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ABSTRACT
The frontal lobe hypothesis of ageing proposes that cognitive functions associated
with the prefrontal cortex (PFC) are more susceptible to age-related changes than those
supported by other brain regions (e.g., Dempster, 1992; West, 1996). Age-related declines
previously demonstrated in working memory (e.g., Bopp & Verhaeghen, 2005), inhibitory
control (Dempster, 1992), executive attention (e.g., West, 2004) and fluid intelligence
(Horn & Cattell, 1967), have been linked to changes in PFC functioning. Relational
processing also depends on the integrity of the PFC (e.g., Christoff et al., 2001), but
research on age-related declines in relational processing is limited (Andrews & Todd,
2008; Viskontas, Holyoak, & Knowlton, 2005; Viskontas, Morrison, Holyoak, Hummel, &
Knowlton, 2004).
Unlike previous research which tended to focus on a single construct, the current
research investigated age-related changes in executive attention, inhibitory control,
working memory and relational processing. Distinctions within three constructs were also
of interest. Three aspects of inhibitory control (response inhibition, task-set switching and
inhibition in memory retrieval) were examined. Relational processing was examined in
four tasks, three of which involved items at two or more levels of complexity. Working
memory was examined using simple span and complex span tasks. The test battery of 16
tasks assessed these constructs as well as speed of processing, crystallized and fluid
intelligence, and frontal functioning (Tower of London). It was administered to a sample of
125 normally ageing adults who ranged in age from 18 years to 92 years with all age
decades represented.
Significant age-related declines were found in the four constructs. However, the
patterns of age-related decline were not uniform within or across constructs. Relational
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processing at the lowest level of complexity (binary-relational) did not decline until 70
years of age. Task-set switching declined from 58 years. Executive attention, response
inhibition, inhibition in memory retrieval, simple and complex working memory, and
relational processing at higher (ternary- and quaternary-relational) levels of complexity
declined from 45 years. Response inhibition, simple and complex working memory,
ternary-relational processing and quaternary-relational processing declined further, beyond
these initial declines.
The different patterns of age-related change observed on the tasks of inhibitory
control were consistent with inhibition being a multi-dimensional rather than unitary
construct. Furthermore, the different patterns of age-related change for binary-relational
versus ternary- and quaternary-relational processing show that relational processing at
more complex levels was more sensitive to age-related change.
Links between constructs were examined in a number of ways. One approach
involved evaluating the evidence for dedifferentiation. To the extent that dedifferentiation
occurred, the associations between pairs of constructs should change with age from nonsignificant (younger participants) to weak (middle aged participants) to stronger (older
participants). There was no evidence of dedifferentiation of inhibitory control with
executive attention, working memory, or relational processing. However, there was strong
evidence of dedifferentiation in executive attention, working memory and relational
processing. Each of executive attention, working memory and relational processing
showed evidence of dedifferentiation with fluid intelligence (Matrix reasoning), but only
relational processing showed evidence of dedifferentiation with frontal functioning (Tower
of London). This stronger evidence of dedifferentiation of relational processing with
measures of frontal functioning than the other constructs (executive attention, inhibitory
control, and working memory) might be because the relational processing tasks included
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items at different levels of complexity and therefore were more sensitive to age-related
change and individual differences in performance.
The findings are generally consistent with age-related declines in cognitive
functioning supported by prefrontal regions of the brain, and therefore with the frontal lobe
theory of cognitive ageing. However the continued viability of the frontal lobe theory of
cognitive ageing will depend on the extent to which it can account for these different
patterns of age-related decline and for the different patterns of dedifferentiation.
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Age-Related Changes in Cognition 1
CHAPTER 1. FRONTAL LOBES AND COGNITIVE AGEING
Much debate currently exists about the particular changes involved in cognitive
functioning as one ages (Christensen, 2001). Cognitive ageing is widely considered to
be a selective process, with older adults rivalling younger adults in some tasks but not
others. This distinction has been conceptualised in terms of crystallised versus fluid
intelligence (Horn & Cattell, 1967). Older adults perform comparably to younger adults
on tasks that involve accumulated knowledge, the so-called crystallized abilities.
However, age-related declines are evident on tasks that involve novel situations or that
require active, effortful processing, the so-called fluid abilities (e.g., Phillips & Della
Sala, 1998; Rabbitt & Anderson, 2006). The crystallised-fluid distinction can be
interpreted in terms of the different brain regions that underlie cognitive processes.
Crystallised abilities rely mostly on information stored in long-term semantic memory.
These abilities are often more dependent on posterior regions of the brain. In contrast,
fluid abilities place demands on effortful, executive processes, and depend to a large
extent on anterior brain regions, most notably, the prefrontal cortex (PFC; Cummings &
Miller, 2007). West’s (1996) frontal lobe hypothesis of cognitive ageing, which will be
investigated in this research, encompasses this distinction.
Frontal lobes
The frontal lobes occupy the anterior pole of the brain, and constitute
approximately 30% of the total surface of the human cerebral cortex (Dempster &
Corkill, 1999). There are intricate connections and feedback loops between the frontal
lobes and virtually all other areas of the cortex (Dempster & Corkill). The frontal lobes
are commonly divided into three sub-areas; (a) the primary motor cortex, which
supplies cortical output for involuntary movements; (b) the pre-motor cortex, which
appears to be responsible for the integration and programming of sequential
movements; and (c) the PFC (Dempster & Corkill; Devinsky & D’Esposito, 2004). As
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depicted in Figure 1, the PFC can be further sub-divided into the dorsolateral prefrontal
cortex (DLPFC; Brodmann areas [BAs] 9, 46), the lateral prefrontal cortex (LPFC; BA
10), the ventrolateral prefrontal cortex (VLPFC; BAs 44, 45, 47) the orbitofrontal cortex
(OFC; BAs 11, 12) and the anterior cingulated cortex (BAs 24, 25, 32; Devinsky &
D’Esposito). The DLPFC and the OFC are considered to be particularly susceptible to
age-related changes (Band, Ridderinkhof, & Segalowitz, 2002).

