77, p < .05, η p
2 = .74.  No significant interactions were observed 

between variables.   

Given that a rule reversal occurred every eight trials in the high reversal 

condition, accuracy and RT were averaged for each of trials one to eight across the 

blocks.  Similarly, trials were blocked into eight trials for the low memory load/low 

reversal and the high memory load conditions, where in both cases a rule reversal 
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occurred only once.  Mean accuracy and RT for individual trials (trials one to eight) 

in each condition are presented in Figures 4.3 and 4.4, respectively.  ANOVA was 

used to examine the effect of trial number on accuracy and RT, with condition added 

as a within-subjects factor.  As the effect of condition has been considered above, 

only the effects involving trial number and its interaction within condition are 

reported here.   

There was a significant main effect of trial number (trials one to eight) on 

accuracy, F(7,161) = 10.06, p < .05, η p
2  = .30, but there was also a significant 

interaction between condition and trial number, F(6.59,151.56) = 4.86, p < .05, η p
2  = 

.18.  To investigate this interaction further, the effect of trial number on accuracy was 

tested for each condition independently.  The effect of trial number on accuracy was 

not significant for the baseline and high memory load conditions, however this effect 

was significant for the high reversal condition, F(3.80,87.45) = 17.16, p < .05, η p
2  = 

.43.  When trials were compared in the high reversal condition only, using paired-

samples t-tests, trial one was performed significantly less accurately than all other 

trials (smallest t(23) = 5.14, p < .007).  Differences between all other pairs of trials 

did not reach significance.  A significant effect of condition also emerged for trial 

one, F(2,46) = 13.64, p < .05, η p
2 = .37.  For this trial, performance for the high 

reversal condition was significantly less accurate relative to the low memory load/low 

reversal condition, t(23) = 5.38, p < .0167, η p
2 = .56.  With regard to RT on the other 

hand, no significant effect of trial number was observed, and there was no interaction 

between condition and trial number.       
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Figure 4.3. Mean percent correct (including 95% confidence intervals) for blocks of 

eight trials in each condition. 
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Figure 4.4. Median RT for correct trials (including 95% confidence intervals) for 

blocks of eight trials in each condition.    
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Discussion 

The aim of the current experiment was to determine if the two experimental 

conditions (high memory load and high reversal) were significantly more difficult 

than the baseline condition (low memory load/low reversal).  It was hypothesised that 

a greater demand would be placed upon working memory resources by increasing the 

memory load.  Therefore, it was expected that the two-item condition (high memory 

load) would be performed slower and less accurately than the one-item condition (low 

memory load/low reversal).  The results supported this proposal, as accuracy declined 

and RT increased in the high memory load condition relative to the baseline 

condition.  This result replicates previous findings reporting impaired performance 

with increasing number of memory items (Leung et al., 2002; Petrella et al., 2005; 

Petrides, 2000; Rypma et al., 2002; Zarahn et al., 2007).  Similar to studies by Jha and 

McCarthy (2000) and Linden et al. (2003), the current findings suggest a decline even 

with an increase in visual memory load from one to two items.     

It was also expected that, by increasing the number of reversals between match 

and non-match responses, task difficulty would be inflated and accuracy would 

decrease and response times increase, accordingly.  Again, this hypothesis was 

supported by the current results; accuracy was greater and response times reduced in 

the baseline condition, relative to the high reversal condition.  The addition of 

frequent stimulus-response reversals therefore had a detrimental effect on 

performance.  The study by Rushworth et al. (2002) involving healthy human 

participants, similarly reported that performance speed was compromised when 

reversal shifts were introduced to a stimulus-response learning task, however 

accuracy was not recorded in their study so it is unknown whether that aspect of 

performance was affected by reversal demands.  In the current study, both the high 

memory load and high reversal conditions were performed significantly slower and 
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less accurately than the control condition.  Together, these results suggest that 

increasing memory load from one to two items produces a deficit in performance, 

while adding to the number of contingency changes also impairs performance.   

It was also important that the two experimental conditions be of similar 

difficulty, in order to reduce potential confounding effects in subsequent studies.  The 

effect of increasing memory load was similar to the effect of increasing reversal 

frequency in terms of accuracy, suggesting that both were of comparable difficulty.  

However, the effect of increasing memory load was greater than the effect of 

increasing reversal frequency for RT.  This result is consistent with previous findings 

that latency is slowed as a function of increasing memory set size, due to the more 

exhaustive serial search of items held in memory (Jensen & Lisman, 1998; Sternberg, 

1966).  As evident in the current experiment, scanning memory for two study items, 

relative to one, increases the time in which a response is executed.  Accordingly, 

increasing demands from the baseline to the high memory load condition, in which 

two items must be scanned in memory, resulted in slower performance than did 

increasing reversal frequency, where the search in memory extended only to one 

study item.  While the effect of each experimental manipulation did not differ in 

terms of accuracy, adding an extra memory item logically increases the memory 

search and thus the latency of response.              

It was also expected that the difference in performance between the high and 

low reversal conditions would be particularly prominent immediately following a 

switch in rule contingency.  To address this issue, accuracy and RT were averaged 

separately for each trial (one to eight) within blocks of trials in the high reversal 

condition.  Trials in the baseline and high memory load conditions were similarly 

averaged every eight trials.  Results were only somewhat consistent with the 

hypothesis.  For the high reversal condition, RT was elevated for all eight trials 
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relative to baseline, however accuracy declined noticeably only on the first trial 

following a reversal switch.  Although participants may be aware that a change in rule 

has occurred, the speed with which responses were executed appeared to be 

maintained across trial position.  It is possible that responses following a rule change 

were executed impulsively, without inhibiting the prepotent response remaining from 

the final trial of the previous block.  Consequently, a response may have been 

incorrect but RT was maintained.1   

That RT did not differentiate between individual trials stands in contrast to the 

findings by Rushworth et al. (2002), who reported a marked increase in RT 

immediately following a reversal.  However, differences in methodology may account 

in part for these contrasting results.  In the study by Rushworth et al. (2002),  a 

“switch” or “stay” cue was presented every 8 to 17 trials and was represented by an 

“x” or “+”, respectively.  These instructional cues are more abstract than those used in 

the current study (“match” or “non-match”) and consequently an increased length of 

time may have been required for processing the meaning of the “switch” and “stay” 

cues prior to response execution.  Furthermore, as discussed above, it is possible that 

the first trial following a rule reversal in the current high reversal condition was 

performed impulsively, with a latency consistent with the remaining seven trials but 

with a poorer accuracy rate.  This may have occurred as the instructional cue was 

presented on every trial in the current task, and therefore its presence was less 

remarkable.  On the other hand, the task utilised by Rushworth and colleagues 

                                                 
1 Given that it was only accuracy that varied between trial positions in the high reversal 
condition, and that this effect occurred only for the initial trial following reversal, 
behavioural performance was not compared between trial positions in any subsequent 
experiments in this series.  In the high reversal condition, there were only 16 reversals and 
thus data collected from only the initial trial following reversal would provide too few trials 
for a reliable means of comparison.  It was important that the behavioural and ERP data 
mapped onto each other, and thus this type of analysis was not performed subsequent to 
Study 1 for either behavioural or ERP results.  Furthermore, as described in later chapters, 
behavioural performance did not differ significantly between the older and younger groups 
for the high reversal condition, and thus it was not necessary to further specify age-related 
differences in terms of trial position.     



 
 

89

presented the instructional cue less frequently, so that its occurrence would be more 

novel.  Consequently, the instructional cue may have been attended to more 

arduously, which in turn may have delayed response execution.  Whereas the current 

results appear to reflect a relatively impulsive reaction to frequent rule reversals, the 

study by Rushworth et al. suggested a more laborious reaction evidenced by 

lengthened response times.   

Based on previous descriptions of an innate human preference for choosing 

familiar objects (Elliott & Dolan, 1999), it was also expected that non-match trials 

would impair performance to a greater extent than match trials.  However, only speed 

of performance distinguished significantly between trial type; RT was significantly 

greater for non-match trials, relative to match trials.  Accuracy failed to discriminate 

between match and non-match trials.  These results do support the claim that 

performance improves in a DMTS task, when compared to a DNMTS task, however 

this pattern emerged only for RT in the current experiment.  The results do not 

support previous findings by Elliott and Dolan (1999) that accuracy is greater for 

match trials, compared to non-match trials.  However, as RT was not reported in their 

study, it is difficult to discern any similarities with regard to speed of performance, 

and its possible trade-off with accuracy.   

Similar to the current results, Zhang and colleagues reported slowed response 

times for non-match trials, relative to match trials, and attribute this effect to priming 

(Zhang et al., 1997; Zhang et al., 1995).  A similar proposition may also account for 

the current results.  Regarding match trials, it is necessary to choose one of the study 

items during the response phase, thus the correct response is primed and performance 

is facilitated accordingly.  Conversely, during non-match trials, it is the novel item 

that must be chosen; the item that has not been recently primed during the study 

phase.  In line with findings reported by Zhang and colleagues, it is therefore possible 
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that RT increased during non-match trials due to the lack of a priming effect.  An 

alternative explanation is that non-match responses involve a two-step process - 

firstly locate the response option that was a memory item, and then switch to the other 

response option.  As suggested by Lamar et al. (2004), this type of responding 

requires suppressing a response to the familiar (match) object.  Given the human 

tendency to select familiar items (Elliott & Dolan, 1999), match responses would not 

involve such inhibitory processes, which may account for the RT differences between 

match and non-match responses.   

The current results revealed that the high memory load and high reversal 

conditions were significantly more difficult than the baseline condition.  Increasing 

working memory load, even with the addition of only one extra memory item, 

therefore impaired performance relative to a single memory item.  Similarly, 

performance declined when the number of reversals between match and non-match 

trials was increased from a single reversal, particularly for the accuracy of the trial 

following immediately after a rule change.  Another objective of the current 

experiment was to ensure the comparability of the high memory load and high 

reversal conditions, relative to baseline.  This was achieved in terms of accuracy, as 

the effect of increasing memory load was similar to the effect of increasing reversal 

frequency.  However, relative to baseline, there was a difference in effect sizes 

between conditions for RT; the effect of increasing memory load was greater than the 

effect of increasing reversal frequency.  As discussed above, this was possibly due to 

an increased number of visual representations to be serially searched in memory in 

the high load condition.  Given that the two experimental conditions were of 

comparable difficulty, at least in terms of accuracy, and that each differed 

significantly from the baseline condition, the current results support the continued use 

of these tasks in subsequent studies in this series.  Compared to the baseline 
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condition, the high memory load condition offers a viable means of increasing 

memory load and resulted in a relatively marked effect upon task performance.  The 

high reversal condition similarly increased task difficulty, relative to the baseline 

condition, by adding to the number of reversals between match and non-match trials.  

Given that the two manipulations (high memory load and high reversal) were 

implemented within the same task paradigm, potential confounds should be limited in 

investigating these effects.     
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Chapter 5 

Study 2: Varying the length of the retention interval between study and test items 

 

The results of the previous experiment suggested that increasing working 

memory load from one to two items impaired performance accuracy to a similar 

degree as increasing the frequency of rule reversal.  During the baseline condition, 

when only one memory item was presented and a change in response rule occurred 

only once, both accuracy and RT improved significantly, relative to the other two 

conditions (high memory load and high reversal).  These results support the continued 

use of this task with younger adults, as any differences in memory retention and 

reversal learning would be difficult to attribute to differences in accuracy for these 

two experimental manipulations.  However, as this task is to be used subsequently 

with older adults, the parameters of the task must be adapted for use with this 

population.  This chapter reviews the use of DMTS/DNMTS tasks with older 

populations and suggests that performance is generally poorer compared to the 

performance of younger individuals.  The possibility of adjusting task difficulty by 

varying the retention interval between memory and test items is then introduced, and 

previous studies employing such methods with older and younger groups are 

explored.  The processing expected to occur early in the retention interval after 

presentation of the memory items are then discussed, as well as the factors that have 

been argued to lead to increased loss of information over an extended retention 

interval.  This chapter then argues that the effects of increasing retention interval are 

not the result of frontal lobe functioning, and thus this manipulation may be an 

appropriate means of adjusting task difficulty without confounding the investigation 

of rule reversal and memory load processes within the prefrontal cortex.  Finally, an 

experiment examining the effects of increasing retention interval on behavioural 
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performance is presented, as well as the implications of using this method to adjust 

the difficulty of the DMTS/DNMTS task for subsequent use with older populations.  

 

Age-related performance on DMTS and DNMTS tasks 

As discussed in Chapter 1, ageing is associated with various cognitive and 

physical alterations, many of which may affect the speed and accuracy of 

performance by older participants.  Relative to their younger counterparts, older 

adults demonstrate deficiencies on various tasks purported to measure information-

processing speed (Pickholtz & Malamut, 2002; Rabbitt et al., 2007; Raz, 1996), 

verbal fluency (van Hooren et al., 2007), memory (Albert, 1994; Craik & Grady, 

2002; Grady, 1998; Rabbitt & Lowe, 2000), and executive functioning (Albert, 1994; 

Fisk & Sharp, 2004), particularly inhibitory control (van Hooren et al., 2007).  In 

addition to processing speed, many of the functions exhibiting age-related decline, 

including working memory and inhibition, are involved in the performance of 

delayed-response tasks, such as that included in the current series of experiments.  

Accordingly, studies have demonstrated impaired overall performance by older 

adults, relative to their younger counterparts, using DMTS and DNMTS tasks (Boutet 

et al., 2007; Gazzaley et al., 2007; Grady et al., 1998; Oscar-Berman & Bonner, 1985, 

1989), particularly with long retention intervals (Müller & Knight, 2002).  For 

instance, Reuter-Lorenz et al. (2000) compared the performance of older (age range = 

65-75 years) and younger (age range = 21-30 years) adults on a DMTS task.  In this 

task, participants were presented with four letters, followed by a 3 s delay.  A probe 

letter was then presented and participants indicated whether this item was included in 

the original memory array.  Performance by the older participants on this verbal 

DMTS task was significantly slower and less accurate than that of the younger 

participants (Reuter-Lorenz et al., 2000).   
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Given the tendency for older adults to perform slower and less accurately than 

their younger counterparts, such differences may also arise for the current task.  One 

aim in developing the DMTS/DNMTS paradigm was to allow manipulation of a task 

parameter so that the baseline levels of performance in the baseline condition (low 

memory load/low reversal) could be equated for younger and older adults, so that any 

broad age-related difference in processing ability would be compensated for in this 

condition.  This would then mean that the effects of an increase in memory load or in 

the frequency of reversals could be assessed against a common baseline level of 

performance for the two groups.  Equating the performance accuracy between 

younger and older adults on this baseline task would simplify the interpretation of any 

ensuing age differences related to increased memory load or reversal learning. 

 

Varying retention interval to manipulate task difficulty 

Using a delayed-response paradigm, previous studies have reported that 

performance accuracy declines and RT increases as a function of augmented retention 

duration (Bardenhagen & Bowden, 1995; Buffalo, Reber & Squire, 1998; Grady et 

al., 1998; Oscar-Berman & Bonner, 1985; but see Barch et al., 1997).  In a study by 

Owen, Sahakian, Semple, Polkey, and Robbins (1995), neurosurgical patients and 

controls were presented with a single object to study and were then asked to identify 

it amongst four choice stimuli, presented either simultaneously or following a 

retention interval (either 0 s, 4 s or 12 s in length).  Increased retention duration 

resulted in a reduced proportion of correct trials and increased response latencies 

(Owen et al., 1995).  Similarly, Parr (1992) assessed performance upon a DMTS task 

with different retention intervals (0 s, 5 s, 10 s or 15 s) and various levels of 

interpolated activity.  Examined in isolation, the mean proportion of correct trials on 

the control condition (no interference) declined as the retention period increased, with 
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the most marked reduction occurring between the 0 s and 5 s conditions (Parr, 1992).  

In contrast, other studies have reported an increase in the accuracy of DNMTS 

performance as retention interval lengthens up to 6 s, following which accuracy 

declines (Oscar-Berman & Bonner, 1989).  As discussed previously, the DNMTS 

requires additional processing compared to the DMTS, such as inhibitory control.  A 

retention period up to 6 s may therefore allow greater opportunity for these processes 

to occur, after which these representations may be vulnerable to similar forgetting as 

in the DMTS task.               

A study by Russell (2005) incorporated a similar DMTS/DNMTS procedure as 

the current experiment, and varied the delay across intervals of 1 s, 8 s, and 15 s.  For 

each condition (match or non-match), participants were presented with a single 

masked study item followed by a retention interval.  Two items were then presented 

and the participant chose which item matched (or did not match) the previously 

studied item.  Accuracy decreased and RT increased as the retention interval was 

extended.  Performance declined more markedly in the shift from a 1 s to an 8 s delay 

than in the shift from 8 s to 15 s (Russell, 2005).     

Elliott and Dolan (1999) also compared performance on a DMTS/DNMTS task 

at both a short (5 s) and long (15 s) retention interval.  In their study, no significant 

effect of retention interval was observed for accuracy of performance across the 

match and non-match tasks (Elliott & Dolan, 1999).  However, as RTs were not 

reported, it is difficult to discern whether a speed-accuracy trade-off occurred.  It is 

therefore possible that the speed of performance on the long-delay task was 

compromised in order to maintain a level of accuracy similar to that of the short-delay 

task.   
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Age-related performance with varying retention intervals 

Given that older adults experience difficulties on tasks of working memory, it 

would be expected that performance on such tasks would be further impaired as the 

demand on working memory increases; that is, when the retention period is 

lengthened.  Indeed, various studies have demonstrated an age-related decrease in 

memory performance as the retention interval is extended (Hartman et al., 2001; 

Müller & Knight, 2002).  In an early study by Oscar-Berman and Bonner (1985), a 

DMTS task was performed under differing degrees of stimulus complexity, stimulus 

duration, and retention interval.  When single-element stimuli were presented for 20 

ms, the performance by the older participants was significantly less accurate than that 

of the younger participants in the 0 s and 3 s delay conditions, but was comparable in 

the 6 s delay condition (Oscar-Berman & Bonner, 1985).  These results suggest that 

optimal performance by younger adults occurs with retention intervals less than 6 s, 

with age-equivalent performance demonstrated subsequently.   

Hartman and colleagues compared the performance of older and younger adults 

under many variations of the DMTS task.  While older adults committed more errors 

than younger adults on match-to-sample tasks (0 s retention interval) involving 

colour, location and temporal order stimuli, this difference did not reach significance 

(Hartman et al., 2001).  Controlling for performance on the simultaneous match-to-

sample tasks, younger adults performed significantly more accurately than older 

adults on the colour and location tasks when a 6 s retention interval was introduced.  

In an additional experiment, an 18 s retention interval was introduced to the colour 

task, which produced a trend toward decreased performance relative to the shorter 

retention interval, collapsed across age groups.  While overall performance by the 

older adults was significantly less accurate than that of the younger adults, this effect 
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did not vary as a function of the length of the retention interval (6 s versus 18 s; 

Hartman et al., 2001).   

A study by Grady et al. (1998) also compared the performance of older and 

younger adults using a match-to-sample task and increasing the retention interval 

from 1 s to 21 s.  Overall, older adults were significantly slower and less accurate 

than younger adults, but no interaction between age and retention interval was 

observed (Grady et al., 1998).  Similar findings were reported by Parkin and Walter 

(1991), whereby accuracy declined with increasing retention interval (18 s, 30 s or 60 

s) during a Brown-Peterson memory task.  This effect occurred for both older and 

younger adults, with no significant interaction observed between age group and 

length of retention interval (Parkin & Walter, 1991).  Despite differences in overall 

accuracy and speed, therefore, both studies demonstrated a similar pattern of age-

related performance decline as the retention interval increased.  Studies by Hartman et 

al. (2001) and Oscar-Berman and Bonner (1985) therefore suggested that age-related 

impairment was increased with larger retention intervals, while Grady et al. (1998) 

and Parkin and Walter (1991) reported no interaction between age and retention 

interval.  Discrepancies may be partly attributed to the length of the retention interval, 

with minimal group-differences observed with retention intervals exceeding 6 s.  This 

may reflect the point at which performance by younger adults declines to a level 

similar to the performance by older adults.  Nevertheless, these findings suggest that 

older adults typically commit more errors on DMTS tasks than younger adults 

regardless of the length of the retention interval.  It would therefore be inappropriate 

to administer the same DMTS/DNMTS task to both older and younger adults to 

match performance.  In any attempts to equate performance between older and 

younger participants, it should be determined whether older adults perform at a level 

below that of younger adults on a baseline or control task, and the ease of the task 
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should be adjusted accordingly.  Based on the abovementioned findings that 

increasing the retention period reduces accuracy in younger participants, the current 

experiment varied the retention interval of the low memory load/low reversal 

condition as a means of controlling for potential age-related baseline differences in 

subsequent studies exploring the effects of memory load and reversal frequency in 

younger and older participants.   

 

Processes involved in memory retention and factors that influence their effectiveness 

Incoming information is initially processed via sensory, or iconic, encoding 

mechanisms which extract the different attributes of a visual scene, and are 

susceptible to the effects of masking (Jolicœur & Dell’Acqua, 1998, 1999).  The 

second stage of processing (perceptual encoding) involves the identification of 

sensory, as well as abstract, properties and patterns (Jolicœur & Dell’Acqua, 1998, 

1999).  Perceptual encoding may be compromised by decay unless processed further 

(Jolicœur & Dell’Acqua, 1999).  Selective control processes are responsible for 

deciding if information is relevant to future retrieval operations, thus requiring further 

processing (Jolicœur & Dell’Acqua, 1999).  Sensory information is then encoded 

through the process of short-term consolidation, which transfers information into 

durable storage where it is less vulnerable to rapid decay (Jolicœur & Dell’Acqua, 

1999; Vogel, Woodman & Luck, 2006).  Therefore, without consolidation into 

durable storage, information extracted from sensory and perceptual encoding cannot 

be retained for longer than a few hundred milliseconds (Jolicœur & Dell’Acqua, 

1998, 1999; Vogel et al., 2006).  Consolidation allows for information to be 

maintained in memory for tens of seconds (Vogel et al., 2006).  According to 

Woodman and Vogel (2005), encoding involves a two-step process, in which the 
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representational space available in memory is partitioned for new incoming 

information, which is then consolidated into the appropriate memory store.   

Studies that have varied the interval between the presentation of visual arrays 

and patterned masks, have suggested that consolidation is a very rapid process, with 

an estimated 50 ms required per item (Vogel et al., 2006).  In dual-task paradigms, or 

when the number of items to-be-remembered is increased, more time is needed for 

consolidation to take place within a limited-capacity memory system (Jolicœur & 

Dell’Acqua, 1998, 1999; Vogel et al., 2006).  Increasing the amount of information to 

be retained in memory also increases the opportunity for interference and decay (Van 

Gerven, Meijer, Prickaerts & Van der Veen, 2008).  Regardless of the memory load, 

information becomes more susceptible to forgetting as the retention interval increases 

(Lamont, Stewart-Williams & Podd, 2005).  Forgetting may occur as memory traces 

decay with the passage of time (Gold, Murray, Sekuler, Bennett & Sekuler, 2005; 

Mueller & Krawitz, 2009).  Others argue that forgetting is the result of subsequent 

information or cognitive operations interfering with the existing content in memory 

(Lewandowsky, Oberauer & Brown, 2009).  Interference may be proactive, in which 

earlier events impede upon subsequent recall, or retroactive, in which events 

following memory presentation interfere with later retrieval (Lewandowsky et al., 

2009; Mueller & Krawitz, 2009).  Once information is consolidated into memory, the 

content can be refreshed via rehearsal strategies such as verbal repetition, which 

reduces the potential for forgetting (Jolicœur & Dell’Acqua, 1998; Lewandowsky et 

al., 2009).  When consolidation does not occur, however, memory traces are more 

vulnerable to interference from new incoming stimuli or other cognitive activity, 

which may include information loss during memory recall or response execution 

(Lewandowsky et al., 2009; Mueller & Krawitz, 2009).     
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The role of the dorsolateral prefrontal cortex during the retention interval 

Many have agreed that dorsolateral prefrontal cortex is involved in the retention 

of memory traces across the retention interval of delayed-response tasks (Fuster, 

1991, 1995; Schoenbaum & Setlow, 2006, but see Smith & Jonides, 1998).  However, 

studies have revealed that dorsolateral activity differs minimally as a function of the 

length of the retention interval (Lamar & Resnick, 2004; but see Fuster, 1991).  To 

illustrate, the study by Elliott and Dolan (1999) included a 5 s and a 15 s retention 

interval on a DMTS/DNMTS task.  A comparison of the 15 s delay condition and the 

shorter 5 s delay condition, revealed significant activation in temporal regions, left 

hippocampus, and inferior frontal gyrus (Elliott & Dolan, 1999).  Furthermore, 

Petrides (2000) demonstrated a double dissociation between memory load and length 

of retention interval within the mid-dorsolateral prefrontal cortex and anterior 

inferotemporal cortex, respectively (see Chapter 3 for further details).  As the 

retention duration was increased on a self-ordered task, the performance by monkeys 

with anterior inferotemporal lesions declined significantly, while monkeys with 

lesions of the mid-dorsolateral cortex performed similarly to controls (Petrides, 

2000).     

Using monkeys with ventromedial and dorsolateral lesions, along with controls, 

Bachevalier and Mishkin (1986) assessed performance on DNMTS and spatial 

delayed-response tasks with varying retention intervals.  In the DNMTS task, subjects 

were presented with a single object followed by a retention interval (10 s, 30 s, 60 s, 

or 120 s).  After the retention interval, two objects were presented and the subject was 

rewarded following the choice of the novel (non-matching) object.  While the 

performance of subjects with dorsolateral lesions did not differ significantly from that 

of controls, the performance of subjects with ventromedial lesions declined markedly 

as the retention interval increased (Bachevalier & Mishkin, 1986).  Poor performance 
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by monkeys with ventromedial lesions on this task supports the involvement of this 

region in retaining memory traces as the retention interval increases.   

Studies with human lesion patients have also demonstrated the involvement of 

regions other than the dorsolateral cortex in retaining information across increasing 

retention intervals.  As described above, the study by Owen et al. (1995) compared 

the performance of controls and patients with frontal, temporal, or 

amygdala/hippocampal lesions on a simultaneous and DMTS task.  Accuracy did not 

differ between groups during the simultaneous match-to-sample task.  With the 

introduction of a retention interval, however, the temporal and amygdalo-

hippocampectomy patients performed significantly less accurately overall, while 

performance between frontal patients and controls did not differ (Owen et al., 1995).  

Although poor performance by the temporal and amygdalo-hippocampectomy patient 

groups was not moderated by the length of the retention interval, this study 

demonstrates the importance of areas other than the frontal lobes in information 

retention across delay.   

Buffalo et al. (1998) compared the performance of controls on a delayed-

response task, to that of patients with bilateral temporal lobe damage, as well as 

amnesic patients with damage to either the hippocampal formation or diencephalon.  

In this task, four objects were presented consecutively, followed by a retention period 

of 0 s, 2 s, 6 s, 10 s, 25 s, or 40 s.  A probe item was then presented and participants 

indicated if this item was part of the original memory set or not.  All participants 

performed similarly at short retention intervals.  However, as the retention interval 

increased to 6 s and beyond, performance by the temporal and amnesic patients 

declined significantly, relative to controls (Buffalo et al., 1998).   

The above studies highlight the contribution of non-frontal regions, particularly 

the temporal cortex and hippocampal formation, to memory retention as the length of 
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the retention period is increased.  Given the interest of the current series of studies in 

load-dependent maintenance within the dorsolateral prefrontal cortex, it is important 

that this specific function not be confounded by any other experimental manipulation, 

in this case increasing the length of the retention interval.  Due to the apparent delay-

dependent effect within regions such as the temporal cortex, varying the length of the 

retention interval as a means of increasing task difficulty should interfere minimally 

on the variable of interest; namely the effect of memory load within the dorsolateral 

cortex.  The length of the retention interval was therefore chosen in the current 

experiment as a potential means of manipulating task difficulty, and ultimately to 

equate difficulty between older and younger adults upon the control condition.          

 

Overview of the current study 

The aim of the current study was to determine if the accuracy and latency of 

performance during DMTS/DNMTS tasks differed significantly between the chosen 

retention intervals in younger adults.  Rather than completing the same three 

conditions as in Study 1 (Chapter 4), participants in the current experiment instead 

completed only the baseline condition (low memory load/low reversal) with three 

different retention intervals.  Similar to Study 1, participants were presented with 

match and non-match trials and were required to choose which of the two study items 

matched (or did not match) the original memory item for that trial.  The retention 

interval between memory and test items was varied from 2 s in one condition, to 5 s 

in the second condition, and 8 s in the third condition.  A 5 s retention interval was 

chosen to replicate the original retention interval used in Study 1 for all conditions.  

This retention interval was reduced to 2 s to create a less demanding task, but its 

parameters remained within short-term memory confines.  A 2 s retention interval is 

beyond the parameters of iconic memory, which is considered to briefly store a 
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sensory trace for less than 1 s (Fuster, 1995; Oscar-Berman, Goodglass & Cherlow, 

1973; Todd & Marois, 2004).  Some report that iconic memory only remains for up to 

900 ms (McCollough, Machizawa & Vogel, 2007), while others suggest a 100 ms 

storage capability (Phillips, 1974).  A 2 s retention interval therefore allows for 

adequate consolidation processes within short-term memory, estimated as 50 ms per 

item (Vogel et al., 2006).  In the third experimental condition, the original 5 s 

retention interval was increased to 8 s.  These retention intervals were therefore 

chosen as all three intervals remain within the temporal parameters of short-term 

memory, which is considered to deteriorate significantly after 10-20 s (Fuster, 2000; 

Phillips, 1974).  The distribution of the retention intervals therefore falls below this 

10 s period, but still allows for considerable variation in consolidation opportunity 

and ease of performance across conditions. 

Previous studies have demonstrated a decline in performance as a function of 

increased retention duration.  A similar finding was expected in the current 

experiment, whereby the difficulty of the task was expected to escalate with 

increasing retention intervals.  It was therefore expected that there would be 

progressive declines in accuracy and increases in RT with extension of the retention 

interval from 2 s to 5 s, and from 5 s to 8 s.  Similar to Study 1 (see Chapter 4), it was 

again predicted that accuracy would be higher and RT lower for match trials relative 

to non-match trials.                            

 

Method 

Participants 

Twenty-four individuals agreed to participate in this experiment.  Participants 

comprised colleagues and undergraduate students at the University of Western 

Australia, who received monetary remuneration.  Among these 24 participants were 
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16 females and 8 males, ranging in age from 17 to 42 years (M = 25.42 years; SD = 

7.83 years).  Informed consent was provided by all participants prior to testing.   

 

Materials and equipment 

Stimuli and equipment used in the current experiment were identical to those 

used in Study 1 (see Chapter 4 for further details).         

 

Design 

Each participant completed three conditions within this experiment.  The order 

of conditions was counterbalanced across participants.  The order in which 

participants completed the two types of trials (match or non-match) was also 

counterbalanced.  Each participant completed 64 match trials and 64 non-match trials 

in each condition.  Each condition involved a low memory load and low level of 

reversal frequency, as only one memory item was presented and the response type 

(match or non-match) was reversed only once in each condition.  Conditions did, 

however, vary in the time allowed for stimulus retention.  For each condition, the 

retention interval following offset of the memory item was either 2 s, 5 s, or 8 s in 

duration.   

 

Procedure 

Each condition in this experiment followed a similar procedure as the low 

memory load/low reversal (baseline) condition included in Study 1 (see Chapter 4 for 

further details).  There were only two differences from the previous procedure.  In the 

current experiment, the retention interval between the offset of the memory item to 

the onset of the test stimuli varied in accordance with the particular condition (2 s, 5 
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s, or 8 s).  To encourage speed of responding, successive trials were presented 

following a 1000 ms response interval.     

 

Results 

Accuracy (percent correct) and median RT for correctly answered trials were 

calculated as for the previous study (see Chapter 4) and the screening for outliers and 

checking for normal distributions were also conducted in accordance with the 

preceding study.  No outliers were identified, and the distributions did not depart 

significantly from normality.  Means and SDs for the percentage of trials answered 

correctly are presented in Table 5.1 for match and non-match trials in each delay 

condition (2 s, 5 s and 8 s).2  The means and SDs for RT for match and non-match 

trials for each retention interval are presented in Table 5.2.   

 

 

 

 

 

 

 

 

 

 

 

                                                 
2 While this was not central to the main crux of the thesis, the overall magnitude of results 
varies noticeably between Study 1 and 2, and may be accounted for by the use of 
contrasting requirements for response execution.  In Study 1, responses were self-paced, 
while in Study 2 responses were time-limited.  The overall length of the testing procedure 
in Study 2 was also markedly greater than in Study 1 which may have introduced fatigue 
effects.   



 
 

106

Table 5.1.  

Means and SDs for percent correct for each retention interval, and for match and 

non-match trials within each condition (N = 24). 

  M     SD      

2 s retention interval Match 93.02   4.64 

 Non-match 88.44   9.24 

5 s retention interval Match 84.21 13.99 

 Non-match 76.55 16.05 

8 s retention interval Match 76.53 16.97 

 Non-match 67.08 19.76 

 

Table 5.2. 

Means and SDs of median RT (ms) for correct trials for each retention interval, and 

for match and non-match trials within each condition (N = 24). 