Lateral

Medial

Figure 1.1. The functional divisions of the frontal lobes (areas numbered after
Brodmann’s cytoarchitectonic map. The lateral view shows the subdivisions of the
prefrontal cortex: dorsolateral prefrontal (DLPFC); lateral prefrontal (LPFC);
ventrolateral prefrontal (VLPFC); and orbitofrontal (OFC). The medial view shows the
anterior cingulated cortex (Source; Devinsky & D’Esposito, 2004).
Age-related Changes in Frontal Lobes in Later Adulthood
The frontal lobes are the last area of the brain to develop in childhood and first
area to decline in later life (Dempster, 1992; Dempster & Corkill, 1999; Fuster, 2008;
Lowe & Rabbitt, 1997). There is evidence of a general decrease in gross brain weight
and cortical thickness in the frontal regions of normally ageing individuals between
their seventh and eighth decade (Dempster & Corkill). Regional differences in the size
of the age-related reduction in brain volume have also been demonstrated. For example,
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a morphometric study reported an approximate 1% reduction in the temporal, parietal,
and occipital cortices as compared to an estimated 10% reduction in the frontal cortex in
older (75 to 85 years) relative to younger brains (20 to 40 years; Haug & Eggers, 1991).
They concluded that this reduction was associated with reduced neuron size and
decreases in the number of synapses rather than a diffuse loss of neurons.
Magnetic Resonance Imaging (MRI) studies conducted by Raz and colleagues
consistently demonstrate reduced volume in the PFC for older adults (Gunning-Dixon &
Raz, 2003; Head, Kennedy, Rodrigue, & Raz, 2009; Raz, 2000; Raz, Gunning-Dixon,
Head, Dupuis, & Acker, 1998). Specifically, Raz’s (2000) review of the literature
revealed that the negative association between age and regional brain volume was
stronger for the PFC (r = -0.56) than the temporal (r = -0.37), parietal (r = -0.20), and
occipital cortices (r = -0.19). These age-related volume declines have been attributed to
decreased synaptic density in the PFC evidenced in both non-human primate
(Bourgeois, Goldman-Rakic & Rakic, 1994) and human research (Liu, Erikson, & Brun,
1996; Masliah, Mallory, Hansen, De Teresa, & Terry, 1993).
There is also evidence of senile plaques and neurofibrillary tangles in normally
ageing adults (e.g., Schmitt et al., 2000). Non-human primate research demonstrated
greater age-related increases in senile plaques in the frontal lobes compared to other
brain regions (Struble, Price, Cork, & Price, 1985). Likewise, Heilbroner and Kemper
(1990) reported a higher concentration of senile plaques in the frontal regions than in
the hippocampus, and primary visual and auditory cortices of monkeys.
Changes in the function of neurotransmitters, such as dopamine are also linked
with normal ageing. Recent research suggests that decreases in dopamine markers in the
brain are associated with poorer cognitive performance irrespective of age (Bäckman,
Lindenberger, Li, & Nyberg, 2010). Moreover these dopamine decreases appear to
mediate age-related declines in frontal activity (Bäckman et al.; Bäckman, Nyberg, Li,
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& Farde, 2006). For example, a postmortem study of adult brains (19 to 88 years)
showed significant age-related loss of dopamine receptors in the frontal cortex (de
Keyser, De Becker, Vauquelin, & Ebinger, 1990). Another study, which included adult
males aged between 20 to 72 years, reported a 39% decline in prefrontal dopaminereceptor binding potential as age increased (Suhara et al., 1991). Consistent with this,
Volkow et al.’s (2000) research provided correlational evidence linking age-related
declines in dopamine activity and frontal metabolism. Non-human primate research has
also shown age-related decreases in dopamine activity in the PFC (e.g., Collier et al.,
2007; Goldman-Rakic & Brown, 1981).
Frontal Lobes and Cognitive Processes
There is general agreement that the PFC is essential for numerous higher-order
cognitive functions (Cabeza & Nyberg, 2000; Fuster, 2008; Roberts & Pennington,
1996). For example, fluid intelligence (e.g., Duncan, 1995; Duncan, Burgess, & Emsile,
1995), aspects of attention (e.g., Cabeza & Nyberg; Posner & Peterson, 1990),
inhibitory/interference control (e.g., Aron, Robbins, & Poldrack, 2004, Dempster, 1992;
Monsell, 2003; Roberts and Wallis, 2000; Uhl et al., 1990; West 1996), working
memory (e.g., Cabeza & Nyberg; D’Esposito, Postle, Ballard, & Lease, 1999;
Goldman-Rakic, 1998; Owen, Evans, & Petrides, 1996: Rypma & D’Esposito, 2000),
decision making, directed goal selection, monitoring of ongoing behaviours (e.g., Stuss,
1992), and relational processing (e.g., Christoff et al., 2001; Goel, 2007; Kroger, Sabb,
Fales, Bookheimer, Cohen, & Holyoak, 2002; Waltz et al., 1999) have all been linked to
the PFC. Damage to the frontal lobe often leads to cognitive impairment, including
difficulties with planning, monitoring, sequencing, inhibiting responses, and organising
complex behaviour (Alexander & Stuss, 2006; Fuster). These difficulties are often
distinguishable from the impairments suffered by patients with lesions to other cortical
areas.
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Frontal Lobe Theory of Cognitive Ageing
Age-related cognitive declines might to a large extent reflect prefrontal
dysfunction (Fuster, 2008). Specifically, the frontal lobe hypothesis of ageing proposes
that cognitive functions associated with the PFC are more susceptible to age-related
changes than those supported by other brain regions (Dempster, 1992; West, 1996).
Dempster applied the frontal lobe hypothesis, focusing on inhibition, to cognitive
development and ageing. He contended that inefficient inhibitory processes supported
by the frontal lobes might explain the age differences in cognition across the lifespan.
However, this was a somewhat limited version of the frontal lobe hypothesis as the PFC
is associated with multiple cognitive processes, not simply inhibition.
West (1996) addressed this issue and extended the frontal lobe model of
cognitive ageing to include other processes associated to the PFC. He reviewed both
neuropsychological and neurophysiological ageing literature and concluded that
cognitive processes supported by the frontal lobes, in particular the DLPFC, were
especially susceptible to decline with increased age. West’s synthesised model asserts
that the PFC is organised into a hierarchy of interactive processes. Broadly, the PFC
supports the integration, formation and execution of complex novel behaviour, which is
directed in an orderly, focused manner (West). Four secondary processes further sustain
these integrative functions: retrospective memory, prospective memory, interference
control and inhibition of prepotent responses. These four processes supposedly interact
to support numerous cognitive processes, including the planning and execution of
purposeful behaviour.
West (1996) evaluated evidence from prospective memory, frequency
estimation, source memory, proactive interference, Stroop colour-naming, sustained
attention, susceptibility to interference, ability to suppress prepotent responses and
conflict resolution relative to the proposed model of PFC function. He concluded that
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the frontal lobe model of cognitive ageing accounted for most of the observed agerelated decrements in cognitive functioning. Whilst acknowledging that a more
comprehensive neuropsychological model might be required to account for age-related
changes in cognition, West concluded that the frontal lobe hypothesis does provide a
functional and testable model of cognitive ageing. The main aim of the current research
was to investigate this model.
Evidence for the Frontal Lobe Hypothesis of Cognitive Ageing
The neurophysiological evidence demonstrating age-related degeneration of
frontal regions, reviewed above, is consistent with the frontal lobe hypothesis.
Functional imaging studies and research using neuropsychological tests of frontal
function provide more direct evidence that cognitive changes in normal ageing are
associated with a deterioration of the frontal lobes (e.g., Dempster, 1992; Phillips &
Della Sala, 1998; Raz, 2000; West, 1996).
Functional imaging studies. Imaging studies have identified a robust association
between the frontal lobe activity and age-related cognitive decline. For example,
Esposito, Kirkby, Van Horn, Ellmore, and Berman (1999) used positron emission
tomography (PET) techniques to investigate age-related cognitive decline in 41 adults
aged between 18 to 80 years on a measure sensitive to frontal dysfunction, the
Wisconsin Card Sorting Test (WCST). In this task four reference cards depicting
objects varying in colour, shape and number are shown to the participant. Participants
are then given a deck of response cards, each containing one to four identical objects
(e.g., triangles, stars, crosses or circles) in one of four colours. The participants’ task is
to match the response cards in the deck to the reference cards according to colour, shape
or number. The participant is not instructed how to sort but must deduce the correct
sorting principle through feedback from the experimenter. The experimenter changes
the sorting criterion after 10 correct choices without informing the participant (Rhodes,
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2004). There are several dependent variables derived from this task, two of the most
common being the number of categories achieved and the number of perseverative
errors. Esposito et al. reported age-related reductions in regional cerebral blood flow
activation in the DLPFC during performance of the WCST. Additionally, a PET study
demonstrated the link between age-related decreases in dopamine activity and impaired
performance on tasks sensitive to frontal function (WCST; Stroop; Volkow et al., 1998).
Cabeza (2001) reviewed functional neuroimaging studies of cognitive ageing in
multiple cognitive domains. The findings showed consistent age-related changes in PFC
activity during perception, episodic encoding/semantic retrieval, episodic retrieval and
working memory. In particular, there was evidence of bi-lateral activation in the PFC
for older adults. Cabeza (2001; 2002) proposed that these patterns of increased
activation were compensatory and interpreted this in terms of his Hemispheric
Asymmetry Reduction in Old Adults (HAROLD) model, which will be described later
in this chapter.
A review of PET and functional magnetic resonance imaging (fMRI) literature
suggested that age-related changes in the PFC are heterogeneous (Rajah & D’Esposito,
2005). They proposed that normal ageing is associated with both dedifferentiation of
cortical function and functional compensation in distinct PFC regions. The
dedifferentiation hypothesis states that cognitive abilities are undifferentiated in early
childhood, become more distinct (differentiate) in adolescence and adulthood (Garrett,
1946) and reintegrate (dedifferentiate) in old age (Balinsky, 1941). More recently,
functional imaging studies have shown age-related decreases in occipital-temporal
activity together with age-related increases in PFC activity. This pattern is termed the
posterior-anterior shift in ageing (PASA) and is attributed to functional compensation
(Davis, Dennis, Daselaar, Fleck, & Cabeza, 2008).
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Neuropsychological evidence. Some of the most widely used measures of frontal
function include, WCST (Demakis, 2003; Specht, Lie, Shah, & Fink, 2009), verbal
fluency tasks (Baldo & Shimamura, 1998; Cardebat, Démonet, Viallard, Faure, Puel, &
Celsis, 1996), Tower of London (TOL; Morris, Ahmed, Syed, & Toone, 1993; Owen,
Doyon, Petrides, & Evans, 1996) and the Stroop Colour Word Task (Bench et al., 1993;
West, 2004). The following section provides a brief summary of the literature on adult
age differences in performance on the WCST, verbal fluency and TOL.
There is substantial evidence of age differences in performance on the WCST
(e.g., Daigneault, Braun, & Whitaker, 1992; Fristoe, Salthouse, & Woodard, 1997;
Rhodes, 2004). Two meta-analyses (Rhodes), which included 34 studies in each
(published from 1990 to 2003), examined age-related differences in the number of
categories achieved and the number of perseverative errors committed. Effect sizes
derived from younger (M = 24.50 years; 24.77 years) and older adults’ performance (M
= 71.27 years; 71.54 years) were compared. Older adults achieved significantly fewer
categories and committed significantly more perseverative errors than their younger
counterparts.
Verbal fluency tasks require participants to produce words that match a
phonemic (i.e., a letter of the alphabet) or a semantic category (e.g., fruits, animals)
usually within a specified time limit (e.g., 1 minute). Although there are contrary
findings (e.g., Boone, Miller, Lesser, Hill, & D’Elia, 1990; Daigneault et al., 1992; Fisk
& Sharp, 2004; Parkin & Java, 1999; Treitz, Heyder, & Daum, 2007) a recent metaanalysis of 26 studies (published from 1967 to 2003) indicated that verbal fluency
declines from 60 years and these declines are steeper during the eighth decade
(Rodríguez-Aranda & Martinussen, 2006).
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There are a number of different tower tasks, for example TOL and Tower of
Hanoi (TOH). The TOL is a planning task, which requires participants to move
coloured discs across three pegs differing in length from an initial configuration to
match a goal state (Jurado & Rosselli, 2007) often within a specified minimum number
of moves (Shum et al., 2000). There are also numerous versions of the TOL, which vary
in the number of discs present, minimum number of moves required for a solution and
the number of sub-goals to be resolved (Phillips, Macleod, & Kliegel, 2005). Regardless
of the version utilised, there is evidence of age-related differences in performance on the
TOL (e.g., Crawford, Bryan, Luszcz, Obonsawin, & Stewart, 2000; Robbins et al.,
1998, Zook, Welsh, & Ewing, 2006). Chapters 2 and 10 provide more detailed
information on age-related declines on the TOL.
Neuropsychological tasks such as the WCST, verbal fluency and TOL involve
multiple processes and individuals may fail for numerous reasons (Fuster, 2008; Stuss,
2007). Therefore it is unclear whether the effects are due to declines in all component
processes or a subset of processes. Approaches that use tasks that are designed to
measure specific processes might provide a stronger test of the frontal lobe theory of
cognitive ageing.
Two specific processes, inhibition and working memory have a prominent role
in the research that attempts to explain age-related declines in cognitive functioning
(Park, 1999). These two constructs could be viewed as fundamental to the frontal lobe
hypothesis of cognitive ageing. However, age-related declines are evidenced in a variety
of other higher-order cognitive processes, including executive aspects of attention (e.g.,
West, 2004) and relational processing (Andrews & Todd, 2008; Viskontas, Holyoak, &
Knowlton, 2005; Viskontas, Morrison, Holyoak, Hummel, & Knowlton, 2004) which
are also linked to the PFC. Therefore, the current study examined age-related declines in
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four constructs namely, attention, inhibitory control, working memory, and relational
processing.
Other Approaches in Cognitive Ageing
Cognitive ageing is multi-faceted. Therefore one challenge is to identify the
basic underlying mechanisms responsible for age-related changes in cognition
(Verhaeghen & Cerella, 2002). The frontal lobe theory of cognitive ageing is just one of
many approaches that have been applied to cognitive ageing. The following section
briefly describes three other approaches; dedifferentiation, sensory functioning and
processing speed, each of which is compatible with the frontal lobe theory of cognitive
ageing.
Dedifferentiation. A neurocomputational model (Li, 2002; Li, Lindenberger, &
Sikstrőm, 2001) proposed that dedifferentiation (described above) involves decreased
specialisation of neural recruitment in the frontal lobes which leads to age-related
performance declines because non-specialised areas are being used. The
dedifferentiation hypothesis predicts stronger correlations amongst cognitive abilities in