  M    SD    

2 s retention interval Match 482   74 

 Non-match 542   96 

5 s retention interval Match 563 119 

 Non-match 623 122 

8 s retention interval Match 627 129 

 Non-match 684 121 

 

Retention interval (2 s, 5 s, 8 s) was included along with trial type (match or 

non-match) as within-subject factors in separate 3 x 2 ANOVAs for accuracy and RT.   

There was a significant main effect of retention interval on accuracy, F(1.56, 35.94) = 

25.03, p < .05, η p
2 = .52.  Paired-sample t-tests revealed that accuracy in the 2 s 
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retention condition was significantly greater than accuracy for both the 5 s condition, 

t(23) = 3.94, p < .0167, η p
2 = .40, and the 8 s condition, t(23) = 5.82, p < .0167, η p

2 = 

.60.  Performance was significantly more accurate in the 5 s condition relative to the 8 

s condition, t(23) = 4.28, p < .0167, η p
2 = .44.  Analyses also revealed that match 

trials were significantly more accurate overall compared to non-match trials, F(1,23) 

= 19.34, p < .05, η p
2  = .46.  There was no significant interaction between factors.     

The separate 3 (retention interval) x 2 (trial type) ANOVA for RT (correct trials 

only) revealed a significant main effect of retention interval, F(2,46) = 56.88, p < .05, 

η p
2 = .71.  Follow-up paired-sample t-tests indicated that RT in the 2 s condition was 

significantly reduced compared to both the 5 s condition, t(23) = 5.60, p < .0167, η p
2 

= .58, and the 8 s condition, t(23) = 9.76, p < .0167, η p
2 = .81.  RT was also 

significantly elevated in the 8 s condition relative to the 5 s condition, t(23) = 5.61, p 

< .0167, η p
2 = .58.  Overall, non-match trials were performed significantly slower 

than match trials, F(1,23) = 83.84, p < .05, η p
2 =.79.  There was no significant 

interaction between condition and trial type for RT.      

 

Discussion 

The aim of the current study was to determine the effect of varying the length of 

the retention interval upon accuracy and latency of performance in a DMTS/DNMTS 

task.  Based on previous research (Bardenhagen & Bowden, 1995; Buffalo et al., 

1998; Grady et al., 1998; Oscar-Berman & Bonner, 1985), it was predicted that the 

difficulty of the task would escalate as the retention period, and thus the possibility 

for decay or interference, was increased.  Accordingly, the shortest retention interval 

(2 s) was expected to elicit the highest level of accuracy and shortest RT, as it poses 

little opportunity for interference or decay.  A progressive decline in performance 

across the 5 s and 8 s delay conditions was then predicted, with the lowest level of 
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accuracy and slowest RT expected for the longest retention interval (8 s).  The results 

supported the hypotheses, with accuracy declining significantly with each increase in 

the length of the retention interval, and with response latency increasing significantly 

with each lengthening of retention intervals.  These results suggest that task difficulty, 

as indexed by accuracy and latency scores, was increased as the retention interval was 

extended from 2 s to 8 s.  The opportunity for forgetting was therefore heightened as 

the retention interval increased.  The effect of retention interval was not moderated as 

a function of the type of response committed, that is, match and non-match responses 

were similarly influenced by increasing the retention interval.                 

Similar to Study 1, it was expected that non-match trials would elicit lower 

accuracy scores and slower RTs than match trials.  These predictions were supported 

by the results, where accuracy was significantly greater overall for match trials 

relative to non-match trials, and the former were performed significantly faster 

overall compared to the latter.  These results further extend those obtained in Study 1, 

and replicate previous research (Elliott & Dolan, 1999; Zhang et al., 1997; Zhang et 

al., 1995).  As discussed in Chapter 4, these findings support the proposal that human 

participants demonstrate a preference for choosing familiar, rather than novel, objects 

(Elliott & Dolan, 1999).  Alternatively, non-match trials were perhaps performed 

using a more time-consuming, two-step process of locating the matching object and 

then selecting the other response option.  However, these results do differ from those 

obtained in Study 1 in terms of accuracy.  Whereas in the current experiment higher 

accuracy was observed for match trials, relative to non-match trials, no such 

difference was reported in Study 1.  A difference between match and non-match 

responding restricted to RT was therefore observed in Study 1, whereas a difference 

for accuracy as well as RT was observed in Study 2.  The current results further 

reinforce the conclusion that non-match trials were more difficult than match trials, 
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possibly due to the additional cognitive demands and the lack of a priming effect 

inherent to selecting a non-match response (Zhang et al., 1995; Zhang et al., 1997).  

Furthermore, overall accuracy and RT were reduced in the current study compared to 

Study 1.  Whereas in Study 1 participants may have emphasised accuracy to the 

detriment of RT, the current pattern of results appear to reflect the reversed pattern – 

accuracy may have declined in favour of speed given the time constraints applied to 

response execution in this study.     

The current finding that increasing the retention period detracts from 

performance speed and quality replicates previous findings using delayed-response 

tasks (Buffalo et al., 1998; Grady et al., 1998; Oscar-Berman & Bonner, 1985; Owen 

et al., 1995).  As reviewed earlier, Parr (1992) included a control condition in which 

no distracting activity was presented between memory and test items, and reported 

that the accuracy of a match response declined as the retention interval increased.  In 

particular, accuracy declined most notably between the 0 s and 5 s delay conditions 

(Parr, 1992).  These results are similar to those reported in the current study, in which 

accuracy also declined significantly as the retention interval was increased, including 

a marked reduction in accuracy between the 2 s and 5 s retention intervals.  Together, 

these results suggest that forgetting within short-term memory occurs as the retention 

interval is increased, and is possible even with relatively short retention durations.  

Other studies have alternatively suggested that forgetting occurs primarily as the 

retention period increases beyond 6 s in a DNMTS task (Oscar-Berman & Bonner, 

1989).  As outlined earlier, discrepancies between the studies by Parr (1992) and 

Oscar-Berman and Bonner (1989) may be attributed to the use of match trials in the 

former, and non-match trials in the latter.  However, it is unlikely that this difference 

explains the discrepant patterns of results, since no interaction of match versus non-

match with retention interval was observed in the current study.  Whereas Oscar-
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Berman and Bonner (1989) observed an increase in performance with a retention 

interval up to 6 s, Parr (1992) did not include intermediate retention intervals between 

0 s and 5 s.  Differences between immediate memory (0 s) and delayed-response (5 s) 

may have therefore overlooked potential improvements in performance seen with 

smaller increments in retention intervals.  A similar limitation applies to the current 

study, as performance following a 2 s retention interval was not compared with 

immediate recall which may have produced poorer performance due to insufficient 

consolidation.  Nevertheless, the current results suggest that memory performance 

declines as retention increases from 2 s to 5 s in duration.       

The current results also agree with those reported by Russell (2005), who 

observed a significant decline in DMTS/DNMTS performance as the retention 

interval increased from 1 s to 8 s to 15 s, with more pronounced deterioration 

occurring between the 1 s and 8 s conditions.  A similar decline was also evident in 

the current study, as the retention interval increased from 2 s to 8 s.  Additionally, 

Russell (2005) failed to find a significant interaction between delay and response-type 

(match or non-match), supporting the current claim that the length of the retention 

interval does not differentially influence match and non-match responses.  Similar to 

previous research (Bardenhagen & Bowden, 1995; Buffalo et al., 1998; Grady et al., 

1998; Oscar-Berman & Bonner, 1985), the current study therefore suggests that the 

difficulty of a DMTS/DNMTS task can be varied as a function of the length of the 

retention interval.  Within the current study, the effect of the retention interval on 

accuracy and latency was elicited within the parameters of short-term memory, 

minimising the possible involvement of other memory systems, including iconic 

memory and long-term memory.  Furthermore, the deleterious effect of increasing 

retention duration did not distinguish between match and non-match responses.       
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In Study 1, a DMTS/DNMTS task was modified to include conditions of high 

memory load and high reversal frequency.  A baseline condition was also included, 

involving low memory load and low reversal frequency.  Performance on the 

experimental conditions, as well as the baseline condition, will be compared between 

younger and older adults in later studies to assess purported dorsolateral and 

orbitofrontal activity.  Previous studies have demonstrated poorer performance by 

older adults on delayed-response tasks, relative to their younger counterparts (Grady 

et al., 1998; Oscar-Berman & Bonner, 1985, 1989; Reuter-Lorenz et al., 2000).  

These findings suggest that older adults experience such tasks as more difficult than 

do younger adults.  A similar age-effect was also expected in the current series of 

studies, and thus this group difference must be considered as a potential confound to 

pending results.  To investigate age-related differences in the experimental conditions 

involving high memory load and high reversal frequency, it was therefore desirable to 

equate performance between the groups upon the baseline condition.   

As mentioned above, older adults tend to perform delayed-response tasks less 

accurately than younger adults, however studies suggest that both groups may be 

similarly affected by an increase in retention interval (Grady et al., 1998; Hartman et 

al., 2001).  The current findings suggest that a delayed-response task places less 

demand upon memory when using a short retention interval (2 s) rather than longer 

retention intervals (5 s or 8 s).  It may therefore be possible to equate performance 

between older and younger adults on the baseline condition by varying the retention 

interval, and thus the difficulty of the task, presented to each group.  The assumption 

here, therefore, was that it may be possible to equate the accuracy of older adults 

performing a less demanding task (short retention interval), with that of younger 

adults performing the same task with a longer retention period.  If the older and 

younger adults demonstrate similar performance upon this baseline condition, then it 
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would be possible to attribute any arising group differences on the experimental 

conditions to age-related discrepancies in function, whether it be memory load or rule 

reversal.  The current study attempted to elicit a means by which task difficulty could 

be manipulated in the baseline condition by varying the length of the retention 

interval.  Performance accuracy declined and response latency lengthened as the 

retention duration increased, suggesting that the difficulty of the task increased 

accordingly.  Varying the length of the retention interval therefore offers a suitable 

means of adjusting task difficulty within the parameters of short-term memory. 
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Chapter 6 

Study 3: ERP indices and source localisation of memory load and reversal learning 

functions 

 

It is widely agreed that the prefrontal cortex is detrimentally affected by the 

ageing process, however our understanding of how age-related change manifests 

more specifically within this region warrants further investigation.  As discussed in 

Chapter 1, the prefrontal region is heterogeneous in structure and function, and can be 

divided into three major regions - the anterior cingulate, orbitofrontal, and 

dorsolateral cortices (Convit et al., 2001; Happaney et al., 2004; Rajah & D’Esposito, 

2005; Tisserand & Jolles, 2003).  The current research focused upon the latter two 

sub-regions.  Previous research has yet to clarify the differential effects of ageing 

upon the orbitofrontal and dorsolateral regions, with such attempts lacking in 

methodological consistency and deeming comparisons across studies difficult (see 

Chapter 2 for an evaluation of this research).  Studies have incorporated both 

neuroimaging and neuropsychological methods to investigate age-related changes to 

functioning of the orbitofrontal and dorsolateral cortices.  However, the tasks used to 

compare each region differ considerably across studies, relying upon a wide range of 

cognitive processes with ill-defined cortical contributions.  Such extraneous 

influences must be considered when interpreting results.  To overcome such issues, 

the current research sought to develop a task which could be experimentally 

manipulated to elicit both orbitofrontal and dorsolateral involvement.  Outlined in 

Chapter 3, previous research suggests that activation of the dorsolateral cortex is 

increased in response to increasing memory load demands (D’Esposito et al., 1999; 

Klingberg et al., 1997; Owen et al., 1999; Postle et al., 1999; Rypma et al., 1999; 

Salmon et al., 1996).  On the other hand, the orbitofrontal cortex responds to 
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reversing stimulus-response pairings (Kringelbach, 2004; Rolls, 1996, 1999, 2004).  

As presented in Chapter 4, a version of the DMTS/DNMTS paradigm was employed 

as the basic task paradigm.  To systematically control for extraneous influences, such 

as additional cognitive processes, the task was varied in only two ways to create two 

experimental conditions, with all other parameters remaining identical between tasks.  

Memory load was increased to enhance dorsolateral activation, while the frequency of 

rule reversal (switching between match and non-match trials) was increased to 

enhance orbitofrontal activation.  The baseline condition involved minimal memory 

load and reversal frequency, from which performance upon the other two conditions 

could be compared. 

In Study 1 (see Chapter 4), behavioural indices were assessed for the baseline 

task (low memory load/low reversal), as well as the two experimental conditions.  

The results of that study indicated that both the high memory load and high reversal 

conditions were performed with comparable levels of accuracy, and performance on 

each was significantly less accurate than baseline task performance.  It was therefore 

inferred that by increasing memory load in one condition, and increasing frequency of 

rule reversal in another condition, additional processing demands were made relative 

to the baseline task.  In the present study, the neurophysiological indices of these 

experimental conditions were examined using ERPs, and the neural generators of the 

components associated with the memory load and reversal manipulations were 

subsequently located.  ERPs reflect scalp-recorded voltage alterations within the brain 

in response to sensory, motor or cognitive events (Chao & Knight, 1997; Segalowitz 

& Davies, 2004).  Whereas other neuroimaging techniques, such as fMRI, may offer 

high spatial resolution for cortical mapping, ERPs provide high temporal precision 

appropriate for cortical localisation using dipole modeling procedures (Gevins, Smith, 

McEvoy, Leong & Le, 1999; McCollough et al., 2007; Mecklinger & Pfeifer, 1996; 
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Scherg, 1992).  ERPs can therefore be used to isolate the neural substrates active 

during specific phases throughout the DMTS/DNMTS task, including stimulus 

presentation, retention interval, and response selection.  Due to relatively poor spatial 

resolution, as well as interference from tissue and bone, neural generators responsible 

for the electrical components (ERPs) are difficult to ascertain based on scalp 

topography alone (Honda et al., 1998).  However, task-related neural sources can be 

more reliably extracted using the additional method of dipole modeling.  This 

procedure relies on mathematical computations to determine the degree of variance in 

scalp-recorded fields that can be accounted for by interactively-adjusted dipole 

sources, thus suggesting possible neural generators underlying electrical scalp activity 

(Gevins et al., 1999; Miltner, Braun, Johnson, Simpson, & Ruchkin, 1994; Picton et 

al., 2000).  Source localisation techniques initially estimate scalp potentials elicited 

from hypothetical dipoles (forward problem); the inverse problem then uses scalp-

recorded ERPs to identify sources that fit these data (Grech et al., 2008).  One 

solution to the inverse problem is Brain Electrical Source Analysis (BESA), a 

parametric technique that estimates the number of dipoles a priori (Grech et al., 

2008).  Using this method, the validity criterion for the identified neural generators is 

the residual variance (RV), or goodness-of-fit, depicting the degree to which modeled 

waveforms explain actual waveforms (Grech et al., 2008; Picton et al., 1999; Scherg 

& Ebersole, 1993).     

 

ERP studies of rule reversal 

Despite an abundance of neuroimaging literature reporting the involvement of 

the orbitofrontal region in reversal learning, there has been limited exploration of this 

phenomenon using ERP techniques.  One such study (Rushworth et al., 2002) 

recorded EEG data during the performance of a rule reversal task, which involved the 
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execution of a left/right response to each stimulus in a consecutively presented series 

of triangles and squares.  Between blocks of trials, cues (nominated “x” for switch 

cues and “+” for stay cues) were presented to signal whether participants should 

continue to respond in the same manner, or reverse the stimulus-response set.  

Behaviourally, switch trials significantly increased RTs relative to stay trials.  With 

regard to the ERP waveform, Rushworth et al. differentiated between a “set 

initiation” phase, following the presentation of an instructional cue, and a “set 

implementation” phase, occurring in response to the stimulus items.  Two distinct 

ERP components were elicited during the set initiation phase for switch cues, relative 

to stay cues; an initial (360-520 ms) positive inflection largest over frontal electrodes, 

and a later (520-1040 ms) positive component over midline, central, lateral, and 

posterior electrodes, largest over the left hemisphere.  Dipole modeling identified the 

source of the early component to include ventromedial and dorsomedial regions, 

while the later component was associated with ventromedial occipito-temporal 

generators.  For the set implementation phase, two ERP components were identified 

in response to stimulus presentation; an early (200-360 ms) negative component 

emerged for central and posterior electrodes, while a later (400-920 ms) positive 

inflection was identified at centrofrontal electrodes.  This study demonstrates that 

brain electrical activity is modulated by changing rule contingencies even prior to the 

execution of the response, at the point when only an instructional cue is provided.  

Neural regions responsible for the early initiation of reversing rule contingencies 

included the dorsomedial and ventromedial regions, encapsulating the orbitofrontal 

cortex (Kolb & Whishaw, 2008).  As described in Chapter 4, other studies have 

similarly reported that the awareness of a contingency change alone is sufficient to 

activate orbitofrontal involvement, whether through explicit rule-provision (Elliott & 

Dolan, 1999; Lamar et al., 2004), or final reversal errors when subjects become 
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conscious of a stimulus-response reversal but have not yet adjusted behaviour 

accordingly (Cools et al., 2007). 

A switch-related ERP component elicited following cue-presentation was also 

identified by Swainson, Jackson, and Jackson (2006), using a task similar to the 

current rule reversal paradigm.  In this task, red or green arrows (presented for 1000 

ms) were presented randomly or in a fixed sequence, and subjects responded in the 

corresponding direction either immediately (“GO”; green arrows) or following 

stimulus offset (“WAIT”; red arrows).  In the fixed-sequence condition, “GO” and 

“WAIT” response rules were presented as two-trial alternating runs.  In a third 

condition (“Precued”), coloured arrows appeared randomly but with a preceding cue 

(fixation cross of the same colour) indicating the upcoming response rule (“GO” or 

“WAIT”).  Switches between rules significantly increased RT across all conditions.  

Relative to when trials were presented randomly with no cue, adding a cue 

significantly decreased RT, whereas a fixed trial sequence did not alter performance.  

Thus, while subjects could predict upcoming response rules in this latter condition, 

only by explicitly incorporating an instructional cue could a “GO” or “WAIT” 

response be prepared, regardless of the nature of the upcoming directional response 

(left or right), and performance improved as a result.  Examining switch trials in 

comparison to non-switch trials, ERP results revealed greater parietal positivity when 

trials were randomly presented (524-808 ms) and when trials were presented in a 

fixed-sequence (564-824 ms), time-locked to stimulus presentation.  A similar pattern 

was not observed in the Precued condition.  Instead switch trials here, relative to non-

switch trials, elicited significantly enhanced parietal positivity at cue presentation 

(416-652 ms), prior to stimulus onset.  Given that further imaging techniques were 

not employed in this study, it is difficult to ascertain neural generators for this parietal 

scalp activity.  These findings do suggest, however, that switch-related parietal 
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positivity reflects an adjustment to changing rule contingencies, with such remapping 

processes occurring prior to stimulus onset with a corresponding instructional cue, or 

later with the actual presentation of an uncued target stimulus.     

A recent study by Schnider et al. (2007) also used ERPs and revealed 

orbitofrontal involvement in rule reversal processes.  Their study measured ERP 

activity during a reversal task, and used spatial cluster analysis to identify correlated 

electrocortical map configurations.  In their study, Schnider et al. required 

participants to choose from two coloured rectangles (red or green).  The selected 

rectangle was then replaced by either an object drawing, representing a correct 

response, or a grid figure, indicating that the correct stimulus-response pairing had 

been reversed.  No explicit reward was provided to guide behaviour throughout the 

task.  ERPs generated from the onset of the outcome (object or grid) revealed 

differences during two distinct latency ranges.  Between 190 ms and 300 ms, a unique 

ERP response was elicited following feedback indicating that stimulus-response 

pairings should be reversed (grid); whereas a positive deflection was noted at frontal 

sites, this deflection was negative for posterior sites.  Compared to feedback 

indicating no switch in stimulus-response pairings, spatial cluster analysis revealed 

that this reversal-related response elicited electrocortical activation within the lateral 

orbitofrontal cortex.  Additionally, these switch trials generated a later positive 

deflection (380-600 ms) at the Cz site, while the non-switch feedback produced 

positivity at temporal electrode sites.  During this time period, the non-switch 

feedback trials initially recruited inferior temporo-occipital activation followed by 

lateral orbitofrontal involvement.  In contrast to non-switch feedback, reversal-related 

feedback did not rely upon temporo-occipital activity but instead recruited greater 

lateral orbitofrontal involvement alone.  These findings suggest a prominent role for 

the orbitofrontal region during reversal processes, even in the absence of tangible 
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reinforcement typically included in reversal tasks.  Schnider et al. (2007) proposed 

that the early ERP response during reversal trials (190-300 ms) reflected inhibition of 

a previous response contingency, while the later component (380-600 ms) was 

associated with behaviourally updating the new stimulus-response pairing.  Based on 

the high temporal resolution of ERP techniques employed in this study, it can be 

argued that inhibition and behavioural adaptation are two distinct processes involved 

in rule reversal, both relying predominantly upon the orbitofrontal cortex.    

 

Summary of findings 

 In summary, the studies outlined above suggest an ERP correlate of rule 

reversal processes.  At the time of cue presentation, studies demonstrated the presence 

of a positive deflection in the ERP waveform, which was larger when the cue 

indicated reversal of the rule.  The study by Rushworth et al. (2002) reported an initial 

positivity at frontal sites (360-520 ms), followed by a second positivity more widely 

distributed in topography (520-1040 ms).  Source localisation identified the 

ventromedial region as a potential candidate responsible for the frontally-distributed 

positivity (Rushworth et al., 2002).  Swainson et al. (2006) similarly identified 

switch-related positivity occurring 416-652 ms post-cue, however scalp topography 

was parietally-distributed.  Schnider et al. (2007) also identified reversal-related 

positivity (380-600 ms following cue-presentation) that was localised within the 

lateral orbitofrontal cortex.  The latency range for these positive components appears 

to overlap across the three studies, but was somewhat extended in the study by 

Rushworth et al. (2002).  This may simply be due to an extension of the positivity 

across a greater interval (1800 ms) between cue-offset and item-onset in the study by 

Rushworth et al., while this interval was considerably reduced in the studies by 

Swainson et al. (no interval) and Schnider et al. (700 ms interval).  Taken together, 
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the results nevertheless argue that adaptation to changing stimulus-response pairings 

is modulated by a positive ERP component elicited approximately 300-500 ms 

following cue presentation.  Furthermore, it appears that the activity associated with 

successful remapping abilities is generated within the frontal cortex (Rushworth et al., 

2002) and more specifically within the orbitofrontal cortex (Schnider et al., 2007).                                                       

 

ERP studies of working memory load 

The P3 (or P300) component is commonly associated with processes involved 

in memory encoding (Honda et al., 1998; Müller & Knight, 2002).  The P3 typically 

overlaps with the subsequent positive slow wave (PSW), which is slower and longer-

lasting, and together comprise the late positive complex (Kok, 2001; Regan, 1989).  

The P3 is a positive deflection occurring 300 to 800 ms following a task-relevant 

event (Nittono, Nageishi, Nakajima, & Ullsperger, 1999) and is considered to reflect 

the evaluation and updating of information in working memory (Lefebvre, Marchand, 

Eskes & Connolly, 2005).  In an extensive review of the literature, Kok (2001) 

described the centroparietally-distributed P3 as related to such processes as working 

memory, stimulus evaluation, and categorisation; increasing with greater attentional 

expenditure.  While P3 latency reflects the temporal parameters of such cognitive 

processes, P3 amplitude is associated with the magnitude or intensity of this 

processing (Kok, 2001).     

A study by Honda et al. (1998) presented participants with a paired-association 

task in which a series of paired figures had to be memorised.  One of the items in a 

pair then appeared as a cue item, followed by a probe item that was drawn from either 

the matching pair or one of the other non-matching pairs.  In this task, participants 

responded if the cue and probe items formed one of the memorised pairs.  A choice-

reaction task was also administered as a control, in which participants were presented 
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with a warning cue followed by either a target or non-target stimulus and were 

instructed to respond to the target stimulus only.  ERPs elicited 300 to 800 ms 

following onset of the cue item revealed a late positive deflection that was greater for 

the paired-association task relative to the choice-reaction task, particularly at central 

and posterior sites.  ERP findings were complemented with PET analyses, revealing 

increased rCBF for the paired-association task, relative to the choice-reaction task, in 

the left inferior frontal gyrus, bilateral cerebellum, left thalamus, and right 

dorsolateral prefrontal cortex (Honda et al., 1998).  These results demonstrate the 

contribution of the dorsolateral prefrontal cortex to the retention of information for 

subsequent retrieval during a paired-association task.  Memory processing was also 

reflected in the ERP waveforms, particularly the late P3/PSW, which was 

significantly enhanced for the paired-association task relative to the choice-reaction 

task.  The amplitude of the P3 (and PSW) therefore appears to reflect updating 

operations within working memory, and may be associated with dorsolateral 

prefrontal activity given its documented role in memory processing (Barch et al., 

1997; Curtis & D’Esposito, 2003; Jha & McCarthy, 2000; Levy & Goldman-Rakic, 

2000; Manoach et al., 1997).   

Not surprisingly, studies have demonstrated that between 300 and 1000 ms 

following memory item onset, P3 and subsequent PSW amplitude is increased with 

additional loading within working memory (García-Larrea & Cézanne-Bert, 1998; 

Lefebvre et al., 2005).  In a study by Kusak, Grune, Hagendorf, and Metz (2000), 

participants were presented with letter sequences ranging in length from three to eight 

items, following which they were required to recall the last three letters in the correct 

order.  A control condition was also included, in which only the final letter was to be 

recalled.  ERPs elicited to each serial position in the control condition were subtracted 

from the corresponding ERPs elicited to individual items in the experimental 



 
 

122

condition.  The average difference wave elicited to letters presented in the third 

position, requiring no updating of working memory, were then compared to those 

produced when working memory demands increased, that is from positions four, five, 

six and seven collectively.  A large positive deflection in the waveform was observed 

500-1000 ms following stimulus onset, with greater frontocentral positivity observed 

for the condition involving updating within memory, relative to the condition 

involving no memory updating.  Kusak and colleagues suggested that this increased 

activity reflected the greater demands placed upon executive activity and was likely 

generated within the dorsolateral prefrontal cortex.    

An earlier study by Ruchkin, Johnson, Canoune, and Ritter (1990) recorded 

ERPs elicited during a memory load task in which a series of consonants was 

presented, followed by a single probe item to be identified as either matching or not 

matching one of the memory items.  Memory load was varied from one item, in 

which all consonants in the series were the same; three items, in which three pairs of 

consonants were presented; and six items, in which six different consonants appeared 

in the memory sequence.  Following memory item onset, latency of a centroparietal 

P3b component (500-700 ms post-stimulus) was extended with increasing memory 

load, while amplitude was minimally affected.  A significant load-dependent increase 

in PSW amplitude (1000-2400 ms post-stimulus) was observed at posterior sites, 

particularly Pz, demonstrating significant pair-wise differences between all three 

conditions.  A frontal negative wave was also reported 1800-2400 ms post-stimulus 

during the six-item condition but was absent during the one- and three-item 

conditions.  This late frontal negativity was suggested to reflect visual working 

memory processes (Ruchkin et al., 1990).  In the one- and three-item conditions, 

Ruchkin et al. claimed that sufficient opportunity was available for recoding visual 

information to verbal working memory, however in the six-item condition, increased 
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cognitive load purportedly did not allow such recoding, and information could only 

be retained in visual working memory.  Ruchkin et al. suggested that the late parietal 

positivity was indicative of memory encoding and rehearsal, and was clearly 

moderated as a function of increasing memory load.            

Load-dependent effects on the PSW have also been replicated in studies with 

children.  One such study (Gomarus, Althaus, Wijers & Minderaa, 2006) required 

children to memorise arrays comprised of three identical (low load) or three different 

(high load) letters, as well as the colour (red or blue) in which stimuli were presented.  

The memory set was followed by a recognition set consisting of four items presented 

in either red or blue.  Children were to decide if one of the memory items was present 

in the recognition set and execute a response only if the memory and recognition sets 

were presented in the same colour; if the memory and recognition sets were presented 

in different colours, no response was made.  In response to memory items, the high 

load condition elicited a larger positivity at parietal electrodes between 250 and 400 

ms, and between 550 and 1550 ms, relative to the low memory load condition.  This 

effect of memory load on P3/PSW was also observed for central and occipital sites 

900-1350 ms following memory item onset.  Enhanced memory-related positivity 

with increasing memory load is therefore a common finding replicated in both child 

and adult studies.  This increased activity can be attributed to the additional 

processing demands required for encoding and retaining more information in working 

memory (Gomarus et al., 2006; Lefebvre et al., 2005).  García-Larrea and Cézanne-

Bert (1998) concur that the P3 and subsequent PSW are modulated as a function of 

memory load, but suggest that these are non-specific components reflecting the 

completion of generic cognitive operations, such as updating of working memory and 

memory retrieval.               
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While studies such as those discussed above report greater P3 amplitude with 

increasing memory load, several other studies have identified broadly distributed 

negative slow wave (NSW) activity as typically associated with working memory and 

modulated as a function of memory load (McCollough et al., 2007).  A study by 

Mecklinger and Pfeifer (1996) used a delayed-response task and identified NSW 

activity, defined as a negative deflection in the waveform arising between 1800 and 

2300 ms following onset of the memory items and remaining throughout the retention 

interval.  In this task, memory items (objects or spatial locations) were presented in 

varying set sizes (three, four or five items) for 1800 ms followed by a 5000 ms 

retention interval.  A probe item was then presented and identified as either a match 

or mismatch.  Two major components were observed following memory item 

presentation in both the object and spatial memory tasks.  A P3 component was 

elicited in both tasks but with differing topographical maxima; activity was equally 

distributed at anterior and posterior sites for the spatial condition and parietally-

distributed in the object condition.  NSW activity followed this P3 component, 

occurring primarily at occipital and parietal sites (1800 ms post-stimulus) for the 

spatial task and at mid-frontal sites for the object task (2300 ms post-stimulus).  The 

spatial-memory task elicited load-dependent NSW activity at occipital and mid-

parietal sites 800-3300 ms following stimulus onset, suggesting a role for these 

regions in the rapid encoding and storage of spatial information.  For the object 

memory task, increments in memory load significantly increased the amplitude of this 

NSW, particularly at frontal electrode sites (Fz, F3 and F4), and also at central sites 

(C3 and C4) but to a lesser degree.  This frontally-distributed load-effect was 

particularly pronounced 2300-5300 ms following memory-array onset, while memory 

load predominantly affected amplitude at central sites between 4300 and 5300 ms 

following onset of the memory display.  It was inferred here that the frontally-
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distributed NSW activity was representative of the encoding and retention of object 

information in working memory, which was enhanced with increased memory load 

(Mecklinger & Pfeifer, 1996).  Homan, Herman and Purdy (1987) suggested that such 

frontal electrodes correspond to activity generated within the dorsolateral prefrontal 

cortex (BA 46).  Evidence generated from the frontally-distributed NSW is thus 

consistent with previous findings (D’Esposito et al., 1999; Klingberg et al., 1997; 

Owen et al., 1999; Postle et al., 1999; Rypma et al., 1999; Salmon et al., 1996) that 

the dorsolateral prefrontal region is involved in processing memory load demands for 

object information.  In contrast, studies demonstrate that a load-dependent increase in 

NSW during the retention period is absent at posterior sites (Klaver, Talsma, Wijers, 

Heinze & Mulder, 1999).   

An ERP study by Vogel and Machizawa (2004) employed a delayed-response 

task and identified a negative component arising 200 ms following onset of the to-be-

remembered items (coloured squares) and extending throughout the retention period 

(900 ms).  This response was generated predominantly from lateral occipital and 

posterior parietal sites, and was modulated as a function of memory array size.  A 

significant difference in amplitude was observed between arrays consisting of one and 

two coloured squares, so that the two-item condition elicited greater negative 

amplitude than the one-item condition.  This negative ERP component therefore 

offers an index of memory encoding and maintenance that can differentiate between 

the processing of one versus two items.      

More recent studies have also identified load-dependent negativity following 

memory item onset.  For instance, in a study by McCollough et al. (2007) a bilateral 

memory array (two, four, or six coloured squares) was presented for 100 ms, followed 

by a 900 ms retention period.  Prior to memory-item onset, a fixation “+” appeared 

along with an arrow (left or right) indicating the hemifield to be memorised.  
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Following the retention interval, another bilateral array was presented which was 

either identical to the original, or differed with respect to the colour of one square.  

Participants indicated whether the attended hemifield was the same or different to the 

corresponding hemifield in the test array.  In this task, a negative deflection was 

observed 200 ms following memory-array onset, persisting throughout the retention 

interval.  This activity occurred at sites contralateral to the memorised hemifield, and 

was modulated as a function of set-size.  Negative activity increased significantly 

from set-size two to set-size four, with negligible differences observed between set-

sizes four and six. 

As suggested by Ruchkin et al. (1990), memory-related negativity may reflect 

additional processing within visual working memory, needed when cognitive loading 

approaches capacity.  Under such circumstances, it is possible that visual memory 

processes are recruited in addition to, or in replacement of, the higher-level verbal 

memory processes available for encoding fewer items.  As a result, negative 

deflections in the waveform are elicited under high memory demands, while the P3 

component may or may not be present.  This may indeed be applicable to the study 

outlined above by Mecklinger and Pfeifer (1996) in which the minimum memory load 

comprised three object stimuli, considered by some researchers as the upper limit of 

visual memory capacity (McCollough et al., 2007; Vogel & Machizawa, 2004; Vogel 

et al., 2006).  Additionally, the studies reported by Vogel and Machizawa (2004) and 

McCollough et al. (2007), provided only a 900 ms interval between study and probe 

items.  This short period may prohibit verbal encoding, forcing reliance 

predominantly upon visual memory, or iconic memory (Fuster, 1995; McCollough et 

al., 2007; Todd & Marois, 2004).  Based on the abovementioned results, it is plausible 

that the P3 component is elicited under circumstances in which verbal encoding is 

possible.  In studies where such opportunity is limited (McCollough et al., 2007; 
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Vogel & Machizawa, 2004), performance relies primarily upon visual memory 

processes, indexed purportedly by the NSW component and other negative 

deflections.         