childhood, weaker correlations in adolescence and young adulthood, and stronger
correlations amongst diverse abilities in later adulthood (Baltes & Lindenberger, 1997;
Li et al., 2004)
Li et al. (2004) examined the co-variation between intellectual abilities and
cognitive processes in participants’ aged 6 to 89 years and found support for the notion
of differentiation-dedifferentiation across the lifespan. That is, there was evidence of
stronger correlations between fluid and crystallised intelligence, and other cognitive
processes in children (6 to 11 years) and older adults (56 to 69 years; 70 to 89 years)
compared to adolescents (12 to 17 years), young adults (18 to 35 years) and middleaged adults (36 to 55 years). Consistent with this, De Frias, Lövden, Lindenberger, and
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Nilsson (2007) found stronger correlations among different cognitive functions from the
age of 65 years. The results were interpreted in terms of dedifferentiation.
In contrast other research has found no evidence of dedifferentiation with
increased age. Anstey, Hofer, and Luszcz’s (2003) research investigated both crosssectional and longitudinal patterns of dedifferentiation. This study included older adults
stratified into 4 cohorts; 70 to 74 years, 75 to 79 years, 84 to 85 years, and 85 years and
older showed no evidence of age-related dedifferentiation, although, there was some
evidence of dedifferentiation based on ability. Tucker-Drob and Salthouse (2008)
examined the relations among cognitive abilities in adults aged 24 to 91 years and also
found no support for the dedifferentiation view. Therefore, the evidence for
dedifferentiation is mixed.
Cabeza’s (2001; 2002) HAROLD model might also be considered a form of
dedifferentiation. According to this view older adults recruit both hemispheres during
cognitive performance. This bi-lateral PFC activation reflects functional compensation
as recruitment of alternate brain regions might minimize age-related neurocognitive
deficits (Cabeza). This increased activation might also reflect unsuccessful attempts at
compensation (Rajah & D’Esposito, 2005). According to the dedifferentiation
interpretation of Li and colleagues, bi-lateral activation occurs because participants have
difficulty recruiting specialized neural mechanisms (e.g., Li, 2002). Park, Polk, Mikels,
Taylor, and Marshuetz (2001) argued that any additional recruitment of brain areas
reflects dedifferentiation, whether the outcome is neutral, compensatory or detrimental.
Sensory Functions. Several studies have investigated the connection between
sensory function and cognition in older adults (e.g., Anstey, Luszcz, & Sanchez, 2001;
Baltes & Lindenberger, 1997; Lindenberger & Baltes, 1994). Such research is often
interpreted in terms of the dedifferentiation hypothesis. That is, the association between
sensory and cognitive domains increases with advanced age (Baltes & Lindenberger).
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For example, Lindenberger and Baltes’ study required older adults aged between 70 to
103 years (M = 84.90 years) to perform tests of sensory function (e.g., visual and
auditory acuity), perceptual speed, reasoning, memory, knowledge and fluency. Sensory
function explained all of the age differences in the measures of cognition. Baltes and
Lindenberger extended their previous research to include adults aged between 25 to 69
years (M = 48.20 years). Most of the age-related variance in the cognitive measures was
mediated by visual and auditory function. The association was somewhat stronger for
older than younger adults. This finding might also be interpreted as dedifferentiation.
Similarly, Park, Lautenschlager, Hedden, Davidson, Smith, and Smith (2002) examined
the relation between sensory function and cognition in an adult sample aged 20 to 92
years. Measures of speed and working memory were also included. Sensory function
was not as important as speed in accounting for age-related variance in cognition.
Processing speed. One of the most prominent approaches to explaining agerelated declines in cognitive performance is processing speed (e.g., Salthouse, 1993;
1996). The fundamental assertion of this theory is that age-related declines in cognitive
functioning reflect decreased speed of information processing. Salthouse (1996)
proposed two mechanisms responsible for the relation between speed and cognition.
First, the limited time mechanism operates when relevant cognitive operations are
performed too slowly to be successfully completed in the available time. Second, the
simultaneity mechanism operates when relevant information decreases in availability
over time as a function of either decay or displacement, leading to processing deficits.
Older adults’ slower performance at earlier steps of complex cognitive tasks results in
age-related decrements because they either run out of time or output from earlier stages
is unavailable (Salthouse).
Salthouse (1996) provided evidence that (a) processing speed declines with age,
(b) there is shared age-related variance between speed and cognitive measures, and (c)
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age-related declines in cognitive measures are mediated by processing speed. The
processing speed theory was further substantiated in a meta-analysis of 91 studies
(published from 1941 to 1996) of age-cognition relationships across the lifespan
(Verhaeghen & Salthouse, 1997). The mean weighted correlations indicated that the
largest age effects were on processing speed measures, and these measures along with
primary working memory were the most important mediators of age-related declines in
cognition.
A recent MRI and magnetic resonance spectroscopy (MRS) study investigated
the association between age-related declines in processing speed and cerebral integrity
of the frontal lobes (Kochunov et al., 2010). Thirty-eight adults aged 57 to 90 years (M
= 67.90 years) were assessed on four processing speed measures; Grooved pegboard,
Symbol digit modalities test, Wechsler (1997) digit coding, and the Category fluency
test. Correlation analyses provided evidence of age-related slowing on all but the
Category fluency task. Two factors were derived from the processing speed measures;
psychomotor cerebral processing speed and psychophysical cerebral processing speed.
Only psychomotor cerebral processing speed was significantly associated with age. The
frontal MRI/MRS measures of cerebral integrity showed that increased age was
associated with decreased cerebral integrity, more so in frontal regions. The authors
suggested that age-related declines in psychomotor cerebral processing speed might to
some extent be related to the cerebral integrity of frontal regions.
Summary
Given cognitive ageing is an inherently complex process it seems likely that it
depends not only on frontal lobe functioning, but also on task demands and other brain
regions interlinked with the frontal lobes (Grady, 2000). For example, Greenwood,
(2000) suggested that a dynamic network theory of cognitive ageing might provide a
more appropriate explanation. West (2000) himself was not of the opinion that the
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cognitive ageing process is limited to the PFC. Nonetheless, the involvement of the
frontal lobes in cognitive ageing is well established (e.g., West, 1996). Age-related
declines in cognitive functions supported by the PFC appear to emerge earlier and are of
a greater magnitude than those supported by non-frontal regions (West, 1996; 2000).
Therefore the frontal lobe hypothesis remains a viable theory of cognitive ageing,
however, it appears to require further specification.
The Current Research
The current research aimed to provide a more comprehensive investigation of the
frontal lobe hypothesis of cognitive ageing. As mentioned above, previous research has
tended to focus on a single construct and its relation to ageing, however, the current
research investigated and compared age-related changes in four specific constructs
(executive attention, inhibitory control, working memory and relational processing) that
are known to depend on the integrity of the prefrontal regions of the brain.
Executive Attention
Executive attention, to be detailed in Chapter 3, involves processes associated
with goal-directed behaviour, error detection and conflict resolution (Berger & Posner,
2000). The areas of the brain involved in executive attention include the anterior
cingulate, and the PFC (Fernandez-Duque & Posner, 2001). A traditional measure of
executive attention, the Stroop Colour-Word test will be included to investigate
executive attention.
Inhibitory Control
Inhibitory control, to be detailed in Chapter 4, will be conceptualised in terms of
Aron et al.’s (2004) model, which distinguishes three types of inhibitory control
namely, response inhibition, task-set switching, and inhibition in memory retrieval. This
specific conceptualisation has yet to be applied to the field of ageing research. Each of
these mechanisms is thought to depend on the PFC (Aron et al.). A review of the
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literature suggests that comparable age-related declines in these three mechanisms
cannot be assumed. The current research will extend existing studies by examining agerelated changes in the three types of inhibitory control in the same individuals.
Working memory
Working memory, to be detailed in Chapter 5, figures prominently in the
cognitive ageing literature. It is known to recruit prefrontal regions of the brain (e.g.,
Cabeza & Nyberg, 2000; D’Esposito et al., 1999; Goldman-Rakic, 1998; Owen et al.,
1996; Rypma & D’Esposito, 2000). Just and Carpenter’s (1992) simultaneous storage
and processing approach will be used to conceptualise working memory. Age-related
declines in performance on tasks that require simultaneous storage and processing are
now well established (e.g., Bopp & Verhaeghen, 2005; McCabe & Hartman, 2003;
Salthouse, 1991; 1994). However, there are several competing views regarding the
factors that underpin these findings. The current research will investigate four potential
explanations namely, processing speed (e.g., Verhaeghen & Salthouse, 1997), storage
and inhibition deficits (McCabe & Hartman), and executive attention (Levitt,
Fugelsang, & Crossley, 2006).
Relational Processing
Relational processing, to be detailed in Chapter 7 and 8, is thought to be
involved in many higher-order cognitive processes, including reasoning and problem
solving. Relational Complexity theory (Halford, Wilson, & Phillips, 1998) provides a
means for estimating the complexity of cognitive tasks and their resulting processing
loads. Relational processing depends on the PFC (e.g., Christoff et al., 2001; Waltz et
al., 1999) and PFC activation increases as complexity increases (e.g., Kroger et al.,
2002). There are only three published studies investigating age-related declines in
relational processing (Andrews & Todd, 2008; Viskontas et al., 2005; Viskontas et al.,
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2004). The current research will provide a more comprehensive test of the relational
processing hypothesis using tasks from four content domains.
Reference Measures
As noted previously, there is evidence that processing speed accounts for agerelated declines in cognition (e.g., Salthouse, 1996). Age-related declines in fluid
intelligence (e.g., Bugg, Zook, DeLosh, Davalos, & Davis 2006; Horn & Cattell, 1967;
Phillips & Della Sala, 1998) and measures of frontal function (e.g., Crawford et al.,
2000; Daigneault et al., 1992) are also consistently demonstrated. The current research
will take these findings into consideration by including measures of processing speed,
verbal and fluid intelligence, and frontal functioning. These measures will be presented
in Chapter 2, which will also provide a detailed description of the participants and
general procedures used in the research.
Research Questions
The main objective of the current research will be to investigate the frontal lobe
hypothesis of cognitive ageing in order to provide an empirical basis to potentially
inform theoretical integration in the field of cognitive ageing. Specific hypotheses are
presented in subsequent chapters. Outlined below, are the general research questions
addressed in the current research.
Age-related changes. This research will examine age-related changes in each of
the four constructs (executive attention, inhibitory control, working memory and
relational processing). Given there are discrepancies in the literature about the age of
onset of decline in cognitive functioning (Salthouse, 2009; 2010), the current research
will investigate the age trends on each task to determine whether age changes are
gradual across the lifespan or more sudden in their onset. If more sudden changes are
observed, the age of onset in performance decrements will also be determined.
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Within construct changes. Comparisons will be made within each construct to
determine whether age-related declines are uniform for the different aspects of each
construct. Age-related changes will be examined for the three types of inhibitory control
(response inhibition, task-set switching and inhibition in memory retrieval) and
comparisons made between these three mechanisms. For working memory, age-related
changes on a simultaneous storage and processing task will be compared with age
changes on simple storage tasks. Tasks including items of varying complexity will be
used to assess relational processing. Age-related changes will be examined to determine
at which level of complexity older adults demonstrate difficulty in processing complex
relations.
Relations between constructs. The current research will also examine the extent
to which age-related and age-independent variance in working memory and relational
processing are explained by the other constructs. First, the extent to which processing
speed, executive attention and inhibitory control account for variance in working
memory will be examined in Chapter 6. Second, the extent to which executive attention,
inhibitory control, working memory and processing speed explain variance in relational
processing will be examined in Chapter 9.
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CHAPTER 2. OVERVIEW OF EMPIRICAL RESEARCH
The current chapter provides an overview of the research project. The
participants, general procedures and reference tasks are described in detail. The
reference measures permitted assessment of whether the participants in different age
groups were comparable on variables such as self-reported health, education, verbal and
fluid intelligence, processing speed and frontal functioning.
Based on the evidence presented in Chapter 1, older adults were expected to have
poorer performance on the fluid intelligence (e.g., Bugg et al., 2006; Horn & Cattell,
1967), and TOL (e.g., Crawford et al., 2000; Robbins et al., 1998; Zook et al., 2006)
tasks. Older adults were also expected to be slower on the processing speed tasks (e.g.,
Salthouse, 1993; 1996). In contrast, verbal ability (e.g., crystallized intelligence) was
expected to either remain relatively unaffected by the ageing process (Christensen et al.,
1999; Park, 1999) or to improve with age (Verhaeghen, 2003).
General Method
Participants
One hundred and twenty-five adults (52 males, 73 females) from Griffith
University Gold Coast Campus, local church and community groups participated in the
research. There were five age ranges: 18 to 30 years, 31 to 44 years, 45 to 57 years, 58
to 69 years, and 70 years and older. These age group sub-divisions were arbitrary to
ensure a similar number of participants were in each age group. The mean ages of males
and females and the numbers in each age group are presented in Table 2.1.
Cognitive status of participants aged 65 years and over (n = 39) was assessed
using the Mini-Mental State (Folstein, Folstein, & McHugh, 1975). The mean score was
29.23 (SD = 0.96, range = 27 to 30), which was within the normal range of 26 and
above (Mungas, 1991). All participants attempted all tasks in the battery. The numbers
of participants who failed to complete a task are identified in subsequent chapters.
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Table 2.1
Mean Age and Standard Deviation (SD) for Males and Females in each Age Group (N
= 125)
Age Group (years)
18-30