Another possible explanation of the above results is that the negative potential 

shift reflects a preparatory state termed the contingent negative variance (CNV), 

closely associated with the readiness potential (Molnar et al., 2008).  This negative 

amplitude shift emanates from the primary motor cortex, which is active prior to 

response execution (Carrillo-de-la-Peña, Galdo-Álvarez & Lastra-Barreira, 2008).  

The CNV typically emerges following the presentation of a study item (S1) and 

immediately preceding the probe phase (S2) to which a motor response is required 

(McCollough et al., 2007; Molnar et al., 2008; Qiu, Li, Liu & Zhang, 2008).  CNV is 

also observed in anticipation of informative stimuli or cognitive responses in the 

absence of motor responses (Dywan, Segalowitz & Williamson, 1994; Wild-Wall, 

Hohnsbein & Falkenstein, 2007).  Studies also suggest that greater CNV activity is 

associated with increased speed of the pending response (Haagh & Brunia, 1985).  

Depending on the length of the delay between S1 and S2, two sub-components of the 

CNV have been delineated.  The early phase is elicited through orientation to S1 and 

is considered to be frontally generated, while the later centrally-distributed phase is 

associated with anticipatory processing in preparation for the impending response 

(Haagh & Brunia, 1985; Molnar et al., 2008; Wild-Wall et al., 2007).  The negative 

deflection observed by Mecklinger and Pfeifer (1996), Vogel and Machizawa (2004) 

and McCollough et al. prior to probe presentation may therefore reflect CNV in 

anticipation of response execution.  As reported by Mecklinger and Pfeifer (1996), 

this negative shift may occur following the P3 component suggesting that encoding 

and preparatory processes are complementary.  When the retention interval is limited, 

as seen in the studies by Vogel and Machizawa (2004) and McCollough et al., the 
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opportunity may exist only for response preparation without adequate encoding in 

verbal memory, thus accounting for the absence of the P3 component in these studies.           

 

Summary of findings 

An overview of the literature suggests that the centroparietal P3 component is 

commonly associated with memory processes and modulated as a function of memory 

load.  There is some suggestion that P3 is associated with dorsolateral activity (Honda 

et al., 1998), and that P3 amplitude increases with memory load in a similar manner 

to the reported load-related increases in dorsolateral functioning (Kusak et al., 2000).  

Exceptions to this result occur when the length of the retention period does not allow 

sufficient encoding to occur within verbal memory, or when memory load approaches 

capacity.  In such cases it is argued that performance relies predominantly upon 

retention in visual memory, and that this is reflected in a negative shift in the ERP 

waveform.  Alternatively, memory-related negativity may portray preparatory 

processes preceding response execution.  In the latter situation, the CNV may occur in 

conjunction with P3 and/or PSW.       

 

Overview of the current study 

The aim of the current study was to identify neurophysiological indices of the 

cognitive operations under investigation, namely increasing working memory load 

from one to two items and increasing the frequency of rule reversal between match 

and non-match trials.  In the current experiment, electroencephalogram (EEG) 

activity was recorded during performance of the modified DMTS/DNMTS task used 

previously in Study 1 (see Chapter 4).  Similar to Study 1, accuracy and RT 

performance were also examined, and it was expected that the results of this previous 

study would be replicated here in the current experiment.  Relative to the baseline 
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condition (low memory load/low reversal), it was expected that accuracy would 

decline as memory load and reversal frequency increased.  Conversely, RT was 

expected to increase for the high memory load and high reversal conditions, relative 

to the baseline condition.   

Regarding ERP results, it was expected that centroparietal positivity would be 

generated in response to the memory items and that positivity would become greater 

as memory load increased from one to two items.  The effect of increasing memory 

load was expected to localise within the dorsolateral prefrontal cortex (D’Esposito et 

al., 1999; Klingberg et al., 1997; Owen et al., 1999; Postle et al., 1999; Rypma et al., 

1999; Salmon et al., 1996).  Based on previous results (Mecklinger & Pfeifer, 1996; 

Molnar et al., 2008) it was also possible that a negative component would emerge 

during the retention period preceding probe presentation.  Similar to studies reviewed 

above, it was also expected that differences between the high and low reversal 

conditions would occur at the time of rule (cue) presentation.  In particular, a frontal 

positivity was expected to occur at this time and increase in amplitude for the high 

reversal condition, for which changes in rule contingencies were frequent, relative to 

the low memory load/low reversal condition, for which changes in rule contingencies 

were minimal.  It was expected that increasing the frequency of rule reversals would 

elicit involvement from the orbitofrontal cortex (Kringelbach & Rolls, 2004; Rolls, 

1996, 2000, 2004).     

 

Method 

Participants 

Twenty-four volunteers (14 female) participated in this study.  Participants 

consisted of undergraduate and postgraduate psychology students at the University of 

Western Australia, who participated for either monetary reimbursement or course 
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credit.  Participants were aged 17- 28 years (M = 21.75 years; SD = 3.38 years).  The 

mean predicted Full Scale Intelligence Quotient (FSIQ) for this sample was 112 (SD 

= 5), based on the number of errors committed in the National Adult Reading Test 

(NART; M = 18.63; SD = 6.01).  All participants provided informed consent prior to 

participating.     

 

Materials and procedures 

National Adult Reading Test (NART).  The NART (Nelson & Willison, 1991) 

involves reading aloud 50 words that are scored for correct pronunciation.  It is a 

valid and reliable measure of premorbid intelligence (Bright, Jaldow & Kopelman, 

2002; Christensen & Jorm, 1992; McGurn et al., 2004; van den Broek & Bradshaw, 

1994) and has been used extensively with both older and younger adults in previous 

research (Crawford, Deary, Starr & Whalley, 2001; Deary et al., 1998; Starr, 

Whalley, Inch & Shering, 1992).  This measure is also a good predictor of vocabulary 

performance on the Wechsler Adult Intelligence Scale- Revised (WAIS-R; Bright et 

al., 2002; Deary, MacLennan & Starr, 1999; Deary et al., 1998).    

 

Experimental paradigm.  Apparatus, experimental stimuli and task procedures 

were the same as for Study 1 (see Chapter 4). 

 

EEG recordings.  EEG data were recorded using the Easycap Modular EEG 

Recording Cap (Easycap GmbH, Herrsching, Germany), an elasticised cap 

comprising 38 Ag-AgCl electrodes arranged in accordance with the 10-20 

international system.  NeuroScan software (Version 4.3, Neuroscan Compumedics) 

recorded continuous EEG output and was used for off-line ERP analyses.   
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Continuous EEG was recorded against linked mastoids at the following 

electrodes; Fp1, Fp2, F7, F3, Fz, F4, F8, FC5, FC1, FCz, FC2, FC6, FT9, FT10, T7, 

C3, Cz, C4, T8, CP5, CP1, CP2, CP6, TP9, P7, P3, Pz, P4, P8, TP10, O1, O2, P09, 

P010, Iz.  The ground was located at AFz.  Electrodes were also attached above and 

below the left eye to record vertical electro-oculogram (VEOG).  EEG was recorded 

from the 35 sites every 4 ms, and filtered with a 0.01-30 Hz bandpass.  Electrical 

impedance was reduced to below 6 KOhm prior to testing (Tucker, 1993).  Off-line 

analysis involved baseline correction and artifact rejection (voltage changes greater 

than ±150 µV at any site).  EEG epochs were extracted 100 ms prior to, and 1000 ms 

following, stimulus onset, time-locked to the various stages of each trial, including 

rule presentation.  For study item presentation, the EEG epoch was also defined as 

100 ms prior to stimulus onset, but was extended into the retention interval 6000 ms 

following stimulus onset.  ERPs were averaged for each epoch of interest, and 

individual averages were then pooled across participants to produce a grand average 

for each condition.           

 

Cortical localisation.  BESA (version 5.2, Brain Products GmbH, München, 

Germany) was used to evaluate potential sources responsible for scalp-recorded 

activity.  Grand-averaged data were used to reduce the effects of potential noise 

(Picton et al., 2000).  Difference waves were then calculated from common-

referenced grand-averaged waveforms.  Sources were therefore identified separately 

for comparisons between high- and low-memory load conditions (grand-average for 

the high memory load subtract grand-average for the low memory load) and between 

high- and low-reversal conditions (high reversal subtract low reversal).  Waveforms 

were smoothed using a low-pass filter of 0.05 Hz and a high-pass filter of 30 Hz.  

Latency ranges used for source analyses corresponded to those identified as ERP 
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components, but only subsequent to stimulus offset.  Principal component analysis 

was used to determine the number of sources within each range, and the four-shell 

ellipsoidal head model was used to assess these sources.  Using this model, sources 

were plotted and evaluated in terms of the ability to explain scalp-recorded activity.  

Given that activity is often bilateral in origin, two regional sources were added 

initially to assess the variance explained within each hemisphere (Picton et al., 1999).  

The RV was used as the criterion to assess the fit of the predicted source models, with 

previous studies typically reporting reliable RV to be below 10% (Qiu et al., 2008; 

Scherg, 1992; Srisa-an, Lei & Tarkka, 1996), and preferably below 5% (Picton et al., 

1999; Scherg & Ebersole, 1993).  Obtained sources were then compared with 

Tailarach coordinates to identify corresponding neural regions 

(http://wwwneuro03.uni-muenster.de/ger/t2tconv/conv3d.html).   

 

Design 

The within-subjects design used in Study 1 (see Chapter 4) was replicated for 

the current experiment. 

 

General procedure 

Following completion of the NART, participants were fitted with the EEG 

electrode cap.  Participants were then seated at the PC in a dimly lit room, 

approximately 40 cm from the monitor.  Experimental tasks were completed while 

continuous EEG data were simultaneously recorded.        
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Results 

Behavioural data 

Accuracy and median RT for correctly answered trials were calculated as for 

Study 1 (see Chapter 4) and the screening for outliers and checking for normal 

distributions also followed similar procedures as for Study 1.  When identified, 

outliers were trimmed to 3.29 standard deviations from the mean (Tabachnick & 

Fidell, 2001).  The asymptotic significance value for all conditions was greater than 

0.05, suggesting that accuracy and RT data were normally distributed.  The mean 

percent correct and SDs for match and non-match trials within each condition are 

presented in Table 6.1.  The mean RT and SDs for match and non-match trials within 

each condition are presented in Table 6.2.           

 

Table 6.1.  

Means and SDs for percent correct for each condition, and for match and non-match 

trials within each condition (N = 24). 

  M SD 

Baseline Match 96.00 3.07 

 Non-match 95.28 3.77 

High memory load Match 91.33 7.68 

 Non-match 93.21 5.06 

High reversal Match 94.07 4.23 

 Non-match 92.11 4.21 
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Table 6.2. 

Means and SDs of median RT (ms) for correct trials in each condition, and for match 

and non-match trials within each condition (N = 24). 

  M SD 

Baseline Match   654 128 

 Non-match   755 170 

High memory load Match   900 202 

 Non-match 1028 263 

High reversal Match   676 133 

 Non-match   791 153 

 

  Condition was included along with trial type as within-subject factors in 

separate 3 x 2 ANOVA analyses for accuracy and RT.  There was a significant main 

effect of task condition on accuracy, F(2,46) = 4.26, p < .05, η p
2 = .16.  Paired-

samples t-tests revealed that performance in the baseline condition was significantly 

more accurate than performance in both the high memory load condition, t(23) = 

2.90, p < .0167, η p
2 = .21, and the high reversal condition, t(23) = 3.60, p < .0167, η 

p
2 = .22.  Analyses revealed no main effect of trial type on performance accuracy, 

however a significant interaction between trial type and condition was observed, 

F(2,46) = 4.14, p < .05, η p
2 = .15 (see Table 6.1 for means).  To further examine this 

interaction, paired-samples t-tests compared accuracy between match and non-match 

trials, separately for each condition.  For the baseline condition and high reversal 

condition, match trials were performed more accurately than non-match trials, 

although these differences did not reach significance.  For the high memory load 

condition, however, non-match trials were performed more accurately than match 

trials, though again this difference did not reach significance.             
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A significant main effect of task condition was also observed for RT, 

F(1.35,30.93) = 74.20, p < .05, η p
2 = .76.  Paired-samples t-tests revealed that RT was 

reduced in the baseline condition compared to both the high memory load condition, 

t(23) = 9.07, p < .0167, η p
2 = .79, and the high reversal condition, although this latter 

comparison failed to reach significance following Bonferroni correction.  There was 

also a significant main effect of trial type, whereby RT increased significantly for 

non-match trials overall relative to match trials, F(1,23) = 56.87, p < .05, η p
2 = .71.  

No significant interactions were observed between variables. 

 

EEG data 

Continuous EEG recordings from all 24 participants were averaged off-line for 

each of the three conditions.  The epoch used to examine memory load effects was 

time-locked 100 ms prior to memory item onset and 6000 ms following memory item 

onset to incorporate the retention period.  High and low (baseline) memory load 

conditions differed only with respect to the number of memory items presented, so it 

was expected that this period of encoding and retention would elicit the most marked 

differences between conditions.  Grand-averaged ERPs time-locked to memory item 

onset are presented in Figure 6.1.  Visual inspection revealed a broadly distributed 

increase in late positivity for the high, relative to the low, memory load condition.  

Analyses were therefore performed across several sites - F3, F4, Fz, C3, C4, Cz, P7, 

P8 and Pz.  These electrodes were also chosen in conjunction with previous ERP 

research comparing memory load differences (Honda et al., 1998; Klaver et al., 1999; 

Mecklinger & Pfeifer, 1996; Ruchkin et al., 1990). 

In contrast, rule reversal effects were examined during an epoch defined as 100 

ms prior to, and 1000 ms following, rule onset (match or non-match).  This is in line 

with previous ERP research reporting switch effects during the cue presentation phase 
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of rule reversal tasks (Rushworth et al., 2002; Schnider et al., 2007; Swainson et al., 

2006).  Grand-averaged ERPs time-locked to rule-onset are presented in Figure 6.2.  

Based on visual inspection, and in accordance with previous research (Rushworth et 

al., 2002; Swainson et al., 2006), comparisons between rule reversal conditions were 

examined using midline sites (Fz, Cz and Pz). 

 

ERP effects time-locked to the onset of the memory item(s) 

Difference waves between high and low memory load conditions were initially 

determined for each site included in the analyses (Guthrie & Buchwald, 1991).  

Difference waveforms were then subjected to a single-sample t-test to determine the 

latency range during which waveform values differed significantly from zero (Guthrie 

& Buchwald, 1991).  Results revealed that the difference between memory load 

conditions was significant between 624 and 2888 ms following memory item onset.  

This component was labeled as memory-related positivity.  Visual inspection of 

Figure 6.1 reveals differences between memory load conditions during this time 

period, with amplitude more positive for the high memory load condition relative to 

the low memory load condition.  Figure 6.1 also suggests the presence of a gradual 

negative incline between 4500 and 6000 ms post-stimulus, suggesting that this 

negativity arises 1500 ms prior to probe presentation.  For each latency range, mean 

amplitude for each condition was determined for individual participants (Luck, 2005), 

and outliers were trimmed to 3.29 standard deviations from the mean when identified.  

The distribution of mean amplitude within each range did not differ significantly from 

the normal distribution, based on a Kolmogorov-Smirnov test.   

ANOVA was used to determine the effect of condition and electrode site on 

ERP amplitude for each defined latency range.  The nine sites were categorised into 

two factors each comprising three levels based on physical location - left/mid/right 
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and frontal/central/parietal sites.  Left electrodes consisted of F3, C3 and P7; mid 

electrodes consisted of Fz, Cz and Pz; and right electrodes consisted of F4, C4 and 

P8.  Frontal electrodes included F3, Fz and F4; central electrodes included C3, Cz and 

C4; and parietal electrodes included P7, Pz and P8.   
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Figure 6.1. Grand-averaged waveforms time-locked 100 ms prior to, and 6000 ms 

following, onset of memory item(s) for the high and low memory load conditions at 

each site analysed.  Solid line = high memory load condition; dotted line = low 
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memory load condition.  Vertical dotted lines represent the onset and offset of the 

memory-related positivity (624-2888 ms post-stimulus), and vertical solid lines 

represent the onset and offset of the late negativity (4500-6000 ms post-stimulus). 

 

Memory-related positivity.  Mean amplitudes for each condition and each 

electrode grouping are presented in Table 6.3 for the latency range 624-2888 ms post-

stimulus.   

 

Table 6.3. 

Mean amplitude (µv) for the high and low memory load conditions for each site, 

including SD in parentheses, 624-2888 ms following memory item onset (N = 24).  

  Left Mid Right 

Low memory load Frontal   -.33 (3.03)  -.35 (3.47)   -.16 (3.31) 

 Central    .54 (3.31) 1.32 (2.58)    .28 (2.34) 

 Parietal -1.01 (2.26) 1.45 (2.70) -1.65 (2.63) 

High memory load Frontal   -.36 (3.57)   .58 (4.62)  1.51 (4.95) 

 Central  1.75 (3.55) 3.35 (4.80)  2.68 (4.84) 

 Parietal  1.19 (3.23)   4.96 (4.61)    .83 (3.67) 

                             

There was a significant main effect of condition on amplitude, F(2,46) = 5.50, p 

< .05, η p
2 = .19.  Follow-up paired-samples t-tests revealed that amplitude was 

significantly more positive for the high memory load condition relative to the low 

memory load condition, t(23) = 2.93, p < .0167, η p
2 = .27.3   

                                                 
3 Amplitude did not differ significantly between the low and high reversal conditions during 
this latency range, so further analyses are reported for only the high and low memory load 
conditions.   



 
 

142

A significant effect of left/mid/right sites was also observed, F(2,46) = 9.88, p < 

.05, η p
2 = .30.  Amplitude was significantly more positive for midline sites relative to 

lateral sites (mid versus left, t(23) = 3.37, p < .0167, η p
2 = .33; mid versus right, t(23) 

= 4.69, p < .0167, η p
2 = .49).  No difference was revealed between left and right sites.  

There was also a main effect of frontal/central/parietal sites, F(2,46) = 4.39, p < .05, η 

p
2 = .16.  Amplitude was more positive for central electrodes compared to frontal 

electrodes, t(23) = 3.06, p < .0167, η p
2 = .29.  Amplitude for parietal electrodes did 

not differ significantly relative to frontal or central sites.   

There was a significant interaction between condition and the left/mid/right 

sites, F(4,92) = 4.09, p < .05, η p
2 = .15.  To further investigate this interaction, the 

simple effect of condition was tested for each electrode grouping.  When left 

electrodes were assessed, there was no significant effect of condition.  An 

examination of midline electrodes, however, revealed a significant effect of condition, 

F(2,46) = 5.21, p < .05, η p
2 = .19, whereby amplitude for the high memory load 

condition was significantly more positive than amplitude for the low memory load 

condition, t(23) = 2.79, p < .0167, η p
2 = .25.  A significant effect of condition was 

also revealed for right electrodes, F(2,46) = 8.73, p < .05, η p
2 = .28.  Again, 

amplitude was more positive for the high memory load condition relative to the low 

memory load condition, t(23) = 3.43, p < .0167, η p
2 = .34.             

Condition also interacted significantly with frontal/central/parietal sites, 

F(2.68,61.63) = 4.73, p < .05, η p
2 = .17.  This interaction was explored by assessing 

the effect of condition for each separate electrode grouping.  For frontal electrodes, 

there was no effect of condition.  There was, however, a significant effect of 

condition for central electrodes, F(2,46) = 5.37, p < .05, η p
2 = .19.  Follow-up tests 

revealed that amplitude was more positive for the high memory load condition 

relative to the low memory load condition, however this effect did not reach 
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significance following Bonferroni correction.  A significant effect of condition was 

also noted for parietal sites, F(2,46) = 10.36, p < .05, η p
2 = .31, where amplitude was 

more positive for the high memory load condition relative to the low memory load 

condition, t(23) = 4.61, p < .0167, η p
2 = .48.  

Finally, a significant interaction also occurred between the two electrode groups 

(left/mid/right and frontal/central/parietal), F(2.54,58.44) = 8.55, p < .05, η p
2 = .27.  

Amplitude was significantly more positive at Cz and Pz, relative to Fz (Cz versus Fz, 

t(23) = 4.83, p < .0167, η p
2 = .50; Pz versus Fz, t(23) = 4.75, p < .0167, η p

2 = .50).  

Amplitude was also more positive at Pz when compared with Cz, but this effect did 

not reach significance.  Amplitude was also more positive at C4 relative to P8, t(23) = 

3.90, p < .0167, η p
2 = .40.   

Differences in amplitude between the high and low memory load conditions 

(high subtract low memory load) were localised using BESA.  The interval chosen 

corresponded to the memory-related positivity, but the commencement of this interval 

occurred following offset of the memory items to more accurately assess retention 

processes in isolation (1000-2888 ms).  As shown in Figure 6.3, bilateral sources 

were generated within the dorsolateral prefrontal cortex and temporal lobe (RV = 

9.85%). 

   

Late negativity.  Table 6.4 presents the mean amplitude for the late negativity 

(arising 1500 ms prior to probe presentation) for each condition and each site.  A 3 

(condition) x 3 (left/mid/right sites) x 3 (frontal/central/parietal sites) ANOVA was 

performed and no significant main effects or interactions were observed.   
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Table 6.4. 

Mean amplitude (µv) for each condition at each site, including SD in parentheses, 

1500 ms prior to probe onset (N = 24).  

  Left Mid Right 

Baseline Frontal -4.37 (6.42) -6.79 (7.43) -4.10 (5.32) 

 Central -3.18 (5.52) -3.67 (5.55) -2.96 (6.08) 

 Parietal -2.85 (5.43) -4.53 (7.38) -2.05 (5.74) 

High memory load Frontal -4.94 (7.33) -6.74 (8.30) -4.86 (9.20)  

 Central -4.34 (6.06) -3.64 (7.85) -3.56 (8.40) 

 Parietal -3.23 (8.21) -4.36 (9.20)   -.76 (6.31)   

High reversal Frontal -2.96 (6.77) -6.42 (9.35) -4.38 (6.83) 

 Central -3.49 (7.14) -4.78 (8.73) -4.26 (8.41) 

 Parietal -3.01 (6.89) -4.46 (9.00) -2.97 (9.24) 

      

ERP effects time-locked to the onset of the rule 

Single-sample t-tests were also applied to the difference waves between high 

and low reversal conditions for each site, to determine the latency range during which 

this difference diverged significantly from zero.  The difference between the high and 

low reversal conditions was significant 252-700 ms following rule presentation, 

considered to reflect reversal-related positivity.  This difference is apparent in Figure 

6.2, with amplitude for the high reversal condition appearing more positive than for 

the low reversal condition.  Within this latency range, mean amplitude distributions 

were inspected for outliers and, when detected, were trimmed to 3.29 standard 

deviations from the mean.  Based on one-sample Kolmogorov-Smirnov tests, 

asymptotic significance values were above 0.05 for all data sets, thus confirming that 

the distributions did not depart significantly from normality.  
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Figure 6.2. Grand-averaged waveforms time-locked 100 ms prior to, and 1000 ms 

following, onset of the rule for the high and low reversal conditions at each site 

analysed.  Dotted line = high reversal condition; solid line = low reversal condition.  

Vertical dotted lines represent the onset and offset of the reversal-related positivity 

(252-700 ms post-stimulus).  
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Reversal-related positivity.  For the reversal-related positivity (252-700 ms post-

rule), there was a main effect of condition, F(2,46) = 16.52, p < .05, η p
2 = .42, and of 

site, F(1.57,35.99) = 13.15, p < .05, η p
2 = .36 (see Table 6.5 for means).  Condition 

and site did not interact significantly.  Amplitude was greater for the high reversal 

condition relative to the low reversal condition, t(23) = 4.90, p < .0167, η p
2 = .51.  

Amplitude was greater for the Cz and Pz sites, relative to the Fz site (Cz versus Fz, 

t(23) = 2.92, p < .0167, η p
2 = .36; Pz versus Fz, t(23) = 3.18, p < .0167, η p

2 = .42).  

Amplitude did not differ significantly between the Cz and Pz sites.   

 

Table 6.5. 

Mean amplitude (µv) for the high and low reversal conditions at each electrode site, 

including SD in parentheses, 252-700 ms following rule onset (N = 24).   

 Fz Cz Pz 

Low reversal   .37 (3.31) 1.22 (4.09) 2.05 (3.94) 

High reversal 2.55 (4.26) 4.12 (4.95) 4.35 (4.41) 

 

Sources associated with the reversal-related positivity were localised based on 

the difference between the high and low reversal conditions.  The interval examined 

corresponded to the reversal-related positivity, commencing following offset of the 

rule stimulus (500-700 ms).  As shown in Figure 6.4, the difference between high and 

low reversal conditions was localised by bilateral sources within the orbitofrontal 

cortex and occipital lobe (RV = 4.98%). 
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Figure 6.3. Bilateral sources (left) and projected MRI images (right) associated with 

increased memory load (high memory load subtract low memory load) 1000-2888 ms 

following onset of memory item(s).  Pink/green frontal sources (x = -35.0; y = 44.4; z 

= 9.3) corresponded to the middle frontal gyrus of the dorsolateral prefrontal cortex 

(BA 46).  Red/blue sources (x = -44.4; y = -37.0; z = -13.2) corresponded to the 

temporal lobe.         

 

 

Figure 6.4. Bilateral sources (left) and projected MRI images (right) obtained for the 

effect of increasing rule reversal (high reversal subtract low reversal) 500-700 ms 

following onset of rule presentation.  Sources were located within the orbitofrontal 

cortex (x = -21.2; y = 61.7; z = 6.2; BA 10) and the occipital lobe (x = -38.8; y = -

71.9; z = -13.1).     
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Discussion 

The aim of this study was to examine unique ERP indices associated with 

increasing memory load and increasing the frequency of alternating rule 

contingencies.  To this effect, continuous EEG activity was recorded during 

performance of the three task conditions, in addition to behavioural measures of 

accuracy and speed.  In line with the results of Study 1 (see Chapter 4), it was 

expected that accuracy would decline for the high memory load and high reversal 

conditions compared to the baseline task (low memory load/low reversal).  Compared 

to the baseline task, it was also expected that RT would increase as memory load 

increased from one to two items, and as the frequency of reversal switches increased 

from low to high.  Turning to the ERP results, it was expected that increasing memory 

load demands would be indexed by greater positivity following memory item onset.  

The neural generator responsible for this effect was expected to include primarily the 

dorsolateral prefrontal cortex.  A negative deflection was also expected to precede 

probe onset.  The effect of increasing reversal frequency was expected to occur 

predominantly at the time of rule-presentation, depicted as a positive amplitude shift 

that increased for the high reversal condition relative to the low reversal condition.  It 

was expected that the orbitofrontal cortex would contribute to this reversal effect.       

 

Behavioural results 

Behavioural results demonstrated the expected pattern for both accuracy and RT 

data.  Performance was slower and less accurate for the high memory load condition 

relative to the baseline task.  These results replicate those obtained in Study 1 (see 

Chapter 4) as well as those reported in other studies (Leung et al., 2002; Petrella et 

al., 2005; Petrides, 2000; Rypma et al., 2002; Sammer, 1996; Zarahn et al, 2007).  

Accuracy for the high reversal condition was also significantly lower than accuracy 
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for the baseline condition.  A trend also emerged suggesting that RT increased for the 

high reversal condition relative to the baseline condition, however this effect was no 

longer significant following Bonferroni correction.  This pattern of results replicates 

those demonstrated in previous studies (Kieffaber & Hetrick, 2005; Rushworth et al., 

2002; Schnider et al., 2007; Swainson et al., 2006), as well as the results obtained in 

Study 1 (see Chapter 4).  Overall, the current results support the argument put forth in 

Chapter 4 that the high memory load and high reversal tasks are more cognitively 

demanding than the baseline condition.   

Across conditions, and in line with Study 1, non-match trials were performed 

more slowly than match trials overall.  This result is similar to outcomes reported in 

previous studies (see Chapters 4 and 5 for further discussion).  Diverging from the 

results of Study 1, however, the current experiment revealed that accuracy was 

greater for match trials, relative to non-match trials, in the baseline and high reversal 

conditions, while non-match trials were performed more accurately than match trials 

in the high memory load condition.  This latter result was surprising given that non-

match trials are generally performed less accurately than match trials.  It is possible 

that non-match trials were indeed more difficult than match trials, and thus relied 

more heavily upon attentional resources for optimal performance.  In this case, 

increased motivation and concentration, rather than a reduction in task difficulty per 

se, may therefore account for improved performance for non-match trials within the 

high memory load condition.    

 

ERP and source localisation results 

Memory-related positivity.  Regarding the ERP results, the effect of increasing 

memory load manifested primarily as memory-related positivity occurring 624-2888 

ms following presentation of the memory item(s).  Amplitude within this latency 
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range increased significantly from the one-item condition to the two-item condition.  

This load-related increase in memory-related positivity was centroparietally-

distributed, particularly along midline sites and within the right hemisphere.  

Elicitation of load-dependent memory-related positivity supports the original 

hypothesis that increasing memory load from one to two items would amplify 

centroparietal positivity in response to memory-item(s) presentation.      

The increase in memory-related positivity for the high memory load condition, 

relative to the low memory load condition, is in line with previous findings of load-

dependent increments in the positive amplitude shift.  Kusak et al. (2000) reported an 

increase in frontocentral positivity (500-1000 ms post-stimulus) as the demands 

placed upon working memory were increased.  The authors suggested this activity 

was generated within the dorsolateral prefrontal cortex.  The involvement of frontal 

scalp sites in the study by Kusak and colleagues differs from the topographical 

distribution reported in the current study.  Differences here may be due to additional 

executive processes during the former study, which involved a running memory task 

whereby participants recalled the last three consonants in a randomly determined 

sequence of three to eight consonants.  In contrast, the current study could be 

considered as relying predominantly upon encoding and retention of information in 

memory with minimal executive input.   

An earlier study by Ruchkin et al. (1990) reported parietally-distributed PSW 

(1000-2400 ms post-stimulus) that increased in amplitude as memory load increased.  

Gomarus et al. (2006) reported similar results based on performance by a sample of 

children.  In their study, increasing memory load elicited greater positivity following 

memory item onset, between 250 and 400 ms at parietal electrodes and between 900 

and 1350 ms at central and occipital sites.  The centroparietal distribution of PSW in 

the studies by Ruchkin et al. and Gomarus et al. is similar to the distribution of 
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activity in the current study, and may be due to the recruitment of more basic memory 

encoding and maintenance without the additional integration of executive control 

processes.   

In the current study, a positive deflection in the waveform was observed for the 

one-item condition 624-2888 ms following memory-item onset, supporting previous 

findings that P3/PSW amplitude reflects encoding and maintenance of information 

within memory (Honda et al., 1998; Lefebvre et al., 2005; Müller & Knight, 2002).  

Studies suggest that this activity is generated within the dorsolateral prefrontal cortex 

(Fjell et al., 2007; Honda et al., 1998) and increases with the addition of more to-be-

remembered items for encoding and retention in memory (García-Larrea & Cézanne-

Bert, 1998; Gomarus et al., 2006; Lefebvre et al., 2005).  Indeed, within the current 

study, increasing memory load from one to two items was sufficient to elicit greater 

memory-related positivity.  Moreover, increasing memory load from one to two items 

elicited activation within the dorsolateral prefrontal cortex, consistent with past 

research (D’Esposito et al., 1999; Klingberg et al., 1997; Owen et al., 1999; Postle et 

al., 1999; Rypma et al., 1999; Salmon et al., 1996).  Memory-related positivity was 

also generated within the temporal lobes, which may reflect retention-related 

processes as outlined in Chapter 5.  These results further previous findings that 

memory-related positivity, including the P3/PSW, is a reliable index of memory 

maintenance, demonstrating enhanced amplitude with increments in visual memory 

load.     

 

Reversal-related positivity.  The major rule-related component identified in the 

current study was centroparietal positivity, occurring 252-700 ms following cue 

presentation.  In line with the hypothesis formerly set forth, reversal-related positivity 

was greater for the high reversal condition, relative to the low reversal condition.  
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This finding is of particular significance as it replicates results obtained in previous 

studies (Rushworth et al., 2002; Schnider et al., 2007; Swainson et al., 2006).  

Rushworth and colleagues reported two positive components occurring during what 

was termed the “set initiation” phase occurring at the time of cue-presentation 

(“switch” or “stay”).  Compared to stay trials, switch trials elicited an initial frontal 

positivity (360-520 ms post-cue) localised within the ventromedial and dorsomedial 

regions, followed by a more widely distributed positivity (520-1040 ms post-cue) 

localised within the ventromedial occipito-temporal region.  The current reversal-

related positivity was similar in latency to the initial frontal positivity reported by 

Rushworth et al., although topography of the current reversal-related positivity was 

more centroparietally-distributed.  The current results also resemble those reported by 

Swainson et al. in which parietal positivity emerged 416-652 ms following cue onset.  

In the study by Schnider et al., switch cues elicited early (190-300 ms) positivity at 

frontal sites and a negative deflection at posterior sites, with electrical field potentials 

localised within the orbitofrontal cortex.  A later positive component was also 

identified at the central midline site for switch trials 380-600 ms following cue onset, 

and again activity was generated within the orbitofrontal cortex (Schnider et al., 

2007).  According to Schnider and colleagues, this latter activity reflected the 

behavioural adaptation to new stimulus-response contingencies, a process which may 

be similarly reflected in the positive waveforms reported by Rushworth et al. and 

Swainson et al.  The current study supports the findings reported by Schnider et al. 

that behavioural remapping of stimulus-response pairings is reflected as reversal-

related positivity.  Similar to the abovementioned studies (Rushworth et al., 2002; 

Schnider et al., 2007; Swainson et al., 2006) these results suggest that reversal-related 

positivity is already occurring in response to cue presentation, even prior to the onset 

of target stimuli or response execution.   
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Source localisation revealed that the reversal-related positivity was generated 

within the orbitofrontal and occipital cortices.  Taken together, these findings support 

previous imaging studies reporting that an awareness of changes in response 

contingencies is sufficient to activate remapping processes within the orbitofrontal 

cortex (Cools et al., 2007; Elliott & Dolan, 1999; Lamar et al., 2004).  Activation 

within the occipital lobe is difficult to explain, although others have also reported 

occipital activation during tests of reversal learning and DMTS/DNMTS tasks (Elliott 

& Dolan, 1999; Remijnse et al., 2005).   

 

Late negativity.  Across all conditions, a negative deflection was observed in the 

waveform, arising 1500 ms prior to onset of the test items.  The latency and 

frontocentral topography of this negativity suggests it as reflective of CNV activity.  

Such a phenomenon is often evidenced in the literature and predictive of improved 

reactive speed (Haagh & Brunia, 1985; McCollough et al., 2007; Molnar et al., 2008; 

Qiu et al., 2008).  Previous studies support the finding that CNV, or readiness 

potential, is elicited prior to response execution and that such anticipatory activity 

relies on involvement from the primary motor cortex (Carrillo-de-la-Peña et al., 2008; 

Molnar et al., 2008; McCollough et al., 2007; Qiu et al., 2008).   Researchers also 

argue that the anterior cingulate cortex is involved in attentional control processes 

(van Veen & Carter, 2002) required for controlled motor performance (Binkofski et 

al., 2002).         

In the current results, no interaction occurred between condition and electrode 

site.  Nevertheless, a trend emerged for greater negativity at frontal and midline sites, 

similar to previous reports of frontocentral distribution of this component (Haagh & 

Brunia, 1985; Molnar et al., 2008).  Previous studies suggest that it is an orientation to 

memory stimuli that underlies this frontal activity, while the following central activity 
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reflects the anticipation of upcoming stimulus delivery and response execution.  

Frontocentral negativity observed in the current results may therefore reflect CNV in 

anticipation of pending probe-presentation and subsequent response execution.   

An alternative interpretation of this late negativity is that such activity reflects 

processing within visual memory as load exceeds capacity for verbal recoding 

(Ruchkin et al., 1990).  This may occur when insufficient opportunity is provided for 

successful encoding in verbal memory.  For instance, such negativity is observed in 

studies where the number of memory items approaches capacity (Mecklinger & 

Pfeifer, 1996) or when the length of the item-probe interval allows only for retention 

of the visual codes (McCollough et al., 2007; Vogel & Machizawa, 2004).  In the 

current study, the retention interval was 5 s in length and a maximum of two items 

were to be encoded.  Furthermore, there were no significant differences between 

conditions in the amplitude of this negative shift, so it is unlikely that this component 

reflected differential recruitment of visual memory processes across varying cognitive 

demands.  Rather, this late negativity was similar across all conditions, regardless of 

cognitive load, and possibly indicative of CNV activity.            

            

Conclusions 

In summary, the current study compared the effects of increasing memory load 

and reversal frequency upon both behavioural and ERP indices of performance.  

Compared to a one-item baseline condition, increasing memory load to two items 

reduced accuracy and increased RT.  At the time of memory item(s) presentation, a 

significant load-dependent increase in memory-related positivity was also observed at 

centroparietal sites, emanating from the dorsolateral prefrontal cortex and temporal 

lobe.  In agreement with previous research, these results suggest that load-dependent 

increases in memory-related positivity reflect greater encoding and maintenance over 
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a delay.  The results also support previous claims that increasing memory load 

simultaneously increases activation within the dorsolateral prefrontal cortex.  

Increases in the frequency of rule reversal also reduced accuracy and increased RT, 

relative to a low reversal baseline condition.  Comparing reversal conditions, 

increasing the frequency of stimulus-response switches elicited greater centroparietal 

positivity at rule presentation, generated within the orbitofrontal and occipital 

cortices.  This increase in reversal-related positivity was considered to reflect 

behavioural adaptation to changing rule contingencies, activated prior to memory and 

probe onset.  The current results therefore offer reliable behavioural and 

neurophysiological indices of memory load and rule reversal effects.  In accordance 

with previous research, the current results suggest that the effects of increasing 

memory load and reversal frequency are localised within the dorsolateral and 

orbitofrontal cortices, respectively.  These indicators present the bases upon which 

age-related comparisons were then conducted.          
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Chapter 7 

Study 4: Sensitivity to working memory load and rule reversal in older and younger 

adults assessed using behavioural and electrophysiological indices 

 

The previous study (see Chapter 6) identified ERP indices associated with 

increasing memory load from one to two items, and with increasing the frequency of 

stimulus-response reversal.  The former effect was associated with a positive 

amplitude shift, elicited during the encoding and retention of visual information 

across a delay interval.  Load-related activity was localised within the dorsolateral 

prefrontal cortex.  Increasing the frequency of rule reversal, on the other hand, 

augmented ERP positivity following rule presentation.  The positivity elicited under 

high reversal demands was generated within the orbitofrontal cortex.  These findings 

offer ERP indices of memory- and reversal-related effects, purportedly relying upon 

dorsolateral and orbitofrontal involvement, respectively.   

The major aim of the current series of studies was to explore the effects of 

healthy ageing on cognitive functioning associated with the dorsolateral and 

orbitofrontal sub-regions of the prefrontal cortex.  Previous imaging and 

neuropsychological studies have attempted such age comparisons within these 

regions, however these have been limited by various extraneous factors, such as 

methodological inconsistencies both within and across studies, as well as additional 

unspecified cognitive processes (see Chapter 2 for further discussion).  Previous 

studies in this series were therefore designed to develop a computerised task to 

systematically test memory and reversal processes, manipulating a delayed-response 

task in such a manner as to vary only these factors while controlling for others.  To 

assess the effect of increasing memory load, the number of to-be-remembered items 

was increased from one to two items, whereas the frequency of switches between 
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match and non-match responses was increased to assess rule reversal processes.  

Given the systematic approach adopted in task implementation, any differences 

between experimental manipulations could potentially be attributed to the 

corresponding cognitive processes.  ERP components and analogous neural 

generators were also obtained during each task, and were considered as indices of 

load- and reversal-related effects.  The final study in this series explored potential age 

differences in dorsolateral and orbitofrontal functioning, based on these previously 

obtained indices. 

 

Age-related effects on amplitude and latency of the P3 component 

Studies have reported age-related differences in ERP indices associated with 

various cognitive processes including working memory (Friedman, 2003), semantic 

retrieval and episodic encoding (Gutchess, Ieuji & Federmeier, 2007), source memory 

and retrieval (Friedman, 2000, 2003; Friedman & Trott, 2000; Swick et al., 2006), 

prospective memory (West & Bowry, 2005), negativity bias during evaluative 

categorisation of images (Wood & Kisley, 2006), error monitoring (Mathalon et al., 

2003), and visual and auditory target detection (Fabiani, Friedman & Cheng, 1998; 

Fjell & Walhovd, 2004; Friedman, Kazmerski & Fabiani, 1997; Kügler, 1997; 

Verleger, Neukäter, Kömpf & Vieregge, 1991).  Pertinent to the current study, 

literature commonly cites delays in P3 latency and reduced P3 amplitude with 

increasing age, particularly during the oddball paradigm, with fewer studies exploring 

these effects for delayed memory recognition (Fjell & Walhovd, 2004; Mathalon et 

al., 2003; McDowell et al., 2003; McEvoy, Pellouchoud, Smith & Gevins, 2001; 

Pelosi & Blumhardt, 1999; Segalowitz & Davies, 2004; Wood & Kisley, 2006; but 

see Daffner et al., 2005).  Based on studies of memory updating and attentional 

resource allocation, these age-related differences in P3 amplitude are considered to 
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occur by the age of 40, with latency delays occurring by the age of 50 (Ferrandez & 

Pouthas, 2001).   

As discussed in Chapter 6, the P3 component is typically considered to reflect 

attentional and evaluative processes, as well as memory updating (Ferrandez & 

Pouthas, 2001; Fjell et al., 2007; Müller & Knight, 2002; Wild-Wall et al., 2007).  

The latency of P3 purportedly reflects processing speed involved in the performance 

of these categorisational processes, while P3 amplitude is associated with attention 

allocation and subsequent memory recall (Anderer, Saletu, Semlitsch & Pascual-

Marqui, 2003; Ferrandez & Pouthas, 2001; McDowell et al., 2003; Müller & Knight, 

2002; West & Bowry, 2005).  Increased P3 latency is in turn associated with slower 

RT in younger and older individuals (Ferrandez & Pouthas, 2001; Fjell et al., 2007).  

Using an auditory oddball task, Anderer et al. (2003) reported an age-related delay in 

P3 latency, and suggested that this may be the result of slower cognitive processing 

with advancing age.  The results presented in Study 3 suggested that the sources of 

the positivity associated with increased memory load were generated within the 

dorsolateral prefrontal cortex during memory encoding and retention.  Fjell et al. 

(2007) argue that it is a reduction in the cortical thickness of such prefrontal regions 

that accounts for the age-related delay in P3 latency.  Greater neuronal volume and 

synaptic connections associated with increased cortical thickness are considered to 

increase the speed and efficiency with which information is processed, ultimately 

reducing the latency of scalp-recorded ERPs (Fjell et al., 2007).          

Extensive research has explored the effects of ageing on P3 attributes using 

auditory and visual variants of an oddball task.  Typically, this task requires 

participants to respond to occurrences of an infrequently-presented target stimulus 

(oddball) and ignore the irrelevant interceding stimuli.  Studies have generally 

reported the occurrence of a P3 component in response to target stimuli, maximal at 
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parietal sites in younger adults (Fabiani et al., 1998; Müller & Knight, 2002).  Using 

an auditory oddball task, Verleger et al. (1991) reported delayed P3 activity (250-500 

ms following tone onset) in older, relative to younger, participants.  P3 amplitude was 

also reduced in the older group, relative to their younger counterparts (see also 

Anderer et al., 2003).  For the younger group, P3 was primarily parietally-distributed, 

while for the older adults, activity was more frontocentrally-distributed (Verleger et 

al., 1991).  The additional activation over frontal regions is a common finding among 

older adults, whereas maximum amplitude is more parietally focused in younger 

populations (Daffner et al., 2005; Fjell & Walhovd, 2004; Friedman et al., 1997; 

Müller & Knight, 2002).          

A study by Fabiani et al. (1998) also observed P3 activation in response to 

target detection using an auditory oddball paradigm.  Older and younger participants 

performed this task with similar accuracy and RT.  In both groups, target stimuli 

elicited a P3 component, occurring 250-435 ms post-stimulus.  The younger group 

demonstrated greater P3 amplitude and reduced latency, relative to their older 

counterparts.  P3 was maximal at Pz for the younger group, but more bi-focally 

distributed at frontal and parietal sites for the older group.  Within the older group, 

participants were divided based on the distribution of P3 topography; those with 

frontal maxima versus those with more parietal maxima.  Overall amplitude did not 

differ between these older sub-groups.  Groups were then compared for performance 

on various neuropsychological tests.  Performance was poorer for those with frontal 

P3 distribution, relative to those with parietally-focused P3, for the WCST, Boston 

Naming test, and Verbal Fluency test, while no such differences were observed for 

digit span, modified Mini-Mental State Examination, and tests of performance and 

verbal intelligence.  These results suggest that frontal lobe deficiencies, as evidenced 

by poorer performance on various frontal tasks, may underlie the increase in scalp-
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recorded frontal activity.  Fabiani et al. argued that this increased reliance on frontal 

regions may emerge due to greater memory decay, poorer inhibition of distracters, or 

reduced working memory capacity, all of which contribute to the need for continual 

reactivation of memory traces.  Taken together, these findings are indicative of frontal 

lobe deterioration, within at least a subset of older adults (Fabiani et al., 1998).                    

Similarly, tests of working memory also demonstrate age-related differences in 

P3 amplitude and latency.  For instance, a study by Nielsen-Bohlman and Knight 

(1995) found an absence of age-related differences in P3 during immediate 

recognition (less than 2 s), while P3 amplitude decreased for the older, relative to the 

younger, group when memory recognition occurred at longer delays.  Similar to 

findings derived from the oddball paradigm, frontal involvement in older participants 

typically persists during memory tasks while such activity has subsided in younger 

comparison participants (Eppinger, Kray, Mecklinger & John, 2007; Friedman, 2003; 

Wild-Wall et al., 2007).  Using a spatial working memory paradigm, Müller and 

Knight (2002) required participants to decide if the spatial location of two 

sequentially presented dots matched or did not match.  Probe dots were presented 

immediately following the initial stimulus, or following a 3 s or 6 s delay.  P3 activity 

was observed 350 to 600 ms following initial stimulus presentation, followed by PSW 

activity occurring within three time windows (600-1000 ms, 1000-3000 ms, and 

3000-6000 ms).  For the non-delay task, P3 amplitude was comparable across groups 

at frontal sites, while amplitude increased and latency decreased for the younger, 

relative to the older, group at posterior sites.  For the delayed memory tasks, the 

distribution of the P3 component was predominantly parietally-focused for the 

younger participants, but more broadly distributed across the scalp for the older 

group, similar to their distribution for the non-delay task.  Müller and Knight (2002) 

suggested that older adults experienced a decline in frontal integrity and thus 
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continued to reactivate memory traces, represented by surface activity over frontal 

sites.  In contrast, younger adults typically relied only upon posterior aspects of a 

frontoparietal topographical network involved in spatial working memory, without 

the need for frontal activation (Müller & Knight, 2002).             

In an extensive review of the literature, Friedman (2003) also suggested that 

frontal activation tends to persist for older, but not younger, adults during oddball and 

working memory tasks.  Given the involvement of P3 in memory updating, persisting 

frontal involvement for older adults likely reflects their continuing reactivation of 

memory representations (Friedman, 2003).  Older, but not younger, adults therefore 

continue to implement frontal activation for retaining to-be-remembered information, 

albeit possibly due to increased distractibility or more rapidly decaying memory 

traces (Fabiani et al., 1998; Friedman et al., 1997; Hogan et al., 2006; Nielsen-

Bohlman & Knight, 1995).  This tendency is more apparent in older individuals with 

frontal lobe impairment (Friedman, 2003).  Increased P3 activity at frontal sites is 

therefore considered to reflect age-related processing inefficiencies, resulting from 

impairments in prefrontal functioning (Müller & Knight, 2002).  These inefficiencies 

ultimately induce greater compensatory activation over frontal sites, which older, but 

not younger, adults continue to rely upon even under repetitive task demands 

(Friedman, 2003).  According to Greenwood (2007), increased task-related activation 

is frequently observed in regions subject to age-related atrophy or shrinkage, such as 

the prefrontal cortex.  Greater frontal activity may therefore reflect dedifferentiation 

and/or compensatory recruitment of the prefrontal cortex by older adults, and a 

reliance on more effortful processing, in contrast to more automatised strategies 

adopted by younger adults with practice (Daffner et al., 2005; Friedman, 2003; 

Friedman et al., 1997).  As discussed above, this age-related anterior shift is 

considered to occur in the face of greater distractibility and/or inefficient task 
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processing within the frontal lobe (Anderer et al., 2003; Fjell & Walhovd, 2004; 

Friedman et al., 1997).  A reverse anterior-posterior shift has been reported in groups 

of younger adults considered as “high ability” based on cognitive testing, while “low 

ability” individuals continue to rely more heavily upon anterior regions (Gevins & 

Smith, 2000).  Damage to the frontal lobe is consistent with previously outlined 

frontal theories of cognitive ageing and may contribute to age-related memory 

impairments despite efforts for compensation (Anderer et al., 2003; Gutchess et al., 

2007). 

 

Effects of memory load and age on the P3 component  

 Of particular interest to the current series of studies was an exploration of the 

behavioural and neurophysiological indices associated with increasing memory load.  

Results of Studies 1 and 3 suggested that accuracy declines and RT increases as the 

number of memory items presented for encoding is increased.  Previous research (see 

Chapter 3) has reported similar load-dependent behavioural deficits for both younger 

(Gazzaley et al., 2007; Habeck et al., 2005; Leung et al., 2002; Petrides, 2000; Rypma 

et al., 2002; Sammer, 1996), and older (Petrella et al., 2005; Zarahn et al., 2007), 

participants.  Comparing older and younger participants together, however, Rypma et 

al. (2001) failed to observe any group performance differences across increasing 

memory loads.  Others (Mattay et al., 2006; Zarahn et al., 2007) have reported a 

disproportionate decline in performance by older adults, relative to younger adults, 

with increasing load.  These differences may have emerged as varying set sizes have 

been used to define “high” and “low” memory load.  For instance, while Zarahn et al. 

varied memory load across three increments (one, three, or six letters), Rypma et al. 

(2001) used only two increments (one or six letters) which may have overlooked 

potential differences between age groups with intermediate set sizes.  As outlined in 
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Chapter 3, imaging studies have reported decreased dorsolateral activation for older 

individuals, compared to younger individuals, as memory load was increased during 

an n-back task (Mattay et al., 2006) and a delayed-response task (Rypma & 

D’Esposito, 2000).  However, few studies have explored the effect of increasing 

memory load upon P3 parameters in older and younger samples.  In contrast to 

findings reported in Study 3, an early study by de Jong, Kok, and van Rooy (1988) 

reported a decline in P3 amplitude during a memory search task performed under high 

memory load conditions, relative to low memory load.  This effect was more 

prominent for older participants than younger participants.  De Jong and colleagues 

argued that a load-related decline in P3 amplitude occurred as the amount of 

information to be processed increased and items consequently became less 

discriminable.   

A later study by Pelosi and Blumhardt (1999) identified age differences in a late 

positive component following probe presentation in a Sternberg task.  In this study, 

memory set-size varied from one, three or five digits, followed by a 3 s retention 

period.  A single probe digit was then presented and participants decided if this probe 

was, or was not, present in the original memory set.  Participants completed visual 

and auditory versions of this task.  During both visual and auditory modalities, older 

participants responded more slowly than their younger counterparts.  No group 

differences were noted for performance accuracy.  Across load conditions, a Major 

Positive Wave (MPW; approximately 440-565 ms post-stimulus) was identified 

following visual probes, with a delay in latency observed for the older, relative to the 

younger, group.  Age did not interact significantly with set size for either behavioural 

or ERP measures.  For the older group, overall amplitude was greatest at frontal sites, 

while amplitude was more parietally-distributed for the younger participants.  Given 

that accuracy was comparable across age groups, it is possible that the older 
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participants were relying on compensatory strategies, such as additional frontal 

activity or slowed response selection, to maintain comparable levels of accuracy as 

the younger group (Pelosi & Blumhardt, 1999).            

In a study by McEvoy et al. (2001), older and younger participants performed a 

spatial working memory task under high and low memory load demands.  During the 

low load condition, participants were presented with a single letter stimulus presented 

in 1 of 12 spatial locations, and were instructed to compare the position of the letter 

with that presented in the first trial for that block.  For the high load condition, 

comparisons were made between the spatial location of the current stimulus and that 

presented two trials previously.  Consistent with the established behavioural literature 

(Hogan et al., 2006; Mathalon et al., 2003; Nielsen-Bohlman & Knight, 1995; Pelosi 

& Blumhardt, 1999; Tecce, Cattanach, Yrchik, Meinbresse & Dessonville, 1982; 

Wood & Kisley, 2006), older adults responded more slowly than younger adults 

generally.  These age differences were further exacerbated during the high, relative to 

the low, memory load condition.  On the other hand, accuracy was comparable across 

age groups, and there was no significant interaction between age group and memory 

load condition.  P3 amplitude and latency did not differentiate significantly between 

the high and low memory conditions.  Furthermore, there were no interactions 

between age and memory load for either P3 amplitude or latency.  However, overall 

differences in P3 parameters did occur across age groups, consistent with previous 

research (e.g. Anderer et al., 2003; Fjell & Walhovd, 2004; Mathalon et al., 2003; 

McDowell et al., 2003; Segalowitz & Davies, 2004; Wood & Kisley, 2006).  P3 

latency was delayed, and amplitude was reduced, for the older group, relative to the 

younger group.  This result was interpreted as an age-related decline in central 

processing speed, which in turn limits the rate of stimulus evaluation as evidenced by 

the P3 component (McEvoy et al., 2001).  The distribution of the P3 was focused 
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primarily at parietal sites for the younger adults, while amplitude was more evenly 

distributed across the scalp for the older participants.  Age-related memory decline 

may have necessitated the recruitment of a more effortful approach subserved by 

frontal regions and contributing to a demonstrable slowing of response speed, while 

maintaining optimal levels of accuracy (McEvoy et al., 2001).  Taken together, the 

studies reported by Pelosi and Blumhardt (1999) and McEvoy et al. (2001) each 

failed to report any load-dependent differences in P3 between older and younger 

adults, possibly due to successful compensatory efforts by the older individuals. 

 

Summary of findings 

In summary, age-related differences in neurophysiological indices of 

performance are noted across a variety of cognitive tasks.  Of particular importance 

here is the impact of ageing upon the P3 deflection, given that similar memory-related 

positivity was observed during memory retention in Study 3 and shown to increase 

with additional encoding demands.  Previous research has typically demonstrated an 

age-related decline in P3 amplitude and a delay in P3 latency.  Across studies, P3 

activity elicited by older people is also more reliant upon broadly distributed scalp 

topographies, including frontal sites, for the completion of simple oddball and 

memory tasks.  In contrast, performance by younger participants is arguably more 

automatic, eliciting scalp activations at more posterior locations than their older 

counterparts.  As discussed above, these differences are considered to reflect age-

related compensatory mechanisms, utilised in adaptation to frontal decline (Anderer 

et al., 2003; Fjell & Walhovd, 2004; Friedman et al., 1997).  Friedman (2003) 

suggests that impaired frontal functioning and more superficial encoding strategies 

result in a need for continual reactivation of memory traces, contributing to greater P3 

activity across the scalp in older individuals.  Age-related differences in P3 
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amplitude, latency and topographical distribution are relatively consistent throughout 

the literature.  However, interactions between age and increasing memory load are 

less clear, particularly for electrophysiological indices such as P3.  Studies 

investigating this effect are few in number, with such attempts failing to demonstrate 

P3 differences between age groups with increasing memory load (McEvoy et al., 

2001; Pelosi & Blumhardt, 1999).  However, these results are difficult to interpret 

since, irrespective of age group, typical load-related increases in P3 amplitude 

(García-Larrea & Cézanne-Bert, 1998; Lefebvre et al., 2005) were not observed. 

 

Age-related effects for CNV 

In Study 3 (see Chapter 6), it was argued that CNV occurred for all conditions 

following offset of the memory item(s), and immediately preceding the probe items.  

As discussed in Chapter 6, the CNV is a slow negative deflection in the ERP 

waveform, typically associated with anticipatory preparation for an upcoming motor 

response (Dywan et al., 1994; Golob, Ovasapyan & Starr, 2005; Tecce et al., 1982).  

CNV is generated within various cortical regions including the motor cortex and other 

frontal sites, as well as the basal ganglia and more posterior regions (Dywan et al., 

1994; Wild-Wall et al., 2007).  Some researchers suggest that the ageing process has 

minimal effect on the CNV component (Nielsen-Bohlman & Knight, 1995; Wild-

Wall et al., 2007).  Other studies (Ferrandez & Pouthas, 2001; Golob et al., 2005; 

Tecce et al., 1982) have alternatively shown that CNV does decline with increasing 

age.  This decline may be attributed to an under-recruitment of the motor cortex, as 

well as the anterior cingulate, by older adults (Ferrandez & Pouthas, 2001; Wild-Wall 

et al., 2007).   

Using a simple reaction time task, an early study by Tecce et al. (1982) reported 

a reduction in frontocentral CNV for older participants, relative to younger 
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participants.  In a later study (Ferrandez & Pouthas, 2001), younger (mean age = 20 

years) and middle-aged (mean age = 50 years) participants were presented with a 

series of visual stimuli and judged the duration and intensity based on a previously-

seen standard.  Overall, behavioural performance was superior for the younger, 

relative to the middle-aged, participants with regard to accuracy.  RT did not 

distinguish between groups.  The main findings revealed that, for the duration task, 

CNV amplitude was enhanced for the younger group, relative to the middle-aged 

group, at frontal sites, while the reverse pattern was observed at more central sites.  

Dipole modeling revealed that the anterior cingulate was less extensively recruited by 

the middle-aged group than the younger group during the CNV time window.  It is 

conceivable that the older individuals in this study recruited more posterior regions in 

order to compensate for frontal-related decline (Ferrandez & Pouthas, 2001).   

While age-related changes are prominent within the prefrontal cortex, Golob et 

al. (2005) argued that regions such as the motor cortex remain structurally stable into 

later life.  In their study, Golob and colleagues included motor and non-motor tone-

detection conditions and compared ERP activity elicited by younger (17-23 years 

old), younger-old (61-69 years old), and older-old (85-98 years old) participants.  

During both conditions, participants were presented with a series of high-pitch 

(target) and low-pitch (non-target) tones.  For the motor condition, participants made 

a button response to target tones, but refrained from responding to non-target tones.  

For the non-motor condition, participants attended to the tones but a response was not 

required for either tone.  For both conditions, CNV amplitude was similar at frontal 

sites for the younger and younger-old groups, whereas amplitude was reduced for the 

older-old group.  During the non-motor condition only, CNV amplitude was greater 

for the younger group relative to the younger-old group, particularly at centroparietal 

sites.  CNV amplitude was reduced for the older-old group relative to the younger-old 
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group for the motor condition, while groups were similar for the non-motor condition.  

CNV amplitude did not distinguish between the younger and younger-old groups for 

the motor condition, considered to rely primarily upon contributions from premotor 

and motor cortices (Golob et al., 2005).  Areas such as the premotor and motor 

cortices may therefore remain relatively preserved until the eighth decade, after which 

the amplitude of the CNV occurring prior to a motor response purportedly declines 

(Golob et al., 2005).  When a motor response was not required (non-motor condition), 

age-related differences in CNV amplitude were observed earlier, during the sixth 

decade.             

           

Overview of Study 4: Experiments 1 and 2 

The current study consisted of two experiments, the aims of which were to 

explore the effects of the normal ageing process on behavioural and 

neurophysiological indices of memory load and reversal learning, with implications 

for the associated neural regions, namely the dorsolateral and orbitofrontal cortices, 

respectively.  Experiment 1 involved pilot testing a small group of older participants 

to determine the appropriate retention interval to use (see Chapter 5) and identify any 

practical difficulties encountered during performance of the tasks used previously 

with younger adults (Studies 1 and 3).  In Experiment 2, the task used in Study 3 was 

repeated with both older and younger participants, using behavioural and 

electrophysiological methods.  Results for the younger group were therefore expected 

to replicate those obtained in Study 3.  Specifically, accuracy was predicted to 

decrease, and RT increase, for the high memory load condition relative to the low 

memory load condition, and for the high reversal, relative to the low reversal, 

condition.  The effect of increasing memory load on ERPs was expected to manifest 

as enhanced memory-related positivity following memory item onset.  It was 
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expected that memory-related positivity would be generated within the dorsolateral 

prefrontal cortex.  With regard to rule reversal, it was predicted that reversal-related 

positivity would increase for the high, relative to the low, reversal condition, and that 

this activity would be generated within the orbitofrontal cortex.         

Turning to the older participants, predictions were somewhat more complex.  In 

line with previous studies, older adults were expected to perform all tasks more 

slowly than younger adults (Hogan et al., 2006; Mathalon et al., 2003; Mattay et al., 

2006; Nielsen-Bohlman & Knight, 1995; Reuter-Lorenz et al., 2000; Rypma et al., 

2001; Tecce et al., 1982; Wood & Kisley, 2006).  Regarding load-related effects, 

within-group analyses were expected to reveal similar behavioural results as for the 

younger group.  Across groups, however, the effect of increasing memory load was 

difficult to anticipate based on inconsistent results reported previously.  Some 

(Mattay et al., 2006; Zarahn et al., 2007) suggest that an increase in memory load has 

a more pronounced detrimental effect for older, relative to younger, adults, while 

others report comparable performance across groups (Gazzaley et al., 2007; Rypma et 

al., 2001).  Nevertheless, several studies (Grady et al., 1998; Oscar-Berman & 

Bonner, 1985, 1989) have claimed that older adults perform more poorly than 

younger adults generally in tests of delayed-recognition memory, and thus additional 

cognitive loading would be expected to exacerbate this pattern.   

Few behavioural studies have explored the effects of ageing on reversal learning 

abilities and thus hypotheses are somewhat tentative.  To the author’s knowledge, 

ERP studies exploring age differences on reversal learning tasks are non-existent.  

Those behavioural studies that have explored age differences in reversal learning 

have, however, reported age-related impairment in acquisition and reversal processing 

(Boutet et al., 2007; Weiler et al., 2008).  One probabilistic object reversal study by 

Mell et al. (2005) revealed some reduction in the ability of older adults to earn 
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rewards and achieve learning criteria, relative to younger adults.  However, both 

groups were comparable in their tendency to continue responding to stimuli that were 

no longer relevant.  Although largely exploratory in nature, the effect of aging on 

reversal learning was expected to reveal poorer behavioural performance by the older 

participants in this task, relative to their younger counterparts.  Moreover, previous 

studies typically associate the orbitofrontal cortex with rule reversal processes 

(Kringelbach, 2004; Rolls, 1999, 2004), so that previously reported age-related 

changes in this region would be expected to impair performance by older individuals.   

Group differences were also expected for electrophysiological indices and their 

corresponding neural generators.  Previous research suggests an age-related decline in 

P3 amplitude and delayed P3 latency, and thus a similar result was expected for the 

current study.  In particular, it was predicted that positivity associated with memory 

item encoding and maintenance in Study 3 would be reduced in amplitude and 

increased in latency for the older group, relative to the younger group.  However, the 

effect that increasing memory load would have on this pattern was difficult to predict, 

based on limited prior investigation of this phenomenon.  Exploring the effect of 

increasing memory load on ERPs between age groups was therefore an additional aim 

of the current study.  Nonetheless, previous studies suggest that younger adults recruit 

additional dorsolateral activity with increasing memory load, relative to older 

individuals (Mattay et al., 2006; Rypma et al., 2001; Rypma & D’Esposito, 2000).  

Reduced activity within dorsolateral regions, as well as more widespread activity as 

revealed by ERP studies, may elicit differences in neural generators observed for 

older and younger adults.     

As mentioned above, to the author’s knowledge no studies have explored the 

effect of ageing on rule reversal using ERP methods.  Given the general effect of 

ageing on P3 amplitude and latency, however, it was conceivable that older adults 
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would also demonstrate a decline in aspects of the reversal-related positivity elicited 

in response to rule presentation in Study 3.  As discussed earlier in Chapter 6, 

however, processes involved in positivity elicited following memory item onset, and 

the reversal-related positivity may be qualitatively different.  The former is typically 

considered as reflecting evaluative categorisation and memory updating, while the 

latter is considered to depict adaptive reconfiguration of changing stimulus-response 

pairings.  Exploring the age-related effect of increasing reversal frequency on ERP 

positivity therefore formed another aim of the current study.  Based on research 

suggesting age-related decline in the orbitofrontal region, it was possible that 

differences in age-related activation would be observed with changing rule 

contingencies.  Again, the precise nature of this effect was difficult to predict.  It was 

possible that age effects would manifest as patterns of deactivation within the 

orbitofrontal cortex, with or without compensatory recruitment of additional cortical 

regions (Reuter-Lorenz, 2002), or even increased activity within the orbitofrontal 

cortex to compensate for potential structural damage (Greenwood, 2007).           

As discussed at the outset of this thesis, the ageing process is subject to high 

levels of inter-individual variability (Daffner et al., 2005; Deary et al., 1998; 

MacLullich et al., 2002; Perfect, 1997).  Varying trajectories of age-related cognitive 

decline therefore renders traditional old/young group comparisons problematic.  An 

additional aim of Experiment 2, therefore, was to refine the comparison of older and 

younger participants by identifying sub-groups of individuals within the older group.  

Previous research has used discrepancies between current fluid intelligence scores 

and premorbid crystallised intelligence scores as an index of estimated cognitive 

change over the lifespan (Deary, Whalley & Crawford, 2004; Rabbitt, Chetwynd & 

McInnes, 2003). With increasing age and neurological illness, performance on fluid 

intelligence measures, such as the RSPM, demonstrate a decline, while measures of 
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vocabulary and crystallised intelligence, such as the NART, are considered more 

robust to such effects (Deary et al., 1998; MacLullich et al., 2004; Rabbitt et al., 

2003).  Measures of crystallised intelligence can therefore be used as an index of 

premorbid abilities, as they are presumed to remain unchanged relative to youthful 

performance (Rabbitt et al., 2003).   