31-44

45-57

58-69

70 plus

Male

24.75

34.92

51.00

63.43

76.92

(SD)

(3.69)

(3.82)

(4.02)

(4.24)

(5.32)

n

8

13

12

7

12

Female

25.37

40.33

49.93

64.31

78.13

(SD)

(4.45)

(4.18)

(4.12)

(3.83)

(7.10)

n

19

9

14

16

15

Total

25.19

37.14

50.42

64.04

77.59

(SD)

(4.18)

(4.73)

(4.03)

(3.88)

(6.28)

N

27

22

26

23

27

All participants reported normal or corrected-to-normal visual acuity and
hearing. All participants lived independently within the community and all had English
as their first language. Written consent was obtained from each participant prior to
testing, and the research was conducted in accordance with the protocol approved by the
Griffith University Human Research Ethics Committee (APY/55/04HREC). A copy of
the information sheet and consent form is included in Appendix A.
Two additional participants completed some tasks but were not included in the
final sample. These were a male aged 54 years and a female aged 59 years who
consented to participate, however, during the course of the testing session elected to
withdraw. Task difficulty and time constraints were given as reasons for not completing
the test battery.
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Procedure
Table 2.2 provides a complete list of tasks administered in this research project.
The reference tasks will be detailed in this chapter. Descriptions of stimuli and
procedures for the measures of executive attention, inhibitory control, working memory
and relational processing will be presented in subsequent chapters.
All participants were tested individually either in a room at Griffith University
Gold Coast Campus, or in their home. The participants completed a brief questionnaire
and the 16 tasks outlined in Table 2.2. The tasks were presented in a random order.
Total testing time for each individual participant ranged from approximately 3.5 hours
for the younger participants, to approximately 6 hours for the older participants. Testing
was completed during three to five sessions depending on the participant’s age, and
their willingness to continue. Course credit was awarded to 1st year psychology students
who participated, or whose relatives participated. The brief questionnaire, included in
Appendix B, elicited biographical and demographical information including age,
gender, years of formal education, occupation, current health status, and medication
usage.
Health status. Subjective health ratings were obtained using a 5-point likert scale
ranging from (1) very poor through (5) excellent. No participants reported a very poor
or poor health rating and 18.40%, 58.40% and 23.20% reported moderate, good and
excellent health ratings, respectively. There was no significant association between age
group and self-assessed health ratings, 2(8, N = 125) = 7.21, p = .51.
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Table 2.2
Selection of Executive Attention, Inhibitory Control, Working Memory, Relational Processing and Reference Measures included in the
Current Study

Executive Attention

Inhibitory Control

Working Memory

Relational Processing

Reference

Stroop Test

Go/no-Go

Reading Span

N-term

Vocabulary

Task Switching

Digit Span

Sentence Comprehension

Matrix Reasoning

Paired Associates

Word Span

Latin Square

Digit symbol

Class Reasoning

Rapid Automatised Naming
Tower of London 4
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Certain medical conditions (e.g., cardiovascular disease, hypertension, diabetes,
depression) can influence cognitive performance (Fillit et al., 2002). However,
compliance with treatment (i.e., taking appropriate medication) reduces the risk of
cognitive deficits (Fillit et al.). Therefore, participants were also asked to report whether
they were on prescribed medication. As in other ageing research (e.g., Salthouse,
Kausler, & Saults, 1990), the current research did not distinguish between the type of
medication. There was a significant association between age group and reported usage
of medication, 2(4, N = 125) = 29.74, p < .001. Table 2.3 shows the percentages in
each age group who reported using medication.
Table 2.3
Frequency of Medication Usage for each Age Group (N = 35)
Age Group (years)
Medication
Usage

18-30

31-44

45-57

58-69

70 plus

Yes (%)