Discrepancies between crystallised and fluid measures are considered to provide 

an index of estimated cognitive change over the lifetime (Rabbitt et al., 2003).  In this 

way, several studies have used NART scores to predict premorbid RSPM 

performance, with deviations between predicted and actual RSPM scores used as an 

indication of cognitive change (Deary et al., 2004; Freeman & Godfrey, 2000; 

MacLullich et al., 2004).  For example, Deary et al. (2004) tested a group of older 

participants on a series of measures, including the NART and RSPM, at age 77 and 

again at age 78.  Data were also available for the Moray House Test (MHT) which 

these participants had completed at 11 years of age as part of the Scottish Mental 

Survey of 1932.  Linear regression was used to determine the discrepancy between 

predicted and actual RSPM scores based on NART performance in the older 

participants, to obtain an estimate of cognitive change across the lifespan.  Estimated 

cognitive change was then compared to actual cognitive change based on 

discrepancies between RSPM and MHT performance.  There was a significant 

correlation (.64 at age 77, and .66 at age 78) between estimated and actual cognitive 

change based on these methods (Deary et al., 2004).  Regression analyses were 

similarly employed in the current experiment, using NART scores to predict 

premorbid RSPM performance.  Two sub-groups of older participants were identified, 

based on whether their actual obtained RSPM scores were above or below their 

NART-predicted RSPM scores.  Those demonstrating RSPM scores below expected 

were considered as exhibiting a degree of cognitive decline over the lifespan.  
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Conversely, RSPM scores above expected were considered to reflect stability, or even 

improvement, in fluid abilities over the lifespan.  Behavioural and ERP data were 

therefore compared initially between older and younger groups, with further analyses 

also comparing these indices for the two older sub-groups.  This procedure will 

provide further insight into individual differences affecting memory load and rule 

reversal processes in normal ageing, as well as factors that might contribute to 

differential recruitment of brain activation patterns during these tasks.     

Critical to the current series of studies was a comparison of how normal ageing 

impacts on functioning within the orbitofrontal and dorsolateral cortices.  If more 

widely distributed neural activity is observed in the older group under high memory 

load or reversal conditions, this may suggest less efficient use, or dedifferentiation, of 

regions typically employed by younger adults and/or the need to recruit additional 

cortical contribution (Greenwood, 2007; Reuter-Lorenz, 2002; Reuter-Lorenz, 

Stanczak & Miller, 1999).  More specifically, behavioural and ERP performance was 

compared between older individuals who were categorised according to estimated 

levels of cognitive change across the lifespan.  Comparing age-related patterns for 

each cognitive process of interest will reveal differences in older adults’ ability to 

successfully activate prefrontal regions, particularly orbitofrontal and dorsolateral 

cortices, allowing for a more refined delineation of the frontal theory of cognitive 

ageing, including greater consideration of individual differences.   

 

Experiment 1 

The aim of this pilot experiment was to assess the behavioural performance of 

older adults upon the DMTS/DNMTS tasks previously utilised with younger adults 

(see Studies 1 and 3).  In Study 2 (see Chapter 5), the retention interval was extended 

from 2 s to 5 s, and from 5 s to 8 s, with accuracy declining and RT increasing 
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incrementally.  Given previous findings that older adults demonstrate impaired 

performance upon delayed-response tasks relative to younger adults (Grady et al., 

1998; Oscar-Berman & Bonner, 1985, 1989), the aim here was to establish a retention 

interval for the older participants that would yield a similar level of performance to 

that observed for one of the retention intervals used with the younger participants in 

earlier studies.  The rationale for the current experiment was therefore to pilot test the 

experimental tasks with a group of older adults to compare performance with 

previous studies involving younger participants.  A secondary aim was to identify any 

practical difficulties encountered by older participants while performing the tasks.  

Such difficulties could therefore be addressed prior to subsequent testing with EEG 

recordings.   

 

Method 

Participants 

A total of 12 older volunteers participated in this study.  They were recruited 

from friends and family of third-year psychology students who conducted testing 

under the supervision of the author as part of their course requirement.  Using a health 

questionnaire, participants were screened for significant physical, psychological and 

neurological disorders, and three participants were excluded due to poor health.  All 

but one participant reported normal or corrected-to-normal vision, and this participant 

was removed from further analyses.  Another participant performed below chance 

level on the tasks and was also excluded.  The remaining 7 participants comprised 5 

female and 2 male participants, ranging in age from 51 to 78 years (see Table 7.1 for 

demographics).  Participants provided informed consent prior to participating.   
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Materials 

Health questionnaire.  A ten-item questionnaire was used to screen participants 

for neurological or neurodegenerative disease, severe head injury or brain damage, 

stroke, transient ischaemic attack within the last year, myocardial infarction within 

the last year, untreated diabetes or hypertension, past and/or current excessive alcohol 

consumption (> 28 standard drinks per week), illicit substance dependence, current 

psychotropic drug-use, and significant psychiatric disorder (Eppinger et al., 2007; 

Feldman, 2005; Müller & Knight, 2002; West & Bell, 1997).  A rating of subjective 

health was also obtained, where 0 reflected a self-rating of very poor health and 10 

which reflected very good health.        

 

National Adult Reading Test.  In line with procedures presented in Study 3, the 

NART was administered to all participants to obtain estimates of premorbid 

intelligence.  The NART is frequently used with older populations (Ferraro & 

Sturgill, 1998), and is considered insensitive to the normal ageing process and 

neurological impairment including dementia (Bright et al., 2002; Deary et al., 1999; 

McGurn et al., 2004; Ferraro & Sturgill, 1998).  Superior vocabulary performance by 

older, relative to younger, adults is a typical finding in the literature (Ferraro & 

Sturgill, 1998).  Nonetheless, other studies (Deary et al., 1998; Kondel, Mortimer, 

Leeson, Laws & Hirsch, 2003; Starr et al., 1992) report no significant correlation 

between age and NART performance across the lifespan, suggesting that increasing 

age is associated with neither decline nor improvement in performance on this 

measure.  Performance on this measure therefore remains relatively stable with 

normal ageing (Kondel et al., 2003).   
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Mini-Mental State Examination.  The Mini-Mental State Examination (MMSE) 

was completed by all older adults as a brief screen for cognitive impairment (Folstein, 

Folstein & McHugh, 1975).  Studies suggest that MMSE performance is inversely 

correlated with age, and that performance also declines with neurological disease 

(Starr et al., 1992).  The MMSE is easy to administer and has demonstrated high test-

retest and inter-observer reliability, high construct validity, and high concurrent 

validity when compared to the Performance and Verbal subscales of the WAIS 

(Folstein et al., 1975; O’Connor et al., 1989).  It consists of 30 items assessing 

various aspects of cognition, including orientation to time and place, attention, 

concentration, recall and language expression.  Some have argued that MMSE items 

are too simplistic and that a cut-off greater or equal to 24 out of a total 30 be used as a 

more sensitive measure of cognitive impairment (Lopez, Charter, Mostafavi, Nibut & 

Smith, 2005; O’Connor et al., 1989), rather than the more traditional 23 out of 30 cut-

off (McGurn et al., 2004).  The more stringent cut-off level (24/30) was therefore 

chosen in the current study, and all participants achieved this criterion at minimum.       

 

Experimental paradigm.  The tasks used in Studies 1 and 3 were replicated in 

the current experiment.            

 

Design 

The experiment followed a similar within-subjects design to previous 

experiments (see Studies 1 and 3). 

 

Procedure 

Participants were initially screened for any neurological, physical, or 

psychological conditions by use of a questionnaire.  The NART and MMSE were 
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then administered to all participants.  Participants then completed the three tasks 

following a similar procedure to previous experiments (see Studies 1 and 3).   

As reported in Study 2, increasing the retention interval in a DMTS/DNMTS 

task diminishes performance, by decreasing accuracy and increasing RT.  In the 

current experiment, older adults were presented with the shortest retention interval (2 

s), deemed to be the least difficult delay condition in Study 2.  Participants therefore 

completed all three conditions of the current experiment with a retention interval of 2 

s between study item(s) and test item.   

 

Results  

Demographic information, including mean age, level of education, and 

subjective health ratings, are reported in Table 7.1, as well as mean scores on the 

NART and MMSE.           

 

Table 7.1.      

Demographic information for older participants, including mean and SD for age, 

years of education, number of errors on NART, NART-predicted FSIQ score, MMSE 

score, and health rating (N = 7). 

 M SD 

Age   59.57 11.36 

Years of education   13.71   2.69 

NART errors   18.71   3.95 

Predicted FSIQ 112.29   3.20 

MMSE   28.71     .95 

Health rating     8.36     .75 
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 Calculation of accuracy and RT were conducted in a similar manner to previous 

studies (see Chapter 4).  There were no outliers identified for any data set, and 

distributions did not differ significantly from normality.  Descriptive statistics for 

accuracy and median RT for match and non-match trials within each condition are 

presented in Tables 7.2 and 7.3.  Separate 3 (condition) x 2 (trial type) ANOVAs 

were performed for accuracy and RT.  There was a significant main effect of 

condition upon accuracy, F(1.11,6.65) = 30.78, p < .05, η p
2 = .84.  Follow-up 

analyses revealed that performance was more accurate in the baseline condition, 

relative to both the high memory load condition, t(6) = 6.34, p < .0167, η p
2 = .87, and 

the high reversal condition, t(6) = 5.29, p < .0167, η p
2 = .82.  There was no main 

effect of trial type for accuracy, and this factor did not interact significantly with 

condition.   

Regarding RT, there was no main effect of condition, however responses were 

slower overall for non-match trials compared to match trials, F(1,6) = 52.46, p < .05, 

η p
2 = .90.  Significant interactions between condition and trial type failed to emerge 

for RT data.       
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Table 7.2.  

Mean percent correct and SDs for match and non-match trials for each condition (N 

= 7). 

  M SD 

Baseline Match 99.78   .59 

 Non-match 99.55   .76 

High memory load Match 89.23 6.87 

 Non-match 91.37 3.31 

High reversal Match 96.41 2.17 

 Non-match 98.66 2.29 

 

Table 7.3. 

Means (ms) and SDs of median RT for correct match and non-match trials for each 

condition (N = 7). 

  M SD 

Baseline Match 637 152 

 Non-match 735 181 

High memory load Match 868 384 

 Non-match 898 291 

High reversal Match 622 110 

 Non-match 732 167 

 

Discussion 

The aim of the current pilot experiment was to assess performance by a group of 

older participants on the experimental tasks used previously, and identify any 

practical difficulties that such a group may encounter during task administration.  
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Similar to previous studies with younger adults (Studies 1 and 3), accuracy was 

greater in the baseline condition (low memory load/low reversal) relative to both the 

high memory load and high reversal conditions.  There was a trend toward slower RT 

during the high memory load condition, relative to the baseline condition, however 

this did not reach significance, perhaps because of the small sample size and limited 

power.  Slower RT for the high memory load condition is consistent with previous 

results (Studies 1 and 3), however in younger participants RT was generally slower 

for the high reversal condition relative to the control condition also.  The effect of 

condition on RT was further explored in the following experiment comparing a larger 

number of older and younger participants together.   

The proposition set forth in Study 2 was ultimately to equate the performance of 

younger and older adults on the baseline condition (low memory load/low reversal).  

It was anticipated that younger adults would complete the DMTS/DNMTS tasks 

using a retention interval of either 5 s or 8 s, pending the performance level of the 

older adults on the baseline condition with a 2 s retention interval.  However, in this 

experiment older adults demonstrated a high level of accuracy on the baseline task.  

In fact, accuracy and RT performance by this older group was comparable to that 

demonstrated by the younger participants included in the previous studies (see 

Chapters 4-6).  Accuracy achieved by the older group was greater than that obtained 

by the younger adults in the 2 s delay condition in Study 2, though RT was slightly 

elevated for the older group.  These results warrant the use of the same retention 

interval for testing both older and younger adults.  In line with Studies 1 and 3, 

therefore, a 5 s interval between memory and test items was chosen.     

Another aim of this pilot study was to identify any practical difficulties 

encountered by older adults while performing the three task conditions.  Based on 

anecdotal feedback, older adults experienced difficulties discriminating between the 
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probe phase (S2) and memory phase (S1) during the high memory load condition, 

given that both phases of the task comprised two objects.  This may have contributed 

in part to relatively lower accuracy for this condition.  To address this possibility, it 

was decided that probe stimuli would be enclosed by a green square for all conditions 

in subsequent testing (Scarmeas et al., 2003).  Demonstration trials were also added 

prior to practice trials to ensure thorough understanding of task requirements. 

The results of this pilot experiment may not be generalisable to the broader 

older population, given that the mean age of participants was 59.57 years, and 

participants had achieved an average of approximately 14 years education (see Table 

7.1).  It was therefore possible that this younger group of “older” participants was 

more high-functioning than typical older samples.  Also, as discussed earlier, 

previous studies report greater individual differences with increasing age (Daffner et 

al., 2005).  The following experiment therefore involved comparisons of older and 

younger participants, as well as more refined comparisons of sub-groups within the 

older sample based on estimates of cognitive change across the lifespan.   

 

Experiment 2 

Based on results from pilot testing with a small group of older participants, 

several modifications to the experimental paradigm were introduced, as discussed 

above.  In the previous experiment, older adults performed the tasks with a 2 s 

retention interval and achieved a comparable level of performance relative to younger 

participants in previous experiments.  It therefore did not seem warranted for older 

participants to complete the tasks at this lower level of difficulty.  Testing in the 

current experiment had both older and younger participants complete the tasks with 

the typical 5 s retention interval used previously.  Rather than a 2 s interval, a 5 s 

interval was also chosen as it provides a longer retention period over which ERP 
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activity can be recorded.  In this experiment, a group of older and younger 

participants completed the experimental tasks while EEG activity was recorded 

simultaneously.   

 

Method 

Participants 

A total of 72 participants were involved in this experiment.  Participants were 

divided into two age groups, with younger participants ranging in age from 17 to 28 

years (M = 20.71 years; SD = 2.90 years) and older participants ranging in age from 

65 to 88 years (M = 73.65 years; SD = 6.25 years).  Seventeen males and 31 females 

were included in the older age group, while the younger age group comprised 10 

males and 14 females.  Participants in the younger group consisted of undergraduate 

students who participated in return for course credit or monetary reimbursement.  

Older participants were recruited from the community in response to an information 

sheet distributed to local retirement villages and community centres, and also 

received monetary reimbursement.  Participants in the final sample reported normal 

or corrected-to-normal vision and denied any significant neurological, physical, or 

psychological impairment, or use of psychotropic medication, and reported minimal 

alcohol-use.  All older participants completed the MMSE and scored above the cut-

off (24/30) for cognitive impairment.  The age groups did not differ significantly with 

regard to years of education, gender ratio, and subjective health rating.  Demographic 

information for older and younger participants is presented in Table 7.4, as well as 

MMSE scores for older participants.   
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Table 7.4.      

Demographic results for older (n = 48) and younger (n = 24) participants.   

 Younger participants Older participants 

 M SD M SD 

Age 20.71 2.90 73.65 6.25 

Years of education 14.08 1.44 13.65 3.98 

Health rating   7.92 1.45   8.28 1.16 

MMSE N/A  28.42 1.18 

 

Materials and procedures 

Health questionnaire, MMSE, and NART.  Following similar procedures as 

Experiment 1, the health questionnaire and NART were administered to older and 

younger participants, while the MMSE was completed by older participants only.   

 

Depression Anxiety Stress Scale.  The Depression Anxiety Stress Scale (DASS; 

Lovibond & Lovibond, 1995) was included to compare individuals across age groups 

on these broad emotional states.  The shortened 21-item version (DASS-21) was used 

in this experiment, assessing levels of depression, anxiety and stress over the last 

week using a 3-point Likert scale.  Seven items were included for each subscale.  

Henry and Crawford (2005) demonstrated good validity (concurrent, convergent and 

discriminant) and good reliability (internal consistencies) of this measure in a sample 

of older and younger individuals (age range = 18-91 years).  The incidence of 

depression and anxiety is typically lower in older adults, relative to their younger 

counterparts (AIHW, 2002; Qualls, 1999; Wood & Kisley, 2006).  Across the 

lifespan, an inverse relationship has indeed been observed between age and scores on 

the depression and stress subscales of the DASS-21 (Henry & Crawford, 2005).  
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Psychological well-being has been reported to positively correlate with cognitive 

performance (Bonnefond et al., 2008), thus older and younger participants were 

compared on each of the DASS-21 subscales to assess potential group differences in 

current mood levels.            

 

Raven’s Standard Progressive Matrices.  The RSPM (Raven, Court & Raven, 

1977) is commonly used to assess fluid intelligence (Dawson, Soulières, Gernsbacher 

& Mottron, 2007).  This measure includes 60 items, each requiring the solution of an 

arbitrary rule in order to select the item that correctly completes a visuospatial 

pattern.  The RSPM can be performed with no time restrictions, or using a 20-minute, 

timed presentation.  The latter timed version was included in the current experiment 

in line with previous research with older adults (Deary et al., 2004; Harris et al., 2007; 

MacLullich et al., 2004).  The RSPM has demonstrated high split-half reliability, and 

good concurrent validity when compared to such measures as the WAIS (Burke, 

1985).  It has been commonly applied to assess non-verbal reasoning in younger and 

older adults (Carpenter, Just & Shell, 1990; MacLullich et al., 2002; Rafnsson et al., 

2007).  Performance on the RSPM typically declines with advancing age (Babcock, 

1994, 2002; Deary et al., 1998; Salthouse, 1993).   Similar to Deary et al. (2004), 

RSPM scores were presented as the number of items completed correctly within 20 

minutes.4           

 

Estimated Cognitive Change Index.  To obtain estimates of cognitive change in 

the older group, regression analyses were employed using NART scores to predict 

                                                 
4 Previous studies have not yet examined the correlation between the untimed and 20-
minute timed version of the RSPM.  However, a study by Hamel and Schmittmann (2006) 
reported that the correlation between the untimed version and the 20-minute timed version 
of the Raven’s Advanced Progressive Matrices, in which the difficulty of items increases 
gradually, was .75. 
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premorbid RSPM performance.  Residual values depicted the discrepancies between 

predicted and obtained RSPM scores, providing an index of estimated cognitive 

change over the lifespan.  Two sub-groups of older participants were then determined 

based on whether residuals were positive (“Non-Declining group”) or negative 

(“Declining group”), that is those whose current level of functioning was respectively 

higher or lower than their premorbid estimate.  Those in the Declining group 

represented the individuals for whom their actual fluid intelligence scores fell below 

the scores predicted from their NART scores, and so they represent a group for whom 

there was expected to be greater decline in fluid ability with age, relative to the Non-

Declining group for whom fluid ability is expected to have been maintained above 

what would typically be expected given the individual’s NART score.   

 

Experimental paradigm.  The experimental tasks used in the current experiment 

were similar to those used in Experiment 1, but with some modifications based on the 

results of Experiment 1 in this series.  Four demonstration trials, two match and two 

non-match, were presented for each condition prior to the practice trials.  In the 

current experiment, probe stimuli were enclosed by a green square to differentiate the 

probe and memory phases of the task.  The retention interval between memory and 

test items was 5 s for all participants.               

 

EEG recordings and source localisation.  ERP epochs time-locked to the 

presentation of the rule and study items were averaged for each participant, and 

grand-averages were produced for each age group.  For each condition, mean 

amplitude was determined for the identified components, and averaged separately for 

older and younger adults.  Peak latency was determined for a defined component 

range when a time point could be identified as eliciting the largest amplitude value 
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(Luck, 2005).  In these instances, peak latency was calculated for each individual, 

with group averages determined for the older and younger participants for each 

condition. 

 

Design 

The experiment followed a similar within-subjects design as previous 

experiments (see Studies 1 and 3), with age group (younger and older) included as a 

between-subjects factor.  These analyses were also repeated with Cognitive Change 

Index (CCI) group (Declining, Non-Declining, and younger participants) added as the 

between-subjects factor.        

 

General procedure 

Participants were invited to contact the experimenter if they wished to partake in 

the current study.  Older adults were screened via the health questionnaire prior to the 

testing session.  Individuals reporting any significant neurological, physical, or 

psychological impairment were excluded from participating.  Younger adults 

completed the health questionnaire during the testing session, and data were excluded 

for those participants reporting significant health conditions.  EEG recordings and 

task procedures were conducted in a similar manner to Study 3.  Throughout the 

testing session, all participants completed the NART, RSPM, and DASS-21, with 

older adults additionally completing the MMSE.       

 

Results 

Demographic and mood state assessment 

The older and younger age groups were compared on each of the psychometric 

assessment measures, including NART, RSPM and DASS-21.  Older participants 
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committed significantly fewer errors than did the younger participants for the NART, 

t(70) = 5.38, p < .05, η p
2 = .29, and the mean NART-predicted FSIQ score was 

significantly greater for them, t(70) = 5.34, p < .05, η p
2 = .29.  For the older group, 

FSIQ did not correlate significantly with age (r = .03, p > .05).  Younger participants 

scored significantly higher than older participants5 on the RSPM, t(67.34) = 10.65, p 

< .05, η p
2 = .55.  For the older group, RSPM scores correlated significantly with age 

(r = -.36, p < .05).  With regard to the DASS-21, older adults endorsed significantly 

fewer items on the depression subscale than younger participants, t(70) = 2.26, p < 

.05, η p
2 = .07.  Older adults also scored significantly lower than their younger 

counterparts on the anxiety subscale, t(33.03) = 2.86, p < .05, η p
2 = .13.  There was 

no significant group difference for the stress subscale of the DASS-21.  Descriptive 

statistics for the NART, RSPM, and DASS-21 subscales are presented in Table 7.5 

for older and younger participant groups.           
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Table 7.5. 

Results of demographic and mood state assessment for older (n = 48) and younger (n 

= 24) participants.    

 Younger participants Older participants 

 M SD M SD 

NART errors   24.42* 6.92   14.73 7.33 

Predicted FSIQ 107.63* 5.69 115.52 6.02 

RSPM correct5   52.08* 3.98   38.53   6.71 

DASS-21 Depression     7.33* 6.42     4.33 4.66 

DASS-21 Anxiety     5.83* 5.00     2.63 3.25 

DASS-21 Stress   11.25 7.73     9.00 7.17 

* Difference between older and younger participants is significant at the 0.05 level 

 

Behavioural data 

One outlier was identified within the younger participant sample and four within 

the older participant sample; these were trimmed to 3.29 standardised scores above or 

below the mean for the corresponding data set.  Within the younger group, 

Kolmogorov-Smirnov tests revealed that asymptotic significance values were greater 

than 0.05 for all conditions, suggesting that these were not significantly different from 

the normal distribution.  Within the older group, asymptotic significance values for 

accuracy data were lower than 0.05 within the following conditions: low memory 

load/low reversal match trials; low memory load/low reversal non-match trials; and 

high reversal match trials.  This indicates that these data sets were significantly 

different from the normal distribution.  However, it is generally agreed that ANOVA 

                                                 
5 One individual within the older age group did not complete the RSPM, so the sample size 
for this measure was reduced to 47 older participants in total. 
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is sufficiently robust in relation to such violations of the normal distribution 

(McGuinness, 2002; Pagano, 1990) and thus transformation of data was not 

necessary.  Accuracy and median RT were calculated for match and non-match trials 

within each condition (see Tables 7.6 & 7.7 for descriptive statistics).     

 

Table 7.6.  

Mean percent correct and SDs for match and non-match trials within each condition, 

for older (n = 48) and younger (n = 24) participants. 

  Younger  

Participants 

Older  

participants 

  M SD M SD 

Baseline Match 

Non-match 

97.39 

95.79 

3.25 

3.44 

97.28 

96.85 

2.89 

4.06 

High memory load Match 

Non-match 

91.90 

92.45 

6.96 

5.58 

85.93 

87.30 

8.11 

9.45 

High reversal Match 

Non-match 

94.71 

91.87 

4.20 

6.12 

93.77 

94.51 

6.45 

4.39 
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Table 7.7. 

Means (ms) and SDs of median RT for correct match and non-match trials within 

each condition, for older and younger participants. 

  Younger  

Participants 

Older  

participants 

  M SD M SD 

Baseline Match 

Non-match 

  680 

  779 

221 

288 

  788 

  879 

119 

117 

High memory load Match 

Non-match 

  939 

1095 

335 

459 

1069 

1169 

215 

228 

High reversal Match 

Non-match 

  687 

  807 

198 

263 

  806 

  927 

136 

154 

 

Separate 2 x 3 x 2 ANOVAs were performed for accuracy and RT data.  For 

each analysis, condition and trial type were the within-subject factors, and age group 

was added as the between-subjects factor.  Levene’s test was used throughout to 

correct for violations of the homogeneity of variance assumption.      

The older and younger age groups did not differ significantly with regard to 

overall accuracy of performance.  There was a significant main effect of condition on 

accuracy, F(1.64,114.53) = 59.34, p < .05, η p
2 = .46.  Accuracy was greater for the 

low memory load relative to the high memory load condition, t(71) = 10.70, p < 

.0167, η p
2 = .62, and for the low reversal relative to the high reversal condition, t(71) 

= 6.16, p < .0167, η p
2 = .35.  There was also a significant interaction between 

condition and age group, F(2,140) = 13.82, p < .05, η p
2 = .17.  For younger 

participants, one-way ANOVA revealed a significant effect of condition on accuracy, 

F(2,46) = 15.09, p < .05, η p
2 = .40.  Accuracy was significantly greater for the low 
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memory load relative to the high memory load condition, t(23) = 5.01, p < .0167, η p
2 

= .52, and the low reversal relative to the high reversal condition, t(23) = 4.58, p < 

.0167, η p
2 = .48.  Regarding the older age group, there was also a significant effect of 

condition on accuracy, F(1.63,76.79) = 74.24, p < .05, η p
2 = .61.  Accuracy was again 

greater in the low memory load relative to the high memory load condition, t(47) = 

10.63, p < .0167, η p
2 = .71, and the low reversal relative to the high reversal 

condition, t(47) = 4.45, p < .0167, η p
2 = .30.  A comparison of effect sizes suggests 

that the effect of memory load was particularly marked for the older group, relative to 

the younger group.  For both the low memory load/low reversal and high reversal 

conditions, no differences were observed between older and younger participants.  

Examining the effect of age group for the high memory load condition, however, 

revealed that accuracy was significantly greater for the younger group relative to the 

older group, t(66.12) = 3.69, p < .0167, η p
2 = .13.   

A main effect of trial type did not emerge for accuracy, however this factor did 

interact significantly with age group, F(1,68) = 5.28, p < .05, η p
2 = .07.  Younger 

participants performed more accurately than older adults for match trials, t(70) = 2.22, 

p < .05, η p
2 = .07, but there was no significant difference between groups for non-

match trials.   

With regard to RT, older adults performed more slowly than younger adults 

overall, F(1,70) = 4.91, p < .05, η p
2 = .07.  A main effect of condition was also 

observed, F(1.46,101.94) = 151.53, p < .05, η p
2 = .68.  Follow-up analyses revealed 

that the high memory load condition was performed more slowly than the low 

memory load condition, t(71) = 16.18, p < .0167, η p
2 = .79.  RT was greater for the 

high, relative to the low, reversal condition however this difference did not reach 

significance following Bonferroni correction.  Overall, RT was reduced for match 
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trials compared to non-match trials, F(1,70) = 129.49, p < .05, η p
2 = .65.  There were 

no significant interactions between factors for RT.     

 

EEG data 

Technical difficulties in EEG recording and analyses resulted in the exclusion of 

3 younger participants and 6 older participants.  Continuous EEG recordings were 

therefore analysed for 21 younger participants and 42 older participants, and averaged 

off-line for each of the three conditions.  Separate grand-averaged ERPs were 

developed for the older and younger groups.  Epochs and electrode sites used to 

examine memory load and rule reversal effects were similar to those applied in Study 

3 (see Chapter 6).6  Grand-averaged ERPs time-locked to memory item onset are 

presented in Figure 7.1, while grand-averaged ERPs time-locked to rule onset are 

presented in Figure 7.4.     

 

ERP effects time-locked to the onset of the memory item(s) 

For each age group, difference waves between the high memory load and low 

memory load/low reversal conditions were calculated for each site included in the 

analysis.  Single-sample t-tests were conducted to determine the latency range during 

which these difference waveforms differed significantly from zero (Guthrie & 

Buchwald, 1991).  During the latency range of 1024-2124 ms following memory item 

onset, difference waveforms diverged significantly from zero for both older and 

                                                 
6 An early P1 component was also identified 80-148 ms (Herrmann, Ehlis, Ellgring & 
Fallgatter, 2005; Marzi & Viggiano, 2007; Schwartzman, Maravic, Kranczioch, & Barnes, 
2008) following onset of the memory item(s).  This component is considered to reflect 
perceptual processing of stimuli within the early extrastriate visual cortex, and is typically 
observed at occipital scalp sites (O1 and O2; Herrmann et al., 2005; Marzi & Viggiano, 
2007; Schwartzman et al., 2008).  The amplitude of this component was collapsed across 
conditions and compared between age groups, to examine potential age differences in early 
visual processing of memory stimuli.  Overall, there was no main effect of electrode (O1 
versus O2), no main effect of age group, and no significant interaction between electrode 
and age group.  These findings suggest that early visual processing of the memory item(s) 
was similar for older and younger participants.          
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younger participants.  This component arguably reflects the memory-related 

positivity.  Mean amplitude was therefore determined for each participant 1024-2124 

ms following onset of the memory item(s), and separately for each condition at each 

of the nine sites.  Visual inspection of Figure 7.1 reveals differences between high 

and low memory load conditions during this time period; for both age groups, 

amplitude appears more positive for the high memory load condition relative to the 

low memory load/low reversal condition.   

As evident in Figure 7.1, waveforms differed between age groups later in the 

retention interval, and a time window between 4500 and 6000 ms was chosen to 

examine these group differences for CNV.  During this period, amplitude was 

generally more negative for the younger group compared to the older group.  

Distributions of mean amplitude for the memory-related positivity and CNV were 

inspected for outliers and, when identified, were trimmed to 3.29 standard deviations 

from the mean for that age group.  One-sample Kolmogorov-Smirnov tests were then 

conducted to determine the normality of distribution for each data set.  For both 

younger and older participants, asymptotic p values were above 0.05 for all 

distributions of amplitude sets.  For both the memory-related positivity and CNV, it 

was not possible to extract a latency measure as no clear peak in amplitude could be 

identified in either case. 
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Figure 7.1 (continued from previous page). Grand-averaged ERPs time-locked 100 

ms prior to, and 6000 ms following, onset of the memory item(s) for the high and low 

memory load conditions at each site analysed.  Dark dotted line = low memory load 

for the younger group; Dark solid line = high memory load for the younger group; 

Light dotted line = low memory load for the older group; Light solid line = high 

memory load for the older group.  Vertical dotted lines represent the onset and offset 

of the memory-related positivity (1024-2124 ms post-stimulus), and the vertical solid 

lines represent the onset and offset of the CNV (4500-6000 ms post-stimulus).   

              

Memory-related positivity.  ANOVA was used to determine the effects of 

condition, site, and age group on the amplitude of the memory-related positivity 

occurring between 1024 and 2124 ms following onset of the memory items (see Table 

7.8 for descriptive statistics).  Similar to Study 3, the nine sites were categorised into 

two factors - left/mid/right and frontal/central/parietal.   
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Table 7.8. 

Mean amplitude (µv) for the high and low memory load conditions at each site 

(including SD in parentheses) 1024-2124 ms following memory item onset for both 

younger (n = 21) and older (n = 42) participants.   

  Younger participants Older participants 

   Left  Mid  Right Left Mid Right 

Low memory 

load 

Frontal    .64  

(2.53) 

   .52  

(4.41) 

 1.33  

(3.35) 

 1.13  

(2.44) 

 1.69  

(2.64) 

 2.21  

(2.86) 

 Central  1.25  

(3.10)   

 1.65  

(3.88) 

 1.30  

(3.03) 

 1.30  

(2.47) 

 1.90  

(2.87) 

 2.48  

(2.86) 

 Parietal -1.18  

(2.95) 

 2.77  

(5.88) 

-2.37  

(4.74) 

  -.02  

(1.82) 

 1.79  

(2.49) 

  -.49  

(1.90) 

High memory 

load 

Frontal  1.05  

(2.53) 

 2.31  

(4.05) 

 3.64  

(4.73) 

 2.43  

(3.02) 

 3.53  

(3.78) 

 4.15  

(4.23) 

 Central  3.08  

(3.56) 

 5.17  

(4.45) 

 4.82  

(3.98) 

 3.64  

(3.05) 

 3.96  

(3.37) 

 5.12  

(3.27) 

 Parietal    .51  

(3.86) 

 5.96  

(4.30) 

-1.59  

(3.75) 

   .95  

(2.23) 

 5.40  

(3.13) 

 1.03  

(2.33) 

  

Older and younger participants did not differ significantly with regard to overall 

amplitude.  There was a significant main effect of condition on amplitude, F(2,122) = 

30.15, p < .05, η p
2 = .33.  Follow-up analyses revealed that, overall, amplitude was 

significantly more positive for the high memory load condition relative to the baseline 

condition, t(62) = 6.78, p < .0167, η p
2 = .61.7     

                                                 
7 Amplitude did not differ significantly between the high reversal and low memory load/low 
reversal conditions, so further analyses are reported for the high and low memory load 
conditions only. 
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Significant main effects for left/mid/right sites, F(2,122) = 33.30, p < .05, η p
2 = 

.35, and frontal/central/parietal sites, F(1.30,79.44) = 24.30, p < .05, η p
2 = .29, also 

emerged.  The effect of condition interacted significantly with both left/mid/right 

sites, F(3.22,196.19) = 8.20, p < .05, η p
2 = .12, and frontal/central/parietal sites 

F(2.94,179.48) = 4.18, p < .05, η p
2 = .06.  There was also a significant interaction 

between left/mid/right sites and frontal/central/parietal sites, F(2.57,156.77) = 76.46, 

p < .05, η p
2 = .56, which in turn also interacted with age group, F(4,244) = 6.60, p < 

.05, η p
2 = .10.  Finally, significant interactions also occurred between condition, 

left/mid/right sites, and frontal/central/parietal sites, F(5.09,310.66) = 13.75, p < .05, 

η p
2 = .18, and there was a four-way interaction between these factors and age group, 

F(8,488) = 3.52, p < .05, η p
2 = .06 (see Table 7.8 for means).  For the younger group, 

memory-related positivity was greater for the high memory load, relative to the low 

memory load/low reversal, condition at the following sites; Cz, F(1,20) = 14.59, p < 

.05, η p
2 = .42; C3, F(1,20) = 4.49, p < .05, η p

2 = .18; C4, F(1,20) = 10.96, p < .05, η 

p
2 = .35; Pz, F(1,20) = 11.71, p < .05, η p

2 = .37; and P7, F(1,20) = 10.11, p < .05, η p
2 

= .34.  In contrast, for older participants, amplitude was more positive for the high 

memory load, relative to the low memory load, condition at all sites across the scalp: 

Fz, F(1,41) = 17.90, p < .05, η p
2 = .30; F3, F(1,41) = 9.40, p < .05, η p

2 = .19; F4, 

F(1,41) = 13.56, p < .05, η p
2 = .25; Cz, F(1,41) = 24.42, p < .05, η p

2 = .37; C3, 

F(1,41) = 36.58, p < .05, η p
2 = .47; C4, F(1,41) = 50.57, p < .05, η p

2 = .55; Pz, 

F(1,41) = 83.58, p < .05, η p
2 = .67; P7, F(1,41) = 12.79, p < .05, η p

2 = .24; and P8, 

F(1,41) = 25.65, p < .05, η p
2 = .39.  Load-dependent positivity was therefore more 

centroparietally-distributed for younger participants, but more widely distributed for 

the older group.  Comparing age groups, no significant differences emerged for the 

low memory load condition.  Amplitude was, however, more positive for the older 
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group than the younger group for the high memory load condition at P8 only, t(27.93) 

= 2.93, p < .006, η p
2 = .16. 

Similar to Study 3, load-related neural generators were determined by localising 

the difference wave between the high memory load and low memory load/low 

reversal conditions 1024-2124 ms post-stimulus.  For both the younger and older 

adults, additional load-related activity was recorded bilaterally in the dorsolateral 

prefrontal cortex and the parietal cortex (see Figures 7.2 and 7.3).  RV for the 

younger group was 9.45%, and 8.49% for the older group.   
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Figure 7.2. Younger group: bilateral sources (left) and projected MRI images (right) 

associated with increased memory load (high memory load subtract low memory 

load) 1024-2124 ms following onset of memory item(s).  Brown/blue frontal sources 

(x = -33.9; y = 35.0; z = 34.9) corresponded to the middle frontal gyrus (BA 9).  

Pink/green sources (x = -43.5; y = -42.3; z = 31.2) corresponded to the parietal cortex. 

 

Figure 7.3. Older group: bilateral sources (left) and projected MRI images (right) 

associated with increased memory load (high memory load subtract low memory 

load) 1024-2124 ms following onset of memory item(s).  Green/pink frontal sources 

(x = -36.8; y = 35.9; z = 20.2) corresponded to the middle frontal gyrus (BA 9).  

Blue/red sources (x = -21.1; y = -60.8; z = 32.2) corresponded to the parietal cortex. 



 
 

202

CNV.  The effects of condition, site and age group were determined for 

amplitude between 4500 and 6000 ms following memory-item(s) onset.   Once again, 

sites were divided into two factors - left/mid/right and frontal/central/parietal sites.  

Mean amplitude for each condition and each group of sites are presented separately 

for older and younger participants in Table 7.9.   

 

Table 7.9. 

Mean amplitude (µv), and SD in parentheses, for each site 4500-6000 ms following 

memory item onset for both younger and older participants.   

 Younger participants Older participants 

F3 -4.17 (2.90) -2.35 (2.30) 

F4 -2.74 (3.20) -1.27 (2.49) 

Fz -5.79 (5.20) -2.33 (2.73) 

C3 -4.52 (3.75) -2.53 (3.05) 

C4 -4.35 (4.68) -1.13 (2.54) 

Cz -3.93 (6.11) -2.37 (3.04) 

P7 -1.67 (2.82)   -.09 (1.90)  

P8 -2.44 (3.89)    .51 (2.41) 

Pz -4.84 (6.49) -2.01 (2.67) 

 

Overall, this component was more negative in amplitude for the younger group, 

relative to the older group, F(1,61) = 12.66, p < .05, η p
2 = .17.  There were also main 

effects for left/mid/right sites, F(1.43,86.97) = 10.18, p < .05, η p
2 = .14, and 

frontal/central/parietal sites, F(1.82,110.73) = 14.03, p < .05, η p
2 = .19.  Significant 

interactions also emerged between left/mid/right and frontal/central/parietal sites, 

F(3.33,203.24) = 14.01, p < .05, η p
2 = .19, and a three-way interaction occurred 
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between these factors and age group, F(4,244) = 5.09, p < .05, η p
2 = .08.  Amplitude 

was more negative for the younger, relative to the older, group at all sites across the 

scalp, however this difference reached significance at the P8 site only following 

Bonferroni correction, t(27.88) = 3.18, p < .006, η p
2 = .18.   

 

ERP effects time-locked to the onset of the rule 

Comparing the high reversal and baseline conditions, difference waveforms 

were again subjected to single-sample t-tests and latency windows were identified 

within which these waveforms differed significantly from zero.  Reversal-related 

positivity was identified 300-600 ms following rule-presentation, and generally 

increased in amplitude for the high reversal condition relative to the low memory 

load/low reversal condition (see Figure 7.4).  Following this interval, differences 

between these two conditions were no longer significant for the younger group.  

However, differences between the conditions appeared to continue for the older group 

across the remainder of the epoch (see Figure 7.4), so the interval between 600 and 

988 ms was also examined.  For the reversal-related positivity, mean amplitude and 

latency were determined for each age group and any outliers identified were trimmed 

to 3.29 standard deviations from the mean for that group.  Within each age group, the 

distribution of mean amplitude did not differ significantly from the normal 

distribution for any data set.  The distributions of peak latencies were skewed for 

some variables, but ANOVA was considered robust to these effects. 
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Figure 7.4. Grand-averaged ERPs time-locked 100 ms prior to, and 1000 ms 

following, onset of the rule for the high and low reversal conditions at each site 

analysed.  Dark solid line = low reversal for the young group; Dark dotted line = high 
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reversal for the young group; Light solid line = low reversal for the old group; Light 

dotted line = high reversal for the old group.  Vertical dotted lines represent the onset 

and offset of the early (300-600 ms post-stimulus) and late (600-988 ms post-

stimulus) intervals of the reversal-related positivity.   

 

Reversal-related positivity.  Reversal-related positivity was identified 300-600 

ms after rule-presentation, and extended to the end of the epoch (600-988 ms) for the 

older group only.  Analyses of mean amplitude were therefore performed separately 

for each of these two intervals of the reversal-related positivity (see Tables 7.10 & 

7.11 for descriptive statistics).  Peak latency was determined for the early interval 

(300-600 ms) of the reversal-related positivity.  Latency was not examined during the 

later interval (600-988 ms), as the positivity here appeared to be an extension of the 

reversal-related positivity for the older group only, and was not obvious for the 

younger group.  
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Table 7.10. 

Mean amplitude (µv) for the high reversal and baseline conditions at each site 

(including SD in parentheses) 300-600 ms following rule onset for both older and 

younger participants.   

  Younger participants Older participants 

Baseline Fz 1.46 (4.12)   .44 (2.57) 

 Cz 3.40 (5.01) 1.60 (2.90) 

 Pz 4.65 (4.86) 2.75 (3.00) 

High reversal Fz 2.34 (5.28) 2.38 (3.15) 

 Cz 4.65 (5.90) 3.71 (3.25) 

 Pz 6.11 (6.31) 4.24 (3.24) 

 

Table 7.11. 

Mean amplitude (µv) for the high reversal and baseline conditions at each site 

(including SD in parentheses) 600-988 ms following rule onset for both older and 

younger participants.   

  Younger participants Older participants 

Baseline Fz 3.25 (3.22) 1.01 (2.64)   

 Cz 4.04 (3.90) 1.01 (3.06) 

 Pz 2.90 (3.94)   .11 (2.95) 

High reversal Fz 3.08 (4.45) 2.80 (3.67) 

 Cz 4.27 (5.35) 3.04 (3.91) 

 Pz 3.53 (6.83) 1.75 (3.45) 
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During the early interval (300-600 ms) of the reversal-related positivity, overall 

amplitude was greater for the younger, relative to the older, group, however this 

difference did not reach significance.  Main effects were present for condition, 

F(2,122) = 17.76, p < .05, η p
2 = .23, and site, F(1.67,101.93) = 68.48, p < .05, η p

2 = 

.53.  Overall, amplitude was greater for the high reversal condition relative to the 

baseline condition, t(62) = 4.85, p < .0167, η p
2 = .28.8  Amplitude was greater at Pz 

relative to Fz and Cz (Pz versus Fz, t(62) = 9.68, p < .0167, η p
2 = .60; Pz versus Cz, 

t(62) = 5.05, p < .0167, η p
2 = .29).  Amplitude was also more positive at the Cz site 

compared to the Fz site, t(62) = 8.31, p < .0167, η p
2 = .53. 

There was a three-way interaction between condition, site, and age group, 

F(4,244) = 4.49, p < .05, η p
2 = .07.  For each site, a one-way ANOVA examined the 

effect of condition, with age group added as a between-subjects factor.  There was no 

significant main effect of age group and no significant interaction between condition 

and age group at any site.  When the younger group was examined separately, 

amplitude was greater for the high reversal condition relative to the baseline 

condition, however this effect did not reach significance and did not interact 

significantly with site.  For the older group, amplitude was greater for the high 

reversal condition compared to the baseline condition at all sites: Fz, F(1,41) = 30.75, 

p < .05, η p
2 = .43; Cz, F(1,41) = 37.32, p < .05, η p

2 = .48; and Pz, F(1,41) = 19.00, p 

< .05, η p
2 = .32.   

Analyses were performed for latency at Pz only, given that reversal-related 

positivity was largest at this site.  Latency did not differ significantly between older 

(M = 403 ms, SD = 58 ms) and younger (M = 375 ms, SD = 50 ms) participants.  

                                                 
8 Amplitude did not differ significantly between the high memory load and baseline 
conditions, so further analyses are reported for the high reversal and baseline conditions 
only. 
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There was also no main effect of reversal condition, and no significant interaction 

between age group and condition.     

Turning to the second interval of the reversal-related positivity (600-988 ms), 

overall amplitude was greater for the younger group, compared to the older group, 

F(1,61) = 5.19, p < .05, η p
2 = .08.  A main effect of condition was also observed, 

F(1.53,93.43) = 8.40, p < .05, η p
2 = .12, as well as an overall effect of site, 

F(1.74,106.41) = 7.37, p < .05, η p
2 = .11.  Finally, an interaction occurred between 

condition, site, and age group, F(4,244) = 2.68, p < .05, η p
2 = .04.  For the older 

group, amplitude was greater for the high reversal, relative to the baseline, condition 

at each site: Fz, F(1,41) = 14.13, p < .05, η p
2  = .26; Cz, F(1,41) = 21.15, p < .05, η p

2  

= .34; and Pz, F(1,41) = 16.25, p < .05, η p
2  = .28.  Amplitude did not differ between 

the high reversal and baseline conditions for the younger group.          

The difference between the high and low reversal conditions was localised for 

the interval corresponding to the reversal-related positivity, but commencing 

following offset of the rule stimulus (500-600 ms post-rule).  For the younger group, 

neural sources associated with the reversal-related positivity were located within the 

orbitofrontal and occipital cortices (RV = 3.08%; see Figure 7.4).  For the older 

group, reversal-related positivity generated during this latency range was located 

within the orbitofrontal and parietal cortices (RV = 5.30%; see Figure 7.5).  For the 

older group, reversal-related activity persisted to the end of the epoch (600-988 ms) 

within the orbitofrontal (x = -20.0; y = 48.7; z = 8.1) and parietal regions (x = -35.0; y 

= -66.6; z = 34.8; RV = 7.73%).   
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Figure 7.4. Younger group: bilateral sources (left) and projected MRI images (right) 

associated with increased reversal frequency (high reversal subtract low reversal) 

500-600 ms following onset of the rule.  Red/blue sources (x = -18.2; y = 53.8; z = 

0.9) corresponded to orbitofrontal cortex (BA 10).  Green/pink sources (x = -25.4; y = 

-77.4; z = -11.5) were generated within the occipital cortex. 

 

 

Figure 7.5. Older group: bilateral sources (left) and projected MRI images (right) 

associated with increased reversal frequency (high reversal subtract low reversal) 

500-600 ms following onset of rule.  Pink/green sources (x = -17.2; y = 41.4; z = 9.7) 

were generated within the orbitofrontal cortex (BA 10).  Blue/red sources (x = -38.1; 

y = -59.3; z = 37.6) corresponded to the parietal cortex.   
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Estimated Cognitive Change Index 

Behavioural data.  To obtain estimates of cognitive change in the older group, 

regression analyses were employed using NART scores to predict premorbid RSPM 

performance.  Residual values depicted the discrepancies between predicted and 

obtained RSPM scores, providing an index of estimated cognitive change over the 

lifespan.  Applying the regression analyses outlined earlier, NART scores were used 

to predict premorbid RSPM scores.  The regression equation was RSPMpredicted = 

29.601 + .253 (NART score).  The adjusted-R2 for this model was .057, F(1,46) = 

3.80, p = .057.  The older group was then divided into two groups based on the 

standardised residual scores produced from this regression equation; that is, the 

discrepancy between their actual and predicted RSPM performance based on their 

NART score.  Positive residuals were obtained for those demonstrating an RSPM 

score greater than expected (Non-Declining group), while negative residuals were 

obtained where the actual RSPM score was below predicted (Declining group).  

Demographic results for each group are presented in Table 7.12.  The Declining 

group was significantly older than the Non-Declining group, t(45) = 2.75, p < .05, η p
2 

= .14.  Within the older group, age also correlated significantly with standardised 

residual scores, r = -.38, p < .05.  Fluid intelligence ability, as measured by 

performance on the RSPM, was significantly higher for the Non-Declining group, 

relative to the Declining group, t(45) = 8.23, p < .05, η p
2 = .60.  Age and fluid 

intelligence were also inversely related in the older group, r = -.36, p < .05.   No 

significant differences were noted between groups for MMSE, level of education, 

NART errors or Predicted FSIQ.      
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Table 7.12. 

Demographic results for those obtaining actual RSPM scores above (Non-Declining; 

n = 27) and below (Declining; n = 20) predicted scores.   

 Non-Declining group Declining group 

 M SD M SD 

Age   71.67* 5.90   76.45 5.90 

MMSE   28.48 1.31   28.35 1.04 

Years of education   14.52 4.30   12.65 3.31 

NART errors   15.11 7.93   14.15 6.79 

Predicted FSIQ 115.26 6.50 115.95  5.61 

RSPM correct   42.96* 4.39   32.55   4.15 

* Difference between Non-Declining and Declining groups is significant at the 0.05 

level 

 

Separate 3 x 3 x 2 ANOVAs were performed for accuracy and RT data, 

examining the effect of condition and trial type with CCI group added as a between-

subjects factor.  There were three CCI groups- Non-Declining group, Declining 

group, and younger participants.  With regard to accuracy, there was an overall effect 

of CCI group, F(2,68) = 5.01, p < .05, η p
2 = .13, and a significant interaction between 

condition and CCI group, F(4,136) = 16.32, p < .05, η p
2 = .32 (see Table 7.13 for 

means for the Non-Declining and Declining groups).  There were no significant 

differences between groups for the baseline and high reversal conditions.  For the 

high memory load condition, the Declining group performed significantly less 

accurately relative to both the Non-Declining group, t(30.97) = 3.81, p < .0167, η p
2 = 

.27, and the younger group,  t(29.93) = 4.78, p < .0167, η p
2 = .37.  A significant 

correlation was found between standardised residual scores and percent correct for the 
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high memory load condition only, in the older group, r = .55, p < .05.  This 

correlation remained significant when controlling for age, r = .45, p < .05.  There was 

also a three-way interaction between condition, trial type, and CCI group, F(4,136) = 

3.03, p < .05, η p
2 = .08.  For the high memory load condition, the Non-Declining 

group performed more accurately than the Declining group for non-match trials in 

particular, t(25.57) = 4.32, p < .0167, η p
2 = .33, whereas younger participants were 

more accurate than the Declining group for both match, t(42) = 3.78, p < .0167, η p
2 = 

.25, and non-match trials, t(27.75) = 4.33, p < .0167, η p
2 = .33.  Similar rates of 

accuracy were achieved for the Non-Declining group and the younger groups for all 

conditions (see Tables 7.6 and 7.13).   

Regarding RT, CCI group did not interact significantly with condition or trial 

type.  There was, however, an overall effect of CCI group, F(2,68) = 3.36, p < .05, η 

p
2 = .09 (see Table 7.14 for means).  The Declining group performed more slowly than 

both the Non-Declining group, t(45) = 2.18, p < .05, η p
2 = .10, and the younger 

group, t(42) = 2.12, p < .05, η p
2 = .10.  RT did not differ significantly between the 

Non-Declining and younger groups, t(29.42) = 1.07, p > .05, η p
2 = .03.   
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Table 7.13.  

Mean percent correct and SDs for match and non-match trials within each condition 

for Non-Declining (n = 27) and Declining (n = 20) groups. 

  Non-Declining group Declining group 

  M SD M SD 

Baseline Match 

Non-match 

98.02 

96.76 

1.68 

4.59 

96.32 

97.22 

  3.88 

  3.25 

High memory load Match 

Non-match 

88.31 

92.13 

7.32 

5.06 

83.26 

81.18 

  8.22 

10.48 

High reversal Match 

Non-match 

94.45 

94.84 

6.55 

4.35 

93.39 

94.17 

  6.09 

  4.62 

 

Table 7.14. 

Means (ms) and SDs of median RT for correct match and non-match trials within 

each condition for Non-Declining and Declining groups. 

  Non-Declining 

group 

Declining 

group 

  M SD M SD 

Baseline Match 

Non-match 

  762 

  858 

103 

  97 

  818 

  901 

134 

139 

High memory load Match 

Non-match 

 1032 

 1097 

159 

212 

1116 

1258 

275 

222 

High reversal Match 

Non-match 

  767 

  887 

108 

111 

  841 

  968   

140 

185 
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EEG data.  Amplitude and latency differences between the groups were 

compared with ANOVA.  CCI groups used for ERP comparisons were the same as 

those identified above for the behavioural analyses.   

 

Memory-related positivity.  For the memory-related positivity (1024-2124 ms 

post-stimulus), there was no overall effect of CCI group on amplitude.  There was a 

significant interaction between CCI group, left/mid/right sites, and 

frontal/central/parietal sites, F(8,472) = 3.10, p < .05, η2 = .10, and these factors in 

turn interacted with condition, F(16,472) = 1.84, p < .05, η2 = .06.  To further explore 

this interaction, ANOVA was performed separately for the Declining and Non-

Declining groups, with condition, left/mid/right sites, and frontal/central/parietal sites 

added as within-subject factors.  For the Declining group, there was a significant 

interaction between condition, left/mid/right, and frontal/central/parietal sites, 

F(8,136) = 7.59, p < .05, η p
2
 = .31.  For this group, amplitude was greater for the 

high memory load, relative to the low memory load, condition at centroparietal sites 

(Cz, F(1,17) = 4.60, p < .05, η p
2
 = .21; C3, F(1,17) = 9.54, p < .05, η p

2
 = .36; C4, 

F(1,17) = 9.45, p < .05, η p
2
 = .36; Pz, F(1,17) = 25.75, p < .05, η p

2
 = .60; and P8, 

F(1,17) = 7.60, p < .05, η p
2
 = .31).  There was also a significant interaction between 

condition, left/mid/right, and frontal/central/parietal sites for the Non-Declining 

group, F(4,88) = 9.83, p < .05, η p
2 = .31.  For this group, amplitude was greater for 

the high memory load, relative to the low memory load, condition at all sites across 

the scalp (Fz, F(1,22) = 22.78, p < .05, η p
2
 = .51; F3, F(1,22) = 21.24, p < .05, η p

2
 = 

.49; F4, F(1,22) = 19.60, p < .05, η p
2
 = .47; Cz, F(1,22) = 26.34, p < .05, η p

2
 = .55; 

C3, F(1,22) = 33.78, p < .05, η p
2
 = .61; C4, F(1,22) = 60.64, p < .05, η p

2
 = .73; Pz, 

F(1,22) = 57.94, p < .05, η p
2
 = .73; P7, F(1,22) = 11.98, p < .05, η p

2
 = .35; and P8, 

F(1,22) = 16.63, p < .05, η p
2
 = .43).  The effect of CCI group and condition was also 
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examined at each site.  At the P8 site only, there was a main effect of CCI group, 

F(1,59) = 4.16, p < .05, η p
2 = .12, however this factor did not interact significantly 

with condition.  Relative to the younger group, amplitude was greater for both the 

Non-Declining group, t(27.64) = 2.20, p < .05, η p
2 = .11, and the Declining group, 

t(29.27) = 2.26, p < .05, η p
2 = .11, at the P8 site.  The latter two groups did not differ 

significantly from each other, t(39) = .80, p > .05, η p
2 = .001.   

Activity associated with increased memory load (high memory load subtract 

low memory load) 1024-2124 ms post-stimulus was generated bilaterally within the 

dorsolateral (BA 46) and parietal regions, similarly for both the Declining group (RV 

= 9.16%) and Non-Declining group (RV = 8.68%).   
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Table 7.15. 

Mean amplitude (µv) for the high and low memory load conditions at each site 

(including SD in parentheses) 1024-2124 ms following memory item onset, for the 

Non-Declining (n = 23) and Declining (n = 18) groups.   

  Non-Declining group Declining group 

   Left  Mid  Right Left Mid Right 

Low memory 

load 

Frontal  1.00  

(1.52) 

 1.36  

(1.83)   

 1.88  

(2.54)  

 1.45  

(3.28) 

 2.24  

(3.42) 

 2.78  

(3.25) 

 Central 

 

 1.18  

(1.98) 

 1.43  

(2.22) 

 2.09  

(2.17)  

 1.57  

(3.06) 

 2.61  

(3.53) 

 3.11  

(3.54) 

 Parietal 

 

   .01  

(1.59) 

 1.61  

(1.99) 

  -.64  

(1.96) 

  -.01  

(2.17) 

 2.02  

(3.12) 

  -.40  

(1.86) 

High memory 

load 

Frontal 

 

 2.81  

(2.43) 

 3.78  

(3.41) 

 4.42  

(3.81)  

 2.27  

(3.51) 

 3.47  

(4.25) 

 4.03  

(4.83) 

 Central 

 

 3.71  

(2.99)  

 4.00  

(3.07) 

 5.09  

(3.14)  

 3.77  

(3.14) 

 4.16  

(3.75) 

 5.31  

(3.53) 

 Parietal 

 

 1.14  

(2.20) 

 5.36  

(3.14) 

   .98  

(2.27) 

   .72  

(2.37) 

 5.52  

(3.27) 

   .96  

(2.46) 

 

Reversal-related positivity.  There was no significant effect of CCI group on 

amplitude or latency for the reversal-related positivity during either time interval 

(300-600 ms and 600-988 ms post-rule).  

 

CNV.  The two older sub-groups did not differ significantly with regard to 

amplitude of the CNV (4500-6000 ms post-stimulus).   
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Discussion 

The current study explored age differences in the behavioural and 

electrophysiological indices of memory load and reversal learning, as established in 

Study 3.  Based on these electrophysiological indices, the study also aimed to 

compare the effects of ageing on the neural correlates typically associated with 

memory load and reversal learning, that is activation in the dorsolateral and 

orbitofrontal prefrontal regions, respectively.  As discussed earlier, a systematic 

comparison of orbitofrontal and dorsolateral functioning in later adulthood has yet to 

be achieved in previous studies.  Results from Study 3 revealed that increasing 

memory load and increasing reversal frequency affected behavioural competency in 

younger individuals, with poorer accuracy and slower response times recorded in the 

high memory load and high reversal conditions, relative to the baseline condition.  

The major ERP findings reported in Study 3 suggested that increases in memory load 

were associated with enhanced positivity following presentation of the to-be-

remembered study items.  In line with previous research (Arnott et al., 2005; 

D’Esposito et al., 1999; D’Esposito et al., 2000; Habeck et al., 2005; Jha & 

McCarthy, 2000; Linden et al., 2003; Owen et al., 1999; Postle et al., 1999; Rypma et 

al., 1999; Tomasi et al., 2007), additional activity was recorded in the dorsolateral 

prefrontal cortex when the number of items was increased from one to two abstract 

shapes.  Conversely, increasing the frequency of contingency changes in Study 3 

elicited greater reversal-related positivity following presentation of the instructional 

cue (rule), and this activity was localised to neural sources in the orbitofrontal cortex.  

Again these results are consistent with previous findings implicating the orbitofrontal 

cortex in rule reversal processes (Kringelbach, 2004; Rolls, 1999, 2004).  Results 

from Study 3 also suggested that immediately preceding the onset of the probe items, 

CNV activity was observed during all conditions, and was considered to reflect 
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preparatory processes prior to probe presentation.  In the current study, it was 

hypothesised that similar findings would be replicated in the younger group for 

behavioural, ERP and source localisation data.   

Regarding memory load effects, it was expected that performance would be less 

accurate and responses slowed across tasks for the older participants, relative to their 

younger counterparts.  It was also expected that, within the older group, accuracy 

would decline and RT increase with greater memory load.  However, based on 

inconsistencies in the literature (Gazzaley et al., 2007; Mattay et al., 2006; Rypma et 

al., 2001; Zarahn et al., 2007), it was equally possible that age and set size would 

interact for behavioural performance, or that older and younger participants would be 

similarly impaired with increasing memory load.  It was also expected that 

performance within the older group would decline in terms of speed and accuracy 

with increasing reversal frequency, and that this decrement in performance would be 

of greater magnitude than that observed for the younger group.   

Using ERPs to identify the nature of behavioural effects, it was expected that 

the older group would demonstrate decline on various evoked potentials of interest, 

relative to the younger participants.  In particular, following memory item onset, it 

was predicted that the positivity observed in the younger group would be reduced for 

the older group.  Furthermore, it was expected that the neural generators responsible 

for the memory-related positivity would be more widespread for the older group than 

for the younger group, including additional frontal activation.  With regard to the 

CNV component, age differences were expected prior to probe onset, however these 

should be minimal due to preservation of the necessary motor regions into late 

adulthood.          

Exploring the effect of increasing reversal frequency on ERP indices in older 

adults was also another important part of this study.  However, with no previous ERP 
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studies exploring age-related effects on reversal learning, it was difficult to predict 

how ageing would impact upon the reversal-related positivity elicited following rule 

presentation.  Regarding source localisation, however, it was expected that groups 

would diverge with respect to orbitofrontal activity involved in updating response 

contingencies, given previous suggestions of age-related structural and functional 

decline in this region.  In line with compensation theories of ageing (Reuter-Lorenz, 

2002), it was possible that recruitment of complementary cortical regions would be 

necessary, or that orbitofrontal activity would be greater in the face of failing 

efficiencies for the older sample.   

A central aim of the current research was therefore to compare 

electrophysiological differences, and their neural correlates, across and within groups 

to understand more clearly the effects of ageing within the orbitofrontal and 

dorsolateral cortices.  Furthermore, studies suggest that inter-individual variability 

increases with advancing age (Daffner et al., 2005).  The older group of participants 

was therefore divided into two groups, using a regression-based procedure in which 

their obtained NART scores were used to predict premorbid fluid intelligence 

(RSPM) scores, which were then compared to their obtained RSPM scores.  Those 

scoring above their predicted score were labelled as the “Non-Declining” group, 

while those scoring below the predicted score were labelled as the “Declining” group.  

Previous studies (Deary et al., 2004; Freeman & Godfrey, 2000; MacLullich et al., 

2004) have similarly applied such methods using discrepancies between fluid and 

crystallised intelligence, however this study was the first to use these strategies to 

explore age-related differences in memory load and reversal processes.       
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Behavioural results 

For the behavioural data, results were generally supportive of the hypotheses put 

forth for younger participants.  Similar to Studies 1 and 3, RT was slower for the high 

memory load and high reversal conditions, relative to the baseline condition (low 

memory load/low reversal).  Comparisons across groups revealed that older adults 

were generally slower than their younger counterparts.  However, age did not interact 

with condition for RT, suggesting that responses by older and younger adults were 

similarly slowed by increasing cognitive demands.   

In line with the original hypotheses, increasing memory load and increasing 

reversal frequency each reduced the accuracy of performance relative to the baseline 

task.  This pattern of results emerged for both the older and younger groups.  

Increasing memory load and increasing reversal frequency each added significantly to 

cognitive loading, resulting in poorer performance relative to the baseline condition.  

Of particular theoretical significance was the finding that the effect of increasing 

memory load was greater for the older, relative to the younger, group with regard to 

accuracy.  Older adults performed less accurately than younger adults for the high 

memory load condition, while groups did not differ significantly for the high reversal 

or baseline conditions.   

Given that the present study was one of only very few to explore reversal effects 

in the context of ageing, hypotheses here were speculative.  The few studies that have 

explored these effects revealed general age-related deficiencies for reversal learning 

(Boutet et al., 2007; Weiler et al., 2008), or age-related impairment in specific aspects 

of reversal learning such as achieving learning criteria and reward-accumulation 

(Mell et al., 2005).  It was therefore anticipated that older adults would demonstrate 

some difficulties adapting to frequently changing rule contingencies.  However, the 

current pattern of results did not support this claim, whereby older and younger 
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participants performed similarly for the high reversal condition.  Discrepancies 

between the current results and those reported by Boutet et al. and Weiler et al. may 

be partly attributable to methodological differences.  Whereas the current study 

explicitly cued a switch in stimulus-response associations without reward provision, 

Boutet et al. and Weiler et al. relied upon reward-based learning in which participants 

had to deduce the rule based on feedback and monetary reinforcement.  Perhaps older 

adults experience greater difficulty when task demands are more ambiguous and less 

predictable to those employed in the current study (Zamarian et al., 2008).  

Nonetheless, these results are somewhat consistent with those reported by Mell et al. 

(2005) where older and younger participants continued to respond similarly to stimuli 

that no longer elicited reward.  Rather, it was the ability of the older adults to earn 

points, number of random errors, and their tendency to achieve learning criteria more 

slowly that differentiated them from their younger counterparts.  These previous 

findings suggest that aspects of reversal learning are preserved with advancing age, 

and it seems that such abilities were indeed captured by the current pattern of results.   

Older participants were also divided into two groups based on whether current 

fluid intelligence (RSPM) scores were above (Non-Declining group) or below 

(Declining group) predicted RSPM scores based on NART scores.  Those who 

showed a decline in current intellectual functioning performed more poorly in the 

high memory load condition, relative to younger controls and those in the Non-

Declining group.  The latter two groups did not differ from each other for this 

condition.  The older group with fluid scores below expected were also significantly 

slower than the other two groups overall, whereas the younger group and older 

individuals with scores above expected did not differ from each other.   

In terms of accuracy, older adults demonstrating decline in fluid intelligence 

were impaired under increasing memory load demands.  This finding is consistent 
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with delayed-response (Zarahn et al., 2007) and n-back (Mattay et al., 2006) studies, 

and supports the hypothesis that older adults would be more impaired than their 

younger counterparts with the imposition of greater cognitive loading.  However, the 

results reported by Mattay and colleagues are difficult to reconcile with those 

obtained currently, given the different nature of the tasks employed and recent 

assertions that n-back tasks draw most heavily upon focus-switching processes rather 

than memory load per se (Van Gerven et al., 2008).  Rypma et al. (2001), however, 

failed to observe any differences between older and younger adults in terms of 

accuracy and RT with increasing memory load.  Similar results were reported by 

Gazzaley et al. (2007), in which older and younger adults were similarly affected by 

increasing memory load.  Gazzaley et al., however, observed poorer performance by 

the older group, relative to the younger group, when a distracter task was added to the 

retention period.  Given that visuospatial memory is disproportionately impaired by 

normal ageing, compared to verbal memory (Bonnefond et al., 2008; Jenkins, 

Myerson, Joerding & Hale, 2000; Myerson, Hale, Rhee & Jenkins, 1999), the use of 

letters in the studies by Rypma et al. and Gazzaley et al. may, in part, account for the 

differences observed between these and the current results.  Findings presented by 

Gazzaley et al. suggest that combining verbal information with distracter activity 

might impose similar demands as visuospatial memory tasks, and therefore be also 

sensitive to depleted cognitive resources in older adults.  Although not apparent for 

the Non-Declining sub-group, impairments demonstrated by the Declining group may 

be in part attributable to greater age-related deficiencies in visuospatial memory 

processes.  Furthermore, studies by Rypma et al. and Gazzaley et al. did not compare 

sub-groups of older adults based on general cognitive abilities, which may in part 

account for the similarities between their results and those obtained for the Non-

Declining group, but not the Declining group, in the current study.  Future studies 
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should therefore consider classifying elderly participants based on estimated levels of 

cognitive decline.   