3.70

4.50

26.90

43.50

59.30

1

1

7

10

16

n

The standardized residuals revealed that the 18 to 30 years and 31 to 44 years
groups reported significantly less than expected medication use. In the 70 years and
older group significantly more individuals than expected reported using medication.
This pattern of older adults rating health better than might be expected on the basis of
objective information, such as medication usage, was analogous to the findings of
Salthouse et al. (1990). They suggested that health factors are most likely not important
determinants of age-related changes in cognition (Salthouse et al.).
Education. A one-way ANOVA was conducted to examine age differences in
education level. The descriptive statistics for years of education in each age group are

Age-Related Changes in Cognition 23
presented in Table 2.4. The assumptions of the analysis were examined and found not to
be problematic.
Table 2.4
Mean, Standard Deviation (SD) and Range of Education (years) for each Age Group (N
= 125)
Age Group

18-30

Mean

13.37

(SD)

(2.51)

31-44

45-57

58-69

70 plus

15.09

13.77

15.74

12.04

(3.90)

(4.41)

(4.03)

(3.81)

Range

9-23

10-24

7-27

9-24

7-22

N

27

22

26

23

27

There was a significant effect of age group, F(4, 120) = 3.71, p = .007, partial
eta squared (ηp2) = .11. Contrast analyses revealed that there were no significant
differences between the 18 to 30 years, 31 to 44 years, 45 to 57 years and 58 to 69 years
age groups in education (all p’s > .05), therefore these groups were combined. The 70
years and older group had significantly fewer years of formal education than the other
age groups combined (p = .003). However, the ranges within age groups were similar
and the correlation between age (continuously scaled) and years of education was not
significant, (r = -.09, p = .34). This suggests that the number of years of formal
education across the sample were comparable.
Reference Measures
Verbal intelligence. Verbal intelligence was assessed using the WAIS-III
vocabulary subtest (Wechsler, 1997). This subtest was administered and scored using
the standardised instructions. The maximum total score is 66. These scores were also
standardised based on the age norms presented in the manual (M = 10, SD = 3;
Wechsler).
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Fluid intelligence. The Matrix reasoning subtest of the WAIS-III (Wechsler,
1997) was administered and scored using the standardised instructions. This task was
used as a measure of fluid intelligence because it is a non-verbal reasoning task, and
correlates with Raven’s Standard Progressive Matrices (r = .81; Wechsler). The
maximum total score is 26. The scores were also standardised based on the age norms
presented in the manual (M = 10, SD = 3; Wechsler).
Processing speed. Processing speed was assessed using the WAIS-III digit
symbol subtest (Wechsler, 1997), which is often interpreted as a measure of
perceptual/motor speed (Chen & Li, 2007). This subtest required participants to
substitute symbols corresponding to the digits 1 to 9 according to a code table displayed
constantly at the top of the page. The dependent measure was the total number of items
correctly substituted within 2 minutes.
As the digit symbol subtest might involve a motor component, processing speed
was also assessed using the rapid automatised naming task (RAN; Denckla & Rudel,
1976). The RAN word list contained four columns with 30 words in each column (120
words). A copy of the word list is presented in Appendix C. Participants were required
to read the words aloud as quickly as possible. They were instructed to read down each
column of the list and if they completed the entire list before the designated 1 minute
time limit to continue from the beginning. The dependent measure was the number of
words correctly named. For both processing speed tasks a higher score denotes better
performance.
Tower of London 4 (TOL4). The version included in the current study was TOL4
(Shum et al., 2000). This version has not previously been used with an older sample.
The participants’ task was to rearrange the coloured discs, in a specified number of
moves, to match a configuration depicted on cards. The apparatus consists of four
coloured discs (blue, yellow, white, black) and a base of three rods of diminishing
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height, as shown in a Figure 2.1. Depending on its height, a pole can accommodate two,
three, or four discs.

Figure 2.1. Shum et al.’s (2000) Tower of London 4 discs modified version.
The TOL4 was administered and scored using the procedures described by Shum
et al. (2000). The task consists of 10 test items. There was one test item with each of 2,
3, 4 and 7 moves, and two test items with each of 5, 6, and 9 moves. Of these 10 items,
five were classified as simple (2 to 5 moves) and five as difficult (6 to 9 moves). The
instructions emphasised accuracy rather than speed of performance. Three points were
awarded for solving a problem on the first attempt, two points on the second attempt,
one point on the third attempt, and zero points if the problem was not solved after three
attempts (Shum, et al.). Total scores ranged from 0 to 30. The scores were converted to
percentages.
Treatment of Results
Prior to reporting the results of the reference tasks, the analytic approach used
throughout the thesis will be described. The results for each relevant task are presented
following the introduction and method section in each chapter. Chapters 2 through 5, 7
and 8 assessed age effects and any associated interactions using one-way factorial or
multivariate analysis of variance/covariance (ANOVA/MANCOVA). In each analysis
age group was a between subjects variable. Only significant results will be reported for
these analyses. The age group variable was partitioned into up to four (k -1) forward
contrasts to identify the approximate age of onset of the expected decline. If there were
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no significant differences between groups, they were combined and compared to the
next older age group, and so on. The measure of effect size reported in all ANOVAs
was partial eta squared (ηp2).
Correlation and regression analyses were employed in Chapters 3 through 10 to
investigate within and between construct associations. Age-related declines in each of
the constructs were also assessed using hierarchical and mediating regression
techniques. An alpha level of 0.05 was used for all statistical analyses presented in this
research, unless otherwise specified.
The assumptions of the individual analyses were met unless otherwise stated.
When violations of assumptions occurred the distributions were further investigated and
transformations undertaken. However, as the untransformed and transformed scores
revealed a similar pattern of findings the untransformed data were presented. For each
analysis, outliers and extreme scores were identified and investigated. All scores were
retained in the final analyses unless otherwise stated. When the assumptions of
homogeneity of variance/covariance and sphericity were violated the unequal variance
and Huynh-Feldt corrections were interpreted.
Results
Verbal Intelligence
A 2 (Gender) × 5 (Age group) factorial ANOVA was conducted with vocabulary
raw scores as the dependent variable. The mean raw scores and standard errors on
vocabulary for each age group are presented in Figure 2.2. A significant main effect of
age group was observed, F(4, 115) = 3.80, p = .006, ηp2 =.12. Contrast analyses
revealed that the 18 to 30 years group had significantly lower raw vocabulary scores
than the 31 to 44 years group (p = .005). There were no significant differences between
the 31 to 44 years, 45 to 57 years, 58 to 69 years and the 70 years and older age groups
in vocabulary (all p’s > .05). There were no other significant effects.
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Vocabularymean score
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Figure 2.2. Mean (SE) for raw scores on WAIS-III vocabulary subtest for each age
group (N = 125).