Taken together, between- and within-group comparisons provide behavioural 

evidence that older adults were more impaired under increased memory demands than 

under higher reversal demands, and that their performance in the high memory load 

condition was poorer than that exhibited by younger adults.  In line with previous 

research (Hogan et al., 2006; Mathalon et al., 2003; Nielsen-Bohlman & Knight, 

1995; Tecce et al., 1982; Wood & Kisley, 2006), processing speed based on RT was 

generally slower for the older adults than for the younger adults.  More specifically, 

however, it was determined that these patterns of results were evident for only those 

older adults with fluid ability scores below expected.  These results suggest that 

generalised declines in fluid intelligence contribute to overall declines in processing 

speed (or vice versa), as well as performance decrements when memory load is 

increased but not when reversal frequency is increased.    

 

ERP and source localisation results 

Age-related differences for the memory-related positivity.  As expected, a 

centroparietal positive deflection (1024-2124 ms) was observed following 

presentation of the memory item(s) and persisting throughout the retention interval.  

This memory-related positivity increased in amplitude for the high versus the low 

memory load condition, consistent with previous studies exploring this effect (García-

Larrea & Cézanne-Bert, 1998; Gomarus et al., 2006; Lefebvre et al., 2005), as well as 

the results of Study 3.  Contrary to expectations, however, overall differences in 

amplitude were not observed across groups.  This result was surprising, but may be 

attributed in part to differences in tasks used across studies, with previous studies 

more frequently using the oddball target detection paradigm rather than the delayed-
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response task used currently.  Whereas the positivity typically elicited during oddball 

tasks is related to target detection processes (Fabiani et al., 1998), the positivity 

observed during delayed-response tasks is more likely related to memory encoding 

and maintenance processes (Friedman, 2003).  Furthermore, the sample of older 

participants used in the current study was relatively high-functioning, scoring 

significantly higher than their younger counterparts on the NART.  This, along with 

higher levels of motivation typically observed in older samples (Bonnefond et al., 

2008), may have minimised usual age differences observed for the amplitude of the 

memory-related positivity.   

More specifically, older and younger individuals did not differ with regard to 

amplitude of the memory-related positivity for the low memory load condition.  As 

noted above, recognition accuracy also did not distinguish between groups for this 

condition, suggesting that the requisite cortical structures and functions are relatively 

intact when memory demands are minimal.  As discussed in Chapter 3, ventrolateral 

prefrontal regions are recruited during simple encoding, selection and comparison 

processes, while dorsolateral prefrontal cortex is activated when memory demands are 

increased, as with the addition of more to-be-remembered information (Curtis & 

D’Esposito, 2003; D’Esposito et al., 1999; D’Esposito & Postle, 1999; D’Esposito et 

al., 2000; Owen et al., 1996; Owen et al., 1999; Petrides, 1996; Rypma et al., 2002).  

Ventrolateral prefrontal cortex may therefore be less impacted by normal aging than 

the dorsolateral prefrontal cortex.  A study by Rypma and D’Esposito (2000) 

employed a similar delayed-recognition paradigm that varied memory load between 

two and six items.  Activity in ventrolateral regions did not distinguish between older 

and younger participants at any load level, while dorsolateral activation decreased for 

the older, relative to the younger, group during the high load condition.  In the current 

study, older and younger adults performed similarly in terms of both behavioural and 
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ERP results during the low memory load condition.  This finding may therefore be 

due to a comparable ability to recruit ventrolateral regions during simple memory 

encoding for both older and younger adults.   

The effects of increasing memory load on the parameters of the memory-related 

positivity were difficult to predict, given the lack of previous research in this area.  

The few studies that have studied this effect reported minimal age-associated 

differences for P3/PSW with increasing memory load (McEvoy et al., 2001; Pelosi & 

Blumhardt, 1999).  As argued earlier, results reported in these previous studies are 

interpreted with caution given that typical load-dependent increases in P3 amplitude 

were not reported even in younger participants.  In the current study, amplitude of the 

memory-related positivity at P8 was significantly greater for the older, relative to the 

younger, group during the high memory load condition.  Greater P3/PSW amplitude 

is typically considered to reflect the degree of attentional and evaluative processes 

dedicated to the task at hand (Anderer et al., 2003; Ferrandez & Pouthas, 2001; 

McDowell et al., 2003; Müller & Knight, 2002; West & Bowry, 2005).  Although 

amplitude of the memory-related positivity at P8 was greater for older, relative to 

younger, participants during the high memory load condition, accuracy of 

performance was poorer for the older group, relative to the younger group.  This may 

be due to an attempt by the older individuals to compensate for neuronal loss in such 

regions as the frontal cortex, with additional activation elsewhere in the brain.  Given 

their inferior behavioural performance, however, it would seem that this additional 

activity was used inefficiently without the anticipated outcome.  Indeed, relative to 

the low memory load condition, the high memory load condition elicited greater 

memory-related positivity at centroparietal sites in the younger group, while older 

adults demonstrated a broader load-related distribution of activity, including frontal 

scalp sites.  This finding is consistent with previous reports of greater frontal 
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activation by older adults in an attempt to compensate for frontal loss (Fabiani et al., 

1998; Friedman, 2003; Müller & Knight, 2002).  Using an n-back memory task, 

Gevins and Smith (2000) reported similar results when comparing groups of younger 

participants, categorised as high or low ability based on WAIS-R performance.  In 

their study, low ability participants tended to elicit P3 activity at frontal sites, while 

high ability participants recruited more parietal regions.  Gevins and Smith (2000), 

and others (Daffner et al., 2005; Friedman, 2003; Friedman et al., 1997), suggest that 

frontally-distributed activity is involved in more effortful processing, while greater 

parietal topography reflects more automatised processing.   

Comparing the high, relative to the low, memory load condition, additional 

memory-related positivity was localised within the dorsolateral and parietal cortices 

for both the younger and older individuals.  This finding is in agreement with the 

proposition put forth by Curtis and D’Esposito (2003), arguing that memory storage 

and anticipated motor responses are associated with parietal regions, while the 

dorsolateral prefrontal cortex plays a supervisory role in directing attentional 

resources toward information stored in memory.  This latter concept may help to 

explain the observed relationship between dorsolateral activation and P3/PSW, given 

its role in evaluative and attentional processes.  Load-dependent activation of the 

middle frontal gyrus of the dorsolateral prefrontal cortex is consistent with results of 

Study 3, as well as an abundance of literature claiming that increasing memory load is 

associated with greater activity in the dorsolateral prefrontal cortex (D’Esposito et al., 

1999; Klingberg et al., 1997; Owen et al., 1999; Postle et al., 1999; Rypma et al., 

1999; Salmon et al., 1996).  In addition to dorsolateral activity, Study 3 identified 

load-related activity in the temporal cortex while the current study located neural 

generators in the parietal cortex.  This latter result is consistent with previous studies 

(Todd & Marois, 2004) that have also reported increased load-dependent activity 
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within posterior regions such as the intraparietal and intraoccipital sulci.  Older and 

younger participants both recruited frontal and parietal regions under high memory 

load demands, where behavioural performance was poorer for the older, relative to 

the younger, participants.  It is possible that the contributions made by such neural 

generators may be less efficient for the older participants, thus contributing to their 

poorer performance.  Previous research suggests that the frontal cortex is most 

adversely impacted by the ageing process, while the parietal cortex is relatively 

spared (Bucur et al., 2008; Jernigan et al., 2001).  Processing within the brain is 

deemed less efficient when the amount of neural resources expended outweighs the 

performance outcome (McDowell et al., 2003; Zarahn et al., 2007).  Given that older 

adults performed less accurately than their younger counterparts, despite similar 

recruitment of the dorsolateral region, suggests an age-related decline in the neural 

efficiency of this region.  Any compensatory efforts were unable to rectify these 

behavioural discrepancies.    

No differences in amplitude of the memory-related positivity were observed 

between those older individuals with fluid intelligence scores above (Non-Declining 

group) or below (Declining group) the scores predicted based on NART scores.  Both 

groups also recruited dorsolateral and parietal regions during the high memory load 

condition.  Although no overall amplitude differences were observed for the memory-

related positivity between the Non-Declining and Declining groups, the topographical 

distribution of the memory-related positivity did differ importantly between groups.  

While a load-related increase in memory-related positivity was observed at 

centroparietal sites in the Declining group, this effect occurred more broadly across 

the scalp for the Non-Declining group.  As outlined above, performance accuracy was 

comparable between the younger group and the Non-Declining group during the high 

memory load condition, with a decline in accuracy observed for the Declining group.  
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Although frontal deficiencies may contribute to the need for compensatory strategies 

in both groups, it seems that the efficiency with which these were employed by each 

group was somewhat variable.  Widely distributed activation for the Non-Declining 

group under high memory-load demands may reflect compensatory recruitment of 

frontal regions to maintain optimal performance.  As suggested by previous research, 

additional frontal activation is a typical finding in studies of memory performance 

and ageing and may reflect continual reactivation of memory traces (Fabiani et al., 

1998; Friedman, 2003; Müller & Knight, 2002).  Greenwood (2007) also argued that 

higher-functioning individuals experience greater cortical thickening, with improved 

functional plasticity and reorganisation within the brain.  Poorer performance by the 

Declining group may therefore reflect an inability to implement compensatory 

strategies, which in turn contribute to their impaired behavioural performance.               

 

Age-related differences for reversal-related positivity.  Also of interest to the 

current study was the centroparietal positivity elicited 300-600 ms following rule-

onset, considered to reflect behavioural remapping of stimulus-response pairings.  As 

expected, the amplitude of this reversal-related positivity was greater for the high 

reversal condition relative to the low reversal condition across age groups.  It was also 

predicted that the amplitude of the reversal-related positivity may be reduced, and the 

latency increased, in the older, relative to the younger, group based on such findings 

generally reported in memory and oddball paradigms.  There was a general trend 

suggesting enhanced amplitude of the reversal-related positivity for younger, relative 

to the older, individuals.  However, this trend did not reach significance.  

Furthermore, reversal-related positivity did not distinguish between groups in terms 

of latency.  It is possible, therefore, that the P3 commonly elicited during memory and 

oddball tasks may be affected independently by the ageing process, while reversal-
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related positivity is less adversely affected.  Although the current DMTS/DNMTS 

task was based on a traditional Sternberg memory paradigm, reversal-related 

positivity was elicited in response to processing the rule and was therefore considered 

to reflect stimulus-response remapping processes, rather than memory updating 

commonly associated with P3.     

The amplitude of the centroparietal reversal-related positivity was greater for 

the high reversal condition than the baseline condition for all participants, early 

during the latency interval (300-600 ms post-rule).  As discussed in Chapter 6, 

previous research has also reported greater cue-related positivity during switch trials 

(Rushworth et al., 2002; Schnider et al., 2007; Swainson et al., 2006).  This pattern of 

findings was therefore replicated in the current study for both older and younger 

individuals, with no significant difference between age groups.  Later reversal-related 

positivity (600-988 ms post-rule) was greater for the high reversal, relative to the low 

reversal, condition for the older group only.  This result suggests that older adults 

may require extended reversal-related positivity to achieve comparable performance 

to their younger counterparts.        

For the younger participants, the difference between reversal-related positivity 

in the high reversal and baseline conditions was localised within the orbitofrontal 

cortex (BA 10) and occipital region.  Reversal-related activation of the orbitofrontal 

region replicates results obtained in Study 3 and supports previous literature relating 

reversal learning processes to the orbitofrontal cortex (Kringelbach, 2004; Rolls, 

1999, 2004).  Occipital contributions to reversal processes were also observed in 

Study 3, as well as previous studies using similar tasks (Elliott & Dolan, 1999; 

Remijnse et al., 2005).  For the older adults, the high reversal condition elicited 

activity within the orbitofrontal and parietal regions early (300-600 ms post-rule) in 

the latency window, which continued to the end of the epoch (600-988 ms post-rule).  
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Similar to the reversal-related positivity observed in the ERP waveform, source 

localisation results suggest that the recruitment of the orbitofrontal cortex under high 

reversal demands may be extended for the older group, with compensatory activation 

also observed in the parietal cortex for the older group alone.     

Results obtained during each interval of the reversal-related positivity did not 

differentiate between the older sub-groups (those scoring above versus below the 

RSPM scores predicted from the NART).  During the later latency window (600-988 

ms), electrophysiological and cortical localisation differences between high reversal 

and baseline conditions may reflect ongoing remapping efforts by the older adults up 

until the presentation of memory items, while such processes are resolved earlier by 

the younger adults.  Consequently, younger adults may be more readily prepared for 

the ensuing memory item presentation, allowing for more effective encoding of this 

information.  The ability of the orbitofrontal cortex to efficiently adapt to changing 

rule contingencies may be compromised and thus more time is required to perform 

these processes.  As a result, older adults may be less selectively attentive to memory 

items, due to continued efforts to resolve rule-switch cues.  As suggested by others 

(de Jong et al., 1988; Friedman, 2000), older individuals tend to rely more upon 

superficial encoding of information and this may be exacerbated here by greater 

distractibility in response to cue-presentation.     

 

Age-related differences for the CNV.  Similar to Study 3, a late negative 

deflection in the ERP waveform emerged 1500 ms preceding probe-onset for all 

conditions.  Overall, CNV was frontocentrally-distributed for both age groups, with 

younger individuals demonstrating greater CNV (more negative) activity than the 

older group.  This pattern of results was as expected, given that an age-related decline 

in CNV activity is consistent with previous research (Ferrandez & Pouthas, 2001; 
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Gehring & Knight, 1994; Golob et al., 2005; Tecce et al., 1982).  Reduced CNV, 

observed prior to probe presentation, suggests that older individuals did not prepare 

adequately for an upcoming response, or that such processes were delayed and thus 

further impeded upon response speed.  Researchers have suggested that an age-related 

reduction in CNV activity results from under-recruitment of the motor cortex and 

frontal regions such as the anterior cingulate (Ferrandez & Pouthas, 2001; Wild-Wall 

et al., 2007).  Inadequate response preparation by older adults may therefore reflect 

frontal lobe inefficiencies, in addition to under-recruitment of the motor cortex.   

It is therefore possible that an age-related decline in CNV was associated with 

general response slowing, due to inadequate response preparation.  However, 

perceptual-motor slowing is also a common difficulty experienced in later life 

(Cavanaugh & Blanchard-Fields, 2006; Whitbourne, 1999), and may additionally 

impact upon the speed of response execution by older adults.  Bucur et al. (2008) 

suggest that slower perceptual-motor speed mediates the relationship between age and 

RT, and may result from age-related decline in white matter integrity, particularly 

within the prefrontal cortex.  However, as the age-related decline in CNV occurred 

prior to response execution, it can be assumed that this effect occurred independently 

of later processes such as response selection and motor efficiency.  Nevertheless, it is 

difficult to disentangle motor degeneration from deficiencies in neural preparatory 

processes, when accounting for overall age-related slowing of RT.  General age 

differences in ERP latencies were not recorded prior to the onset of the CNV, 

suggesting that early neural processing speed may remain unchanged with increasing 

age.  The speed of early neural processing may therefore operate independently of 

later preparatory processes and speed of motor execution.  Together, these results 

suggest that older participants may prepare less actively for an upcoming response 

than their younger counterparts, or perhaps adopt less efficient strategies such as 
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reactive control processes (Paxton et al., 2008) or greater caution in response 

execution.  Slowing of RT may be further exacerbated by an age-related decline in 

muscular proficiency and motor speed (Sirven & Mancall, 2002).  It is a limitation of 

the current study that no measures of perceptual-motor speed were included.  It is 

therefore impossible to further elucidate the contributions of motor speed and neural 

response-preparation in age-related response slowing. 

 

Limitations 

Further limitations pertaining to the current study include the use of a relatively 

high-functioning group of older participants.  Many of these participants reported 

active lifestyles, both physically and cognitively, and overall premorbid intelligence 

was greater for the older group than for the younger group.  This result may 

contradict previous claims that the NART is a relatively stable measure of premorbid 

intelligence (Bright et al., 2002; Deary et al., 1999; McGurn et al., 2004; Ferraro & 

Sturgill, 1998; Kondel et al., 2003).  In this case, the sample used in the current study 

may not therefore be so disparate from the normal older population, but rather the 

NART itself may be more age-sensitive than previously reported.  Alternatively, the 

older group may simply have been a higher functioning group through early as well 

as later stages in life.  Indeed, age differences on measures of WAIS vocabulary 

performance are often reported in the literature (Ferraro & Sturgill, 1998).  As such, 

discrepancies observed for the NART may be due to superior vocabulary abilities of 

the older group resulting from a culmination of learning experiences across the 

lifespan.  Age-related superiority pertaining to vocabulary abilities appears to be 

independent of other aspects of intelligence, such as non-verbal reasoning (RSPM), 

for which younger adults outperformed older adults.  In line with previous research 

(Deary et al., 1998; MacLullich et al., 2004; Rabbitt et al., 2003), the current results 
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therefore suggest a relative sparing of crystallised intelligence into later adulthood, 

with a concurrent decline in more fluid abilities.   

Another limitation was the use of a cross-sectional design in exploring the 

effects of normal ageing on cognitive and neurological functioning.  Cross-sectional 

designs cannot capture cause and effect relationships across the lifespan (Wadsworth, 

2002).  Comparing older and younger individuals in a cross-sectional study fails also 

to consider cohort and period effects that may have differentially impacted upon each 

group (Wadsworth, 2002).  For example, university students included in the younger 

group in the current study are likely to have experienced greater exposure to computer 

technology than older adults, which may have improved performance on the 

computerised task.  Such differences may have been most relevant for the Declining 

group of older participants, given that the Non-Declining group did not differ 

significantly from the younger group with regard to performance accuracy.  For 

obvious practical reasons, however, it was not possible to collect longitudinal data in 

the current study.  However, this method should be an important consideration for 

future research.   

Other factors may have also confounded any observed age effects in the current 

study.  For instance, older adults endorsed fewer items on the depression and anxiety 

subscales of the DASS-21.  Bonnefond et al. (2008) suggested that psychological 

wellbeing is positively associated with cognitive performance, suggesting that age-

related differences in speed and accuracy may have been affected by variable 

emotional states.  Older participants typically report greater levels of fatigue during 

task performance (Lamont et al., 2005), while younger participants report relatively 

greater levels of sleepiness (Bonnefond et al., 2008).  In addition, older adults are 

considered to be more hypervigilant than younger adults (Bonnefond et al., 2008).  

These factors, together or in isolation, may have differentially impacted upon 
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concentration levels for both older and younger adults, which could ultimately 

influence motivation and task performance.   

          

Conclusions 

Based on behavioural and electrophysiological results, performance by older 

adults was more adversely affected under high memory load demands, relative to 

younger adults, while reversal processes appeared relatively intact.  Across all 

conditions, older adults demonstrated slower processing speed, relative to the younger 

group.  Compared to younger participants, older participants also performed less 

accurately during the high memory load condition.  In contrast, there were no 

significant differences between groups for the baseline or high reversal conditions.  

Furthermore, the effect of increasing memory load was greater for the older group 

relative to their younger counterparts.  Together, these results suggest selective age-

related impairments in relation to memory load processing.  Compared to the low 

memory load condition, increasing load demand was associated with greater memory-

related positivity, and this activity was localised to neural sources within the parietal 

cortex and the dorsolateral prefrontal cortex in both groups.  Age-related structural 

and functional loss in frontal areas is typically reported in the literature, while such 

decline is less apparent within the parietal cortex (Bucur et al., 2008).  Taken 

together, these results suggest that both older and younger adults relied upon the 

dorsolateral prefrontal cortex for encoding and retaining multiple items in memory, 

with such functions performed less accurately by the older group.  This result is 

therefore indicative of age-related functional inefficiencies within the dorsolateral 

prefrontal cortex.  A comparison of the Non-Declining and Declining groups, 

however, highlighted the importance of considering individual variability in ageing 

research.  Indeed, such comparisons revealed that the effect of increasing memory 
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load on performance accuracy and speed applied only to those individuals 

demonstrating fluid intelligence scores below expected.  Older adults with minimal 

cognitive decline were either unimpaired, or better able to employ compensatory 

strategies such as more broadly distributed memory-related positivity, to maintain 

performance at a level similar in speed and accuracy to the younger group.           

Regarding reversal effects, older and younger participants were comparable 

with regard to accuracy and the reversal-related positivity.  However, closer 

examination of the ERP results suggests that older adults may have relied upon 

compensatory strategies to achieve this level of performance.  For instance, older 

adults are typically more motivated than younger adults, and thus more careful during 

response execution (Bonnefond et al., 2008).  As a result, a speed-accuracy trade-off 

may have occurred, given that RT was significantly greater for the older group 

relative to the younger group, while accuracy was equivalent across groups.   

Reversal-related activation within the orbitofrontal and occipital cortices was 

observed during the early interval of the memory-related positivity (300-600 ms post-

rule) for the younger adults and considered to reflect stimulus-response 

reconfiguration.  For the older group, however, the reversal-related positivity and 

associated orbitofrontal activation was extended to the end of the epoch (300-988 ms 

post-rule) and involved additional activation within parietal regions.  As suggested by 

Paxton et al. (2008), older adults tend to engage in reactive processing of cue 

information, instead of proactive strategies, with neural activity typically increasing 

with the presentation of the probe rather than cue for this group.  The current results 

suggest that older individuals’ capacity for proactive processing may be somewhat 

impaired, however similar amplitude of the reversal-related positivity across groups 

suggests that older adults must process cue information to some degree.   
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Potential inefficiencies within the orbitofrontal cortex and other prefrontal 

regions may result in less efficient reversal processing by older adults, however 

compensatory efforts appear to have been successful for maintaining performance 

accuracy.  In contrast, age-related differences in memory load processing were more 

robust.  Overall, the results of the current study therefore suggest greater age-related 

deficiencies within the dorsolateral prefrontal cortex, relative to the orbitofrontal 

cortex.  However, only those older adults demonstrating more generalised cognitive 

decline exhibited these differences in accuracy under high memory load demands.  In 

contrast, the older sub-groups did not differ significantly with regard to rule reversal 

abilities.  Age-related decline in memory load processing and dorsolateral functioning 

may therefore be limited to those experiencing more generalised cognitive decline 

based on measures of fluid intelligence.     
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Chapter 8 

General Discussion 

 

The overriding aim of the current studies was to compare age differences in 

functions typically associated with the dorsolateral and orbitofrontal cortices.  

Systematic comparison of prefrontal sub-regions challenges the generalised approach 

adopted by previous descriptions of the frontal lobe hypothesis of cognitive ageing 

(West, 1996, 2000).  In line with this hypothesis, previous neuroimaging studies have 

suggested that the magnitude and rate of age-related decline within the prefrontal 

cortex exceeds that of other cortical regions (Bartzokis et al., 2001; Cowell et al., 

2007; Jernigan et al., 2001; Nordahl et al., 2006; Raz et al., 2004; Salat et al., 2001; 

Tisserand et al., 2004).  However, as described earlier, the prefrontal cortex is 

heterogeneous in structure and function, so that subsequent delineations of the frontal 

lobe theory must consider the possibility of varying trajectories of age-related change 

within prefrontal sub-regions.  The current studies therefore focused upon age-related 

change within two discrete sub-regions of the prefrontal cortex, namely the 

dorsolateral and orbitofrontal regions, in an effort to further clarify the frontal lobe 

hypothesis of cognitive ageing.         

The progression of this series of studies was based upon the development of a 

computerised task that systematically assessed functions purportedly associated with 

dorsolateral and orbitofrontal regions.  Behavioural and electrophysiological 

measures were obtained for both older and younger individuals, and corresponding 

neural generators were identified using source localisation techniques.  In Study 1, the 

traditional DMTS/DNMTS paradigm was modified to independently assess 

increments in memory load and rule reversal frequency.  Previous researchers posit 

that additional loading within memory is associated with greater activation within the 
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dorsolateral prefrontal cortex (Arnott et al., 2005; D’Esposito et al., 2000; Leung et 

al., 2002; Manoach et al., 1997), while reversal learning elicits orbitofrontal 

involvement (Kringelbach, 2004; Rolls, 2004).  Within a group of younger adults, 

behavioural performance was therefore assessed for each of three experimental 

conditions – a low memory load/low reversal (baseline), a high memory load 

condition, and a high reversal condition.  Study 2 was concerned with varying the 

retention interval of the baseline condition.  The rationale underlying this study was 

to provide a potential means of adjusting task difficulty to equate baseline 

performance in subsequent testing with older and younger participants.  In Study 3, 

ERP correlates of task performance were obtained in a group of younger adults, and 

corresponding neural sources were estimated from ERP activity.  Study 4 involved 

two experiments, the first of which assessed a small group of older adults on the 

experimental tasks to gauge the ability of these participants to perform the tasks, and 

identify whether there was a need to adjust task difficulty between age groups.  The 

second experiment in Study 4 measured the behavioural and ERP effects of 

increasing memory load and reversal frequency in a group of older and younger 

participants, and also estimated the neural regions associated with the changing task 

demands.            

 

Memory load effects on performance and ERP indices 

Some have argued that working memory is process-specific, and that simple 

operations such as encoding and selection are performed within the ventrolateral 

prefrontal cortex, while more demanding processes such as maintenance and 

manipulation involve input from the dorsolateral prefrontal cortex (Curtis & 

D’Esposito, 2003; D’Esposito et al., 1999; D’Esposito & Postle, 1999; D’Esposito et 

al., 2000; Owen et al., 1996; Owen et al., 1999; Petrides, 1996; Rypma et al., 2002).  
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As such, the dorsolateral prefrontal cortex is argued to play an important role in 

working memory processes, and to demonstrate enhanced levels of activation as the 

number of to-be-remembered items increases (Arnott et al., 2005; D’Esposito et al., 

2000; Leung et al., 2002; Manoach et al., 1997).  The current series of studies 

included a manipulation of memory load in an attempt to engage the dorsolateral 

prefrontal cortex.  Accumulating findings from previous delayed-response studies 

reveal that increasing the number of items in memory reduces the accuracy and speed 

with which responses are executed (Leung et al., 2002; Petrella et al., 2005; Petrides, 

2000; Rypma et al., 2002; Sammer, 1996; Zarahn et al., 2007).  Indeed, increasing 

memory load from one to two items for moderately complex visual stimuli is 

purportedly sufficient to educe such behavioural impairments (Jha & McCarthy, 

2000; Linden et al., 2003).  Results from Studies 1 and 3 were that accuracy 

decreased and RT increased for the high memory load (two items) condition, relative 

to the low memory load (one item) condition.  In Study 4, accuracy also declined 

from the low to the high memory load condition for the younger participants.  A load-

related increase in RT was also observed, however this did not reach significance in 

the overall analyses of simple effects.   

As suggested by Petrides (2000), these results imply that increasing memory 

load requires greater maintenance demands that exhaust cognitive resources, and 

consequently impede performance.  Increasing the amount of information to be 

encoded and retained concomitantly increases the opportunity for forgetting and 

compromises the accuracy of subsequent recall (Van Gerven et al., 2008).  As 

discussed previously, the observed slowing in response speed from the one- to the 

two-item condition may be due to increased memory search processes.  In the high 

memory load condition, the number of to-be-remembered items remains within visual 

memory capacity, but memory must be scanned for the presence of two memory 
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items, rather than only a single memory item.  The reported increase in RT supports a 

longer serial search process, in which memory is initially scanned for one memory 

item and then for the second memory item (de Jong et al., 1988; Jensen & Lisman, 

1998; Sternberg, 1966).  However, others alternatively argue that memory scanning 

occurs via a parallel search process (Van Gerven et al., 2008). 

Previous research suggests that older participants perform more poorly than 

younger participants on simple delayed-response tasks such as that included in the 

current studies (Gazzaley et al., 2007; Grady et al., 1998; Oscar-Berman & Bonner, 

1985, 1989).  Given that this paradigm was to be subsequently employed with a group 

of older adults, it was therefore important to equate performance between older and 

younger individuals upon the baseline condition, to minimise any confounding 

influence of basic task difficulty for the other experimental conditions (high memory 

load and high reversal).  To this end, Study 2 examined the influence of task difficulty 

on performance by increasing the retention interval between study and test phases.  

Other research reports a linear decline in accuracy and slower response times with 

longer retention intervals (Bardenhagen & Bowden, 1995; Buffalo et al., 1998; Grady 

et al., 1998; Oscar-Berman & Bonner, 1985).  A similar pattern of results was 

obtained in Study 2, with a reduction in accuracy and an increase in RT occurring as 

the retention period was extended from 2 s to 5 s to 8 s.  Similar to previous assertions 

(Lamont et al., 2005), increasing the retention interval creates greater opportunity for 

forgetting within memory.  The ability for information to be accurately stored 

therefore becomes more difficult with increasing retention intervals, depleting the 

remaining memory trace and subsequent performance.  To equate baseline 

performance across groups, it was suggested that testing with older individuals should 

therefore be conducted with a shorter, less difficult retention period, relative to 

younger individuals.  Together, results from the current studies suggest that 
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increasing memory load and retention interval each serve to augment the difficulty of 

the task and accordingly detract from performance aptitude.            

Study 3 examined performance on the current tasks while simultaneously 

recording ERP responses to stimuli in a group of younger participants.  Relative to the 

baseline condition, increasing memory load was associated with enhanced memory-

related positivity following onset of the study items and extending throughout the 

retention interval.  Previous research has claimed that the P3, and the related PSW, 

reflect evaluative processes involved in updating memory content (Honda et al., 1998; 

Lefebvre et al., 2005; Müller & Knight, 2002).  As the memory load demands of a 

task increase, such as by increasing the number of to-be-remembered items, the 

amplitude of the P3/PSW is enhanced accordingly (García-Larrea & Cézanne-Bert, 

1998; Honda et al., 1998; Lefebvre et al., 2005), particularly at parietal sites 

(Gomarus et al., 2006; Ruchkin et al., 1990).  The current results demonstrated 

centroparietal positivity following onset of the study items that was modulated as a 

function of increasing memory load.  In accordance with previous claims, these 

findings support the association between P3/PSW and memory updating processes.   

In Study 3, additional activity associated with the high memory load condition, 

relative to the baseline condition, was generated within the dorsolateral prefrontal 

cortex and temporal lobe for younger participants.  Load-related positivity was 

similarly localised within the dorsolateral cortex in the group of younger participants 

included in Study 4, with additional activity also observed in the parietal cortex.  

These findings are consistent with the involvement of the dorsolateral region in 

memory encoding and retention processes when the amount of information to be 

retained over a retention interval is increased.  Load-related increases in dorsolateral 

activity are in line with previous results (Arnott et al., 2005; D’Esposito et al., 2000; 

Leung et al., 2002; Manoach et al., 1997).  Furthermore, the current studies highlight 
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the potential to engage dorsolateral involvement by increasing memory load from one 

to two moderately complex visual stimuli.  Similar findings of increased dorsolateral 

activity during the retention of two versus one item were reported by Jha and 

McCarthy (2000) using face-stimuli, and Linden et al. (2003) using abstract objects.  

Increased dorsolateral activation likely reflects additional processing necessary for 

encoding and retaining multiple items in memory, relative to a single item.  

According to Leung et al., activity within the dorsolateral prefrontal cortex reflects 

additional storage demands, while others argue that the dorsolateral region is involved 

in higher-level monitoring of attentional processes in memory (D’Esposito et al., 

1999; D’Esposito & Postle, 1999; D’Esposito et al., 2000; Owen et al., 1996; Owen et 

al., 1999; Petrides, 1996, 2000; Rypma et al., 2002).  Curtis and D’Esposito (2003) 

suggest that memory retention processes involve parietal activation, with the 

dorsolateral cortex considered to adopt a more supervisory role in directing attention 

toward relevant information in memory.  The current results similarly suggest the 

importance of the dorsolateral, as well as the parietal, cortices in generating load-

related positivity.  Although it is difficult to disentangle the independent contributions 

by the dorsolateral and parietal regions for storage and monitoring functions, the 

current results do support the possibility of an anterior-posterior model of memory 

processing.                   

 

Age-related effects on memory load processing 

In the pilot experiment included in Study 4, a small group of older participants 

completed the three experimental tasks and demonstrated comparable performance to 

younger adults in terms of accuracy.  Based on these results it was appropriate to 

administer the tasks with the same retention period for younger and older adults.  This 

was followed by a larger scale assessment of both older and younger individuals on 
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the experimental tasks, collecting both behavioural and ERP results.  Overall, the 

older adults performed more slowly than the younger adults.  However, further 

analyses revealed that this effect held only for the Declining sub-group of older 

participants, relative to both younger adults and older individuals with no evidence of 

cognitive decline (Non-Declining group), who did not differ from each other.  Age-

related response slowing is a commonly reported finding in the literature (Hogan et 

al., 2006; Mathalon et al., 2003; Mattay et al., 2006; Nielsen-Bohlman & Knight, 

1995; Reuter-Lorenz et al., 2000; Rypma et al., 2001; Wood & Kisley, 2006) and is 

discussed further below.   

Accuracy was similar for both the older and younger groups for the baseline 

condition, involving simple storage and retention processes.  Older adults performed 

this condition with the same retention interval used with younger participants in 

previous studies in this series.  Given their comparable levels of performance, this 

suggests that older and younger adults were similarly susceptible to interference 

and/or decay during the retention of information.  These results imply that simple 

recognition, involving the maintenance of a single item across a retention period, 

remains intact into the eighth decade (Gazzaley et al., 2007; Perfect, 1997).  

However, as memory load increased to two items, older adults performed less 

accurately than the younger group.  Further examination revealed that only those 

older adults demonstrating discrepancies between predicted and actual fluid 

intelligence scores were impaired during this high memory load condition.  Older 

adults in the Non-Declining group, in contrast, achieved comparable levels of 

accuracy to their younger counterparts.   

Only few studies have explored the effect of normal ageing on load-related 

memory performance, with inconsistent findings presented to date.  Based on obvious 

methodological differences across studies (see Chapter 7 for further discussion), it is 
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therefore difficult to compare the current results with previous studies in this area.  

Differentiating between older adults performing above and below expected on the 

RSPM was a novel aspect of the current studies and may help to explain previous 

discrepancies between findings.  Given that previous research has not compared 

performance across older sub-groups, it is possible that potential differences were 

overlooked.  Results from Study 4 suggest that various factors, including age and 

general cognitive decline, may indeed contribute to deterioration in the processing of 

multiple items in memory.  Based on these results, perhaps a reduced ability to 

encode and retain multiple items in memory is a gradual process associated with 

advancing age.  Indeed, Lamont et al. (2005) suggest that cognitive decline increases 

markedly beyond 70 years of age.  The Declining group was significantly older than 

the Non-Declining group, suggesting that differences in performance may be 

associated with increasing age in an older population.  Nevertheless, as actual RSPM 

scores improved in relation to predicted scores, performance for the high memory 

load condition increased, even when controlling for the influence of age.  In line with 

findings by Rypma et al. (2001), normal ageing may be insufficient to produce such 

impairments alone.  The current results add to the limited literature suggesting an age-

related impairment in memory load processing, limited to those older individuals 

demonstrating more generalised cognitive decline.  It is also interesting that older 

individuals demonstrating stable intellectual functioning showed intact memory 

processing here.                 

Increasing memory load demand was associated with greater memory-related 

positivity for both older and younger participants, with neural sources located in the 

dorsolateral and parietal regions for both age groups.  The Declining sub-group of 

older participants demonstrated a more centroparietal distribution of memory-related 

positivity, while activity was more broadly distributed for the Non-Declining sub-



 
 

245

group of older individuals.  These results suggest that older and younger individuals 

similarly engaged the dorsolateral and parietal regions under higher memory load 

demands, but that the neural regions required for task performance were susceptible 

to age-related differences.  Compared to the centroparietal distribution for the 

younger group, load-related scalp activity was recorded across the scalp for the Non-

Declining group and amplitude was generally greater at frontoparietal sites, possibly 

indicative of additional compensatory brain activation.  Previous studies suggest that 

older adults exhibit more widely distributed activity, including greater frontal 

activation, in an attempt to compensate for age-related frontal decline (Fjell et al., 

2007; Greenwood, 2007; McDowell et al., 2003; Nielsen-Bohlman & Knight, 1995).  

Lifelong stability in fluid intelligence therefore resulted, either directly or indirectly, 

in a greater capacity to effectively engage compensatory strategies to maintain 

behavioural performance.  On the other hand, older adults performing below expected 

on a measure of fluid intelligence did not demonstrate this broadly distributed pattern 

of activation, but rather a more centroparietal focus of activity.  Although 

topographical distribution of the memory-related positivity in the Declining group 

was similar to that observed for the younger group, performance accuracy was poorer 

in the former group, relative to the latter.  These results suggest that an inability to 

efficiently engage neural activity, and/or a lack of compensatory adaptation, 

contribute to deficiencies in encoding and retaining multiple items in memory, 

ultimately impairing the accuracy of memory recognition.  That fluid intelligence is 

generally considered to rely upon frontal lobe integrity (Cowell et al., 2007) offers 

further evidence of poor frontal functioning in the Declining group. 
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Reversal-related effects on performance and ERP indices 

The orbitofrontal cortex informs goal-directed behaviour by evaluating reward 

and adapting to changing stimulus-response contingencies, or rule reversals 

(Kringelbach, 2004; Rolls, 1996, 1999, 2004).  Rule reversal involves remapping 

previously learned stimulus-response associations, so that attention must be directed 

toward a previously irrelevant stimulus (Clark et al., 2004; Rolls, 2000).  Given the 

interest of the current studies in orbitofrontal functioning, rule reversal processes 

were examined by increasing the frequency of switches between match and non-

match trials in the current delayed-response tasks.  Relative to “non-switch” trials, 

these “switch” occurrences are typically associated with behavioural decrements, with 

previous studies reporting an increase in subsequent response time (Rushworth et al., 

2002; Schnider et al., 2007; Swainson et al., 2006).  Effects on performance accuracy 

are less frequently included in previous research.        

For the younger participants assessed in Studies 1 and 3, a decline in accuracy 

and an increase in RT was reported for the high reversal condition relative to the 

baseline condition.  A similar result regarding accuracy was obtained in Study 4 for 

younger participants, however the typical slowing of response time did not emerge for 

this group, who perhaps emphasised speed to the detriment of accuracy.  Nonetheless, 

these results generally support previous findings of slower response execution 

following switch, relative to non-switch, trials but suggest that the impact of reversal 

is most robust in terms of performance accuracy.  Taken together, these findings 

imply that increasing reversal frequency requires additional cognitive processing, 

such as stimulus-response remapping and inhibition of previously relevant 

contingencies (Rushworth et al., 2002; Schnider et al., 2007), which depletes 

resources available for optimal task performance. 
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Studies 3 and 4 explored the ERP markers associated with rule reversal 

processes.  Previous research by Rushworth et al. (2002) reported switch-related 

positivity at frontal sites occurring 416-652 ms following the presentation of the 

switch cue.  Subsequent research by Swainson et al. (2006) and Schnider et al. (2007) 

also observed switch-related positivity following cue presentation.  Similarly, Studies 

3 and 4 recorded greater reversal-related positivity for the high reversal, relative to 

the baseline, condition approximately 300 to 600 ms following rule onset.  The 

current results therefore replicate previous findings of reversal-modulated positivity, 

adding valuably to the limited literature exploring such effects in human participants.  

As argued by previous researchers (Schnider et al., 2007), this positivity is considered 

to reflect updating of stimulus-response associations following a change in rule 

parameters.  Moreover, Studies 3 and 4 identified neural sources associated with such 

reversal processes within the orbitofrontal cortex.  Schnider et al. also localised 

reversal-related activity within the orbitofrontal cortex.  Previous lesion and imaging 

studies have reported the involvement of the orbitofrontal cortex during reversal 

processing (Berlin et al., 2004; Dias et al., 1997; Freedman et al., 1998; Remijnse et 

al., 2005).  The current results therefore corroborate previous proposals that the 

orbitofrontal cortex contributes importantly to the remapping of stimulus-response 

associations during reversal learning tasks.   

Previous studies have identified a role for the orbitofrontal cortex in processing 

reward and punishment cues, with traditional reversal learning tasks incorporating 

reward to motivate learning (Boulougouris et al., 2007; Deco & Rolls, 2005; Hornak 

et al., 2004; O’Doherty et al., 2001).  However, in line with other studies (Cools et al., 

2007; Kringelbach & Rolls, 2003; Schnider et al., 2005), the current studies 

successfully elicited orbitofrontal involvement even in the absence of reward 

provision.  Using a similar DMTS/DNMTS task to the current studies, Elliott and 
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Dolan (1999) and Lamar et al. (2004) also recorded orbitofrontal activity without 

providing reward for successful task performance, further suggesting that tangible 

reinforcement is not a necessary precursor for orbitofrontal activation.  Previous 

reversal learning studies have also tended to rely on trial and error learning based on 

such reward accrual.  However, again similar to Elliott and Dolan (1999), the current 

study provided participants with explicit instructional cues (match or non-match) 

signalling the requisite type of response.  In the current context, the results suggest 

that explicit rule provision does not necessarily detract from rule reversal processes, 

nor does it eliminate the involvement of the orbitofrontal cortex in adapting to 

changing rule contingencies.  Together, the current studies support previous claims 

that the orbitofrontal cortex is involved in reversal processing, and that increasing the 

frequency of rule reversal depletes cognitive resources and resultant task 

performance.  In addition, these effects are detectable even in the absence of reward 

and with explicit awareness of reversal occurrence.           

 

Age-related effects on the orbitofrontal cortex and rule reversal 

In Study 4, older and younger adults performed the high reversal condition with 

equivalent levels of accuracy, despite an overall slowing of response by the older 

group.  As discussed in Chapter 7, few studies have assessed the effects of normal 

ageing on reversal learning abilities, with some portraying age-related decline (Boutet 

et al., 2007; Weiler et al., 2008), while others suggest deficiencies in only specific 

aspects of reversal learning such as number of random errors (Mell et al., 2005).  In 

the current study, reversal learning performance did not differ between older 

individuals demonstrating fluid intelligence scores above or below expected.  This 

suggests that more general cognitive decline, based on deviations between predicted 

and actual fluid scores, does not contribute importantly to rule reversal abilities.  
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Furthermore, in agreement with Mell et al. and Weiler et al., reversal functioning 

should be considered independent from more general memory abilities.  It could be 

argued that the retention of frequently-changing rule information in the high reversal 

condition places greater demands on memory capacity, relative to the low reversal 

condition, thus reducing the accuracy of response output.  However, older participants 

with fluid intelligence scores below expected demonstrated relative impairment for 

the high memory load condition, but not the high reversal condition, suggesting that 

deficient memory retention is specific to circumstances in which the number of to-be-

remembered items is increased.  Together these results suggest that more general 

cognitive decline as experienced by the Declining sub-group of older individuals, is 

associated with memory encoding and/or retention difficulties, while sparing other 

cognitive functions such as flexible adaptation to stimulus-response reversals.  

However, given the discrepancies across reversal studies, this effect is in need of 

further refinement before more definitive conclusions can be attained.   

The current study additionally examined age-related differences in reversal 

learning using ERP measurements.  This allowed for a closer exploration of processes 

contributing to behavioural output.  Both age groups demonstrated reversal-related 

positivity following rule-onset, which increased in amplitude for the high reversal 

condition compared to the baseline condition.  Groups did not differ in terms of the 

amplitude or latency of this reversal-related positivity with increasing reversal 

demands.  Reversal-related positivity was located within the orbitofrontal cortex for 

both groups, with the younger group also recruiting occipital regions and the older 

group recruiting parietal regions.  It seems that older and younger individuals were 

therefore similarly capable of recruiting the orbitofrontal region in response to 

changing rule contingencies and updating stimulus-response pairings, albeit with 

divergent patterns of additional cortical contributions.  The recruitment of the parietal 
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cortex by the older group, and the occipital cortex by the younger group, may reflect 

age-related differences in compensatory efforts necessary for optimal performance 

(Reuter-Lorenz, 2002).  Nevertheless, there were some differences observed between 

groups.  For instance, reversal-related positivity was prolonged across the remainder 

of the epoch for the older group, but resolved more rapidly by the younger group.  

Activation within the orbitofrontal cortex was also extended to the end of the epoch 

for the older group, relative to the younger group.  It seems that older individuals 

relied upon more extensive neural processing and a differential pattern of brain 

activation to adapt to changing rule contingencies, and were slower to complete these 

functions.  Adopting alternate strategies, such as a speed-accuracy tradeoff in 

response execution (Brébion et al., 1997), may have allowed the older group to 

maintain performance accuracy despite neural inefficiencies.    

 

Capacity, inhibition and speed of processing theories 

As outlined at the outset of this series, a number of theories have been 

postulated in an effort to explain cognitive ageing.  These theories offer alternative 

interpretations of the current results.  According to the resources view (Craik, 1983), 

cognitive processes are performed with a limited amount of attentional resources, 

which are further exhausted by normal age-related neuronal loss (Brébion et al., 1997; 

Cabeza, 2002; Lindenberger et al., 2008; Stine-Morrow & Miller, 1999).  Support for 

this theory can be derived from results obtained in the current studies.  Increasing the 

number of memory items would be expected to limit the availability of resources for 

encoding, consolidation and maintenance processes.  As reported in the current 

studies, presenting participants with two items, relative to one, significantly reduced 

the accuracy and speed of performance regardless of age.  Older participants were 

overall, however, disproportionately affected by an increase in memory load, 
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demonstrating reduced accuracy in the high memory load condition relative to their 

younger counterparts.  A similar effect of age group was not observed for 

comparisons of the high reversal condition.  These results suggest that the capacity 

for memory encoding and retention is limited in older adults, albeit restricted to those 

demonstrating more general cognitive decline.  In accordance with the resources 

view, these difficulties may emerge due to greater competition within a limited 

capacity attentional store.  The current results further suggest that a general decline in 

fluid intelligence contributes importantly to a reduction in resource capacity.  

Furthermore, an increase in parietally-distributed positivity following memory item 

offset and during retention was observed generally for the older group, relative to the 

younger group, during the high memory load condition.  Given the association 

between P3/PSW and attentional allocation, this result may indicate greater neural 

expenditure by older individuals in an attempt to compensate for reduced attentional 

resources.   

The disinhibition theory, on the other hand, posits that older individuals are less 

able to ignore irrelevant information, which increases the tendency for interference 

and subsequent erroneous performance (Albert, 1994; Cabeza, 2002; Hasher & Zacks, 

1988; Hasher et al., 1997).  Tasks of reversal learning involve acquiring and reversing 

stimulus-response associations, relying on the ability to inhibit previously relevant 

pairings following a switch in rule contingencies (Clark et al., 2004; Rolls, 2000).  

Age-related impairment in inhibitory control would therefore predict a corresponding 

decline in reversal learning processes.  However, the current results demonstrate that 

older and younger adults performed comparably under both low and high reversal 

demands.  The amplitude of the reversal-related positivity following rule onset was 

also equivalent across age groups, indicating similar levels of neural activation.  

Together, these results do not support a disinhibition theory of cognitive ageing, as 
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the ability to switch between changing rule contingencies appears to be preserved 

across the lifespan.  Nevertheless, results did reveal an extension of reversal-related 

positivity for the older group, whereas in the younger group this activity subsided 

earlier.  Perhaps the inhibition of previously relevant rule cues remains unimpaired in 

terms of magnitude, however the time devoted to behavioural adaptation may be 

increased.  This may be indicative of age-related compensatory strategies which 

appear to have been successful under increasing reversal demands.  On the other 

hand, similar attempts proved more futile for processing high memory load demands, 

at least for those demonstrating cognitive decline more generally.  Both the high 

reversal and high memory load conditions involved a degree of inhibitory processing, 

given that each included non-match trials in which the familiar item was suppressed 

in favour of the novel item.  However, age differences in performance accuracy were 

obtained only for the high memory load condition.  A reduction in resource capacity, 

rather than poor inhibitory control alone, therefore accounts more convincingly for 

the current pattern of results.                     

Salthouse and others alternatively claim that cognitive ageing is the result of an 

overall slowing of information processing speed (Salthouse & Fristoe, 1995; 

Salthouse & Meinz, 1995; Salthouse & Miles, 2002).  Generally, older adults 

performed all tasks more slowly than the younger adults.  However, closer 

examination of the results revealed that this pattern of generalised slowing applied 

only to those older individuals demonstrating decline in their fluid intelligence 

abilities.  This sub-group of older individuals performed all tasks more slowly than 

the younger group and the other sub-group of older individuals who did not exhibit 

general cognitive decline.  An age-related increase in response time is commonly 

reported in the literature (Bucur et al., 2008; Schaie & Zanjani, 2006; Sirven & 

Mancall, 2002) and supports the processing speed theory of cognitive ageing.  
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However, the applicability of this account extends only to those older individuals 

experiencing more general cognitive decline.  Given that the index of estimated 

cognitive decline was based on discrepancies between predicted and actual fluid 

intelligence scores, these results emphasise the relationship between processing speed 

and fluid intelligence (Babcock, 1994, 2002).  The RSPM was used as the measure of 

fluid intelligence and administered under a time limit of 20 minutes.  Greater 

processing speed would be expected to enhance performance on this measure, 

allowing for more items to be completed within the time-limit.  More generally, 

processing efficiency and working memory are important predictors of fluid 

intelligence performance (Martínez & Colom, 2009).  Indeed, results obtained for the 

Declining group suggest that those older adults demonstrating reduced fluid 

intelligence concomitantly exhibit deficits in memory and speed indices.       

The current results suggest that age-related slowing does not consistently affect 

early neural processing of stimuli, as differences in ERP latencies failed to emerge 

across age groups.  However, as mentioned above, the extension of reversal-related 

positivity in the older group may be suggestive of slower, or more effortful, 

processing in this instance.  Robust differences between younger and older groups 

did, however, apply to the CNV activity recorded prior to probe presentation, 

considered to reflect anticipation of an upcoming cognitive or motor response 

(Dywan et al., 1994; Molnar et al., 2008; McCollough et al., 2007; Qiu et al., 2008; 

Wild-Wall et al., 2007).  Overall, the younger group demonstrated greater CNV 

amplitude, relative to both sub-groups of older adults who did not differ significantly 

from each other.  Age-related deficiencies in response preparation may therefore 

contribute to generalised response slowing, and should be considered in future 

delineations of the processing speed theory.  However, given that only the Declining 

sub-group of older participants demonstrated such response slowing, it suggests that 
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inadequate response preparation is not sufficient to slow response speed alone.  Those 

older adults demonstrating general cognitive decline may have been further 

influenced by basic motor deterioration or a speed-accuracy tradeoff, possibly due to 

deflated confidence in their general abilities.  For the high reversal condition, for 

instance, this group did not differ from the other two groups in terms of accuracy, 

however RT was generally slower, suggesting a more diligent approach to task 

performance to maintain optimal levels of accuracy.  The current results therefore 

highlight the importance of considering individual variability in further refining the 

processing speed theory of cognitive ageing.            

 

Implications for the frontal lobe hypothesis 

The frontal lobe hypothesis of cognitive ageing has received growing support, 

posing the prefrontal cortex as the principal neural substrate of age-related cognitive 

change (Friedman, 2000; Lövdén et al., 2007; Nordahl et al., 2006; Parkin & Walter, 

1991; Woodruff-Pak & Papka, 1999).  However, early depictions of this position 

considered the prefrontal cortex as homogeneous in structure and function; a 

conjecture which has since been questioned (Fuster, 1995, 1997).  Indeed, the 

prefrontal cortex consists of a number of sub-regions, including the dorsolateral, 

orbitofrontal and anterior cingulate cortices (Convit et al., 2001; Happaney et al., 

2004; Rajah & D’Esposito, 2005; Tisserand & Jolles, 2003).  However, it is not yet 

clear how normal ageing differentially impacts each sub-region of the prefrontal 

cortex, in particular the dorsolateral and orbitofrontal regions.  While some 

neuroimaging studies have identified the dorsolateral prefrontal cortex as most 

sensitive to normal age-related decline (De Santi et al., 1995; Garraux et al., 1999; 

Pardo et al., 2007; Raz, 1996), others claim that the orbitofrontal region is 

disproportionately affected by the ageing process (Haug & Eggers, 1991; Resnick et 
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al., 2000; Resnick et al., 2003; Salat et al., 2005).  Studies incorporating 

neuropsychological measures associated with each prefrontal sub-region have also 

reported inconsistent findings, with some arguing that older adults perform more 

poorly on measures purported to involve dorsolateral involvement (MacPherson et al., 

2002; Phillips et al., 2002; Phillips & Della Sala, 1998), while others claim that 

measures relying predominantly upon orbitofrontal involvement are adversely 

affected by normal ageing (Lamar et al., 2004; Lamar & Resnick, 2004).  Paramount 

to the current series of studies, therefore, was a systematic examination of age-related 

differences in dorsolateral and orbitofrontal functioning.     

Indeed, results from Study 4 suggest that age-related change does not impact 

upon the prefrontal cortex as a whole, but rather processes associated with 

dorsolateral and orbitofrontal regions may each be affected by ageing in an 

idiosyncratic manner.  More specifically, the current results suggest that functioning 

within the dorsolateral prefrontal cortex may be relatively more susceptible to age-

related deterioration, particularly for those older individuals demonstrating more 

general cognitive decline.  Although some differences were observed across groups 

under conditions of high reversal, including extension of reversal-related positivity 

and orbitofrontal activation, these were successfully overcome in order to maintain 

comparable performance accuracy across older and younger participants.  The older 

sub-group with no demonstrable general decline relied upon more broadly distributed 

reversal-related positivity to achieve equivalent levels of accuracy to the younger 

group under high memory load demands.  Older participants experiencing more 

general cognitive decline failed to activate this broad neural network, and 

consequently accuracy was inferior relative to the younger group, as well as the other 

older sub-group in the high memory load condition.  Moreover, groups did not differ 

in terms of accuracy for either the baseline condition or the high reversal condition.  
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While the high reversal condition elicited involvement of the orbitofrontal cortex in 

Studies 3 and 4, the high memory load condition elicited dorsolateral contributions, 

with similar neural substrates identified for both older and younger participants.  This 

suggests that poorer performance by the Declining older sub-group during the high 

memory load condition is likely attributed to inefficient activation of the dorsolateral 

cortex, as well as an inability to effectively compensate for such deficiencies.  

Effective compensatory strategies by higher-functioning older adults therefore 

appeared to moderate the effects of normal ageing on dorsolateral decline.      

Based on the current findings, stimulus-response remapping and behavioural 

adaptation appear to remain intact in the older population.  These results suggest that 

the ability to adapt goal-directed behaviour to changing environmental demands is 

preserved in later life, allowing older adults to suppress previous responding that is no 

longer relevant to the current context.  Given that very few studies have explored the 

effects of normal ageing on reversal learning, the current studies add to this line of 

research and provide a foundation for further refinement.  Previous research argues 

that older adults demonstrate impairment on the IGT typically considered to rely upon 

adequate decision-making processes and ventromedial activation (Denburg et al., 

2006; Denburg et al., 2005).  Based on the current pattern of results, it is possible that 

reversal learning and decision-making act as independent processes that may be 

differentially impacted by normal ageing.  However, further research is necessary to 

substantiate such claims, as other studies (MacPherson et al., 2002) report minimal 

age differences on a modified version of the IGT.  According to Zamarian et al. 

(2008), older adults are capable of executing appropriate decisions in well-defined 

risky situations, while poor decisions are more likely under ambiguous circumstances 

such as for the IGT, as well as traditional reversal-learning tasks.  Older adults 

therefore rely on the provision of complete information about the problem situation, 
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as well as possible options and outcomes, in making their decisions (Zamarian et al., 

2008).  The provision of explicit response rules (match or non-match) in the current 

studies may have contributed to the lack of age differences observed in the high 

reversal condition.  In line with previous studies of reversal learning (Boutet et al., 

2007; Weiler et al., 2008), decision-making based on ill-defined contingencies may 

result in a contrasting pattern of age-related impairment, and this methodological 

discrepancy should continue to be explored in future studies.   

Exploration of the effects of ageing on memory load processing also remains in 

its infancy, with equivocal findings reported to date.  The current results suggest that 

ageing may adversely affect the ability to encode and retain multiple items in 

memory, particularly for those older adults experiencing cognitive decline more 

broadly.  Regarding practical implications, such older individuals may encounter 

difficulties learning and maintaining competing streams of information, such as lists 

or instructions.  These effects should not, however, be deemed characteristic of 

normal ageing given that individual variability appeared to moderate age-related 

differences in memory processing.  More generally, cognitive decline should not 

simply be considered as a pervasive and inevitable sequelae of advancing age, but 

rather as multidirectional and subject to intra- and inter-person variability (Thompson 

& Foth, 2005).  Individual variability, particularly regarding memory capacity, should 

therefore be considered in future studies of cognitive ageing.  The propensity for age-

related compensation and plasticity also should not be overlooked.  

 

Limitations 

Several limitations may have affected the current series of studies.  In terms of 

practical difficulties, the duration of the three experimental tasks alone approximated 

one hour which may have caused fatigue in participants of all ages, despite 
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counterbalancing to minimise this possibility.   Another limitation is that the younger 

participant sample included predominantly undergraduate students participating for 

course credit, perhaps questioning the level of motivation devoted to task 

performance, as well as the generalisability of the results to the broader population 

(Good et al., 2001).  Thirdly, the use of blocked trials (match and non-match) at 

predetermined intervals may have limited the novelty associated with each switch in 

rule criteria.  Eppinger et al. (2007) suggested that frequent switches allow 

participants to develop expectancies regarding upcoming responses, reducing the 

level of interference in adapting responses accordingly.  The predictable nature of 

trial presentation, even during the high reversal condition, may therefore have limited 

the demands on rule reversal processes.  Switches between match and non-match 

trials may have been predictable, thus limiting potential reversal-effects upon ERP 

waveforms, particularly those time-locked to rule presentation.  This may have also 

influenced the difficulty of the task, reflected in performance accuracy.  Nevertheless, 

differences between the high and low reversal conditions were observed for both ERP 

and behavioural results, suggesting that reversal-effects were present even in the 

context of such limitations.  Similarly, the effect of increasing memory load may have 

been more apparent if memory set size was increased beyond two items, as is the case 

for many previous studies.  However, the current results justify comparisons between 

only one and two moderately complex visual stimuli, as differences in ERP and 

behavioural performance were elicited when comparing such memory load demands.   

Another limitation was the lack of additional imaging techniques, such as fMRI, 

in the current study.  The incorporation of fMRI techniques could identify cortical 

regions involved more generally in rule reversal and memory load maintenance, thus 

allowing for greater comparison with previous imaging research.  Structural MRI 

could also allow for individual localisation to further address problems with inter-
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individual variability.  However, the temporal resolution of such imaging procedures 

is limited, justifying the use of EEG and BESA technologies in the current study.  

BESA is able to reliably index the neural generators responsible for moment-to-

moment ERP activation.  However, factors such as skull thickness can impact on the 

amplitude of scalp-recorded ERPs (Frodl et al., 2001), which may be a particularly 

relevant problem to older populations in which the thickness of the skull increases 

(Hollander et al., 2002).  In addition, factors including EEG noise, head-modeling 

errors, and source-modeling errors may limit the accuracy of source identification 

(Grech et al., 2008).  The reliability of sources, such as reversal-related activation 

within the orbitofrontal cortex and memory-related positivity within the dorsolateral 

prefrontal cortex, may therefore have been contaminated by such artefact influence.   

 

Future directions 

The current results offer a foundation for many exciting pursuits in the field of 

cognitive ageing.  Future studies should continue to explore the effects of normal 

ageing, and pathological ageing, upon the sub-regions of the prefrontal cortex.  More 

specifically, it will be important for future studies to continue systematic comparisons 

of functioning within the orbitofrontal and dorsolateral regions in an attempt to 

replicate the current observations of greater age-sensitivity of the dorsolateral 

prefrontal cortex.  The computerised task employed in the current series of studies 

offers a reliable means of examining such orbitofrontal and dorsolateral functioning, 

which could be conveniently transferred to a hospital or clinical setting.  In further 

exploring age-related change in prefrontal regions, future research should combine a 

variety of techniques such as EEG and MRI.  These neuroimaging techniques could 

be used to identify structural changes in the ageing brain that correspond to ERP and 

behavioural differences.  The current experimental paradigm also allows for easy 
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adaptation for use inside an fMRI scanner.  Combining the temporal resolution of 

ERPs and the spatial precision of fMRI (Friedman & Trott, 2000) could allow for 

greater insight into the neural regions contributing to prefrontal functioning, as well 

as those susceptible to age-related change.  Studies are also beginning to explore 

regional differences in patterns of deactivation as well as activation (Habeck et al., 

2005), offering the potential to explore how differential patterns of brain activity may 

operate in older and younger adults and contribute to performance outcome.        

Future studies may consider some modifications to the current paradigm, 

including the incorporation of reward in assessing orbitofrontal functioning, given 

suggestions that learning by older adults may be more reward-sensitive than younger 

adults (Weiler et al., 2008).  Similar to the current research, comparing orbitofrontal 

and dorsolateral functioning in future studies should be conducted within the same 

participant sample while controlling for as many extraneous influences as possible.  

Future studies should also extend investigations to include other prefrontal regions 

such as the anterior cingulate cortex, for which age differences in neural activity have 

been previously reported (Sharp, Scott, Mehta & Wise, 2006).  Error-monitoring and 

the corresponding error-related negativity (ERN) are typically associated with the 

anterior cingulate (Botvinick, Cohen & Carter, 2004; Carter & van Veen, 2007), and 

studies suggest a degree of age-related impairment in such error-monitoring abilities 

(Eppinger et al., 2007).  Such error-related processes may offer potential behavioural 

and ERP indices of functioning within the anterior cingulate cortex.  These could in 

turn be compared with functioning in dorsolateral and orbitofrontal regions, offering 

further clarification of how normal ageing differentially impacts prefrontal sub-

regions.             

Interest in the potential for plasticity and reorganisation within the older brain 

has flourished in recent times.  Researchers suggest that cognitive reserve, dependent 
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on factors such as educational attainment and socio-economic status, serves to 

moderate the deleterious effects of normal ageing (Forstmeier & Maercker, 2008; 

Friedman, 2003; MacLullich et al., 2002), albeit via a protective mechanism or 

lifelong performance differences (Tucker-Drob et al., 2009).  However, despite some 

notable differences in performance accuracy, the current results did not show any 

significant discrepancy between the level of education achieved by the Declining and 

Non-Declining sub-groups of older participants.  Factors contributing to cognitive 

reserve and resultant performance should therefore continue to be the focus of future 

research.  Older adults may also engage different patterns of brain activation, or 

greater activity within similar regions, relative to younger participants to compensate 

for decline in regions such as the frontal cortex (Beason-Held et al., 2008a, 2008b; 

Ferrandez & Pouthas, 2001; Friedman, 2003; Grady, 2000; Greenwood, 2007; Paxton 

et al., 2008; Reuter-Lorenz, 2002).  Indeed, results of the current study revealed that 

the Non-Declining group of older participants exhibited greater frontal activity, 

relative to the Declining group, and were able to maintain performance at a level 

comparable to the younger group.  Future exploration of the frontal lobe hypothesis 

must therefore clarify the nature of age-related compensation within the cortex, 

particularly the dorsolateral region which appears to be more vulnerable to age-

related impairment based on the current results.  Given the likely greater ability of the 

Non-Declining group to engage in successful compensatory recruitment, relative to 

the Declining group, future research should also explore the moderating effects of 

cognitive reserve and fluid intelligence upon compensatory potential.  Research has 

made some progress in this area (e.g. Scarmeas et al., 2003; Stern et al., 2004), 

however the precise relationship between cognitive reserve and compensation has yet 

to be clearly modeled.   
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Means of facilitating compensation should also be further explored, particularly 

in the context of prefrontal decline.  Such investigation will offer valuable input for 

practical means of improving cognitive capacity and quality of life in later adulthood.  

Research suggests that repetitive transcranial magnetic stimulation (rTMS) can be 

used to stimulate the cortex; increasing plasticity and function in such regions as the 

motor cortex following damage from stroke (Butler & Wolf, 2007).  It may therefore 

be possible to apply rTMS to the dorsolateral prefrontal cortex in an effort to increase 

activation and counteract impairment in those older individuals susceptible to 

difficulties in memory load processing.  Promising findings also suggest that 

cognitive training and environmental support can assist plasticity and reorganisation 

within the cortex (Greenwood, 2007; Reuter-Lorenz, 2002).  For example, adopting 

more elaborate encoding strategies purportedly increases frontal activation and 

promotes the retention of information (Greenwood, 2007; Reuter-Lorenz, 2002).  

Cognitive and physical training also promotes neurogenesis in later adulthood and 

may involve such novel, stimulating experiences as travel, learning to play a musical 

instrument, physical activity, or further education (Greenwood, 2007; Klempin & 

Kempermann, 2007; McDowell et al., 2003; Thompson & Foth, 2005; Yamamoto-

Mitani, Matsuoka & Fujii, 2007).  With regard to memory processing in particular, 

strategies such as mnemonic training and semantic elaboration procedures can 

improve performance for healthy older adults, as well as those exhibiting mild 

cognitive impairment (Belleville et al., 2006; Thompson & Foth, 2005).  The 

potential for plasticity and reorganisation within the prefrontal cortex, and particularly 

the dorsolateral region and its contributing networks, should be an important focus for 

future research and practical implementation. 
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Conclusions 

As posed at the outset, the overall aim of this thesis was to further clarify the 

frontal lobe hypothesis of cognitive ageing by exploring age-related differences 

within the dorsolateral and orbitofrontal sub-regions of the prefrontal cortex.  To this 

end, the observed pattern of results suggest that behavioural and neurophysiological 

functions associated with the dorsolateral cortex are more sensitive to the normal 

ageing process, when compared to those associated with the orbitofrontal cortex.  
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