Fluid Intelligence
A 2 (Gender) × 5 (Age group) factorial ANOVA was conducted with raw Matrix
reasoning scores as dependent variable. The mean raw scores and standard errors on
Matrix reasoning for each age group are presented in Figure 2.3. There was a significant
main effect of age group, F(4, 115) = 13.94, p < .001, ηp2 = .33. Contrast analyses
revealed that there were no significant differences between the 18 to 30 years, 31 to 44
years, 45 to 57 years and 58 to 69 years age groups in Matrix reasoning (all p’s > .05),
therefore these groups were combined. The 70 years and older group had significantly
lower raw Matrix reasoning scores than the all the younger age groups combined (p <
.001). There were no other significant effects.
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Figure 2.3. Mean (SE) for raw scores on WAIS-III Matrix reasoning subtest for each
age group (N = 125).

Representativeness of the Sample
The standardised scores for the WAIS-III (Wechsler, 1997) vocabulary and
Matrix reasoning were also analysed in two 2 (Gender) × 5 (Age group) factorial
ANOVA. This analysis was used to assess whether the participants included in this
research were representative of the population in terms of verbal and fluid abilities. The
means and standard deviation for these standardised scores for each age group are
presented in Table 2.5.
For vocabulary, there was a significant main effect for age group, F(4, 115) =
2.47, p = .05, ηp2 = .08. The contrast analyses revealed that there were no significant
differences between the 18 to 30 years, 31 to 44 years and 45 to 57 years groups (all p’s
> .05), therefore these groups were combined. The 58 to 69 years group had a
significantly higher standardised vocabulary score than this younger combined group (p
= .006), however, the 58 to 69 years group did not differ from the 70 years and older
group (p = .79). There was no significant main effect of age group (p = .56) for Matrix
reasoning.
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Table 2.5
Standardised Mean and Standard Deviation (SD) for Vocabulary and Matrix Reasoning
Scores for each Age Group (N = 125)
Age Group

18-30

31-44

45-57

58-69

70 plus

Vocabulary

11.93

12.55

12.08

13.48

13.33

(SD)

(1.47)

(2.18)

(2.55)

(1.97)

(2.34)

Matrix Reasoning

12.48

12.36

12.50

13.26

12.00

(2.62)

3.30

2.56

(2.56)

(2.95)

22

26

23

(SD)
N

27

27

Processing speed
Two 2 (Gender) × 5 (Age group) factorial ANOVAs were conducted with total
digit symbol and RAN scores as the dependent variables. The means and standard errors
for the processing speed measures are presented in Table 2.6. For digit symbol scores, a
significant main effect of age group was observed, F(4, 115) = 29.07, p < .001, ηp2 =
.50. Contrast analyses revealed that there was no significant difference in efficiency of
copying symbols between the 18 to 30 years and 31 to 44 years groups (p = .68),
therefore these groups were combined. There was a progressive decline thereafter. The
45 to 57 years group copied symbols significantly less efficiently than this combined
younger group (p < .001); the 58 to 69 years group copied symbols significantly less
efficiently than the 45 to 57 years group (p = .02); and the 70 years and older group
copied symbols significantly less efficiently than the 58 to 69 years group (p < .001).
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Table 2.6
Mean (SE) for the Processing speed Measures for Each Age Group (N= 125)
Age Group

18-30

31-44

45-57

58-69

70 plus

Digit Symbol

81.75

81.60

70.61

63.34

48.69

(SE)

(2.67)

(2.75)

(2.50)

(2.87)

(2.46)

RAN

109.68

110.91

108.60

102.68

95.53

(SE)

(2.91)

(3.00)

(2.72)

(3.13)

(2.68)

N

27

22

26

23

27

Note: Rapid Automatized Naming (RAN)
For the RAN, a significant main effect of age group was observed, F(4, 115) =
5.32, p = .001, ηp2 = .16. Contrast analyses revealed there was no significant difference
in RAN scores for the 18 to 30 years, 31 to 44 years and 45 to 57 years groups (p’s >
.05). However, the 58 to 69 years group was significantly slower on the RAN than this
combined younger group (p = .04). The 58 to 69 years group did not differ from the 70
years and older group in verbal processing speed (p = .07).
As a significant positive correlation was observed between the two measures of
processing speed (r = .47, p < .001) a composite score of processing speed was
calculated (Z-processing speed). This score averaged the standardised scores (Z-scores)
of the digit symbol subtest and the RAN;
Z-processing speed = (Z-digit symbol + Z-RAN)
2
Salthouse and colleagues (e.g., Salthouse, 1992; Salthouse & Babcock, 1991) have
consistently used this method to create composite scores.
A supplementary 2 (Gender) × 5 (Age group) factorial ANOVAs was conducted
with Z-processing speed the dependent variables. A significant main effect of age group
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was observed, F(4, 120) = 21.25, p < .001, ηp2 = .42. The mean Z-processing speed and

Z-speed of processing

.

standard errors for are presented in Figure 2.4.
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Figure 2.4. Mean (SE) for Z-processing speed for each age group (N = 125).
Contrast analyses revealed no significant difference between the 18 to 30 years
and 31 to 44 years groups (p = .75) on the composite measure of processing speed,
therefore these groups were combined. There was a progressive slowing thereafter. The
45 to 57 years group was significantly slower than this combined younger group (p =
.02); the 58 to 69 years group was significantly slower than the 45 to 57 years group (p
= .03); and the 70 years and older group was significantly slower than the 58 to 69 years
group (p = .001).
Tower of London
All individuals in the 31 to 44 years group performed perfectly on the simple
TOL4 items. To avoid zero variance for these cells, the 18 to 30 years and 31 to 44
years groups were combined for the following analysis. One male participant, aged 64
years, did not complete this task. A 2 (Gender) × 2 (Difficulty) × 4 (Age group)
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factorial ANOVA was performed with total TOL4 raw scores as the dependent variable.
The descriptive statistics for each age group are presented in Table 2.7.
Table 2.7
Mean (%) and Standard Error (SE) Total Scores on the TOL4 for Each Age Group (N=
124)
Age Group (years)
18-44

45-57

58-69

70 plus

Mean

80.36

78.59

78.44

72.61

(SE)

1.14

1.56

1.89

1.53

A significant main effect of difficulty was observed, F(1, 116) = 683.76, p <
.0001, ηp2 = .86. A significantly higher mean score was observed for simple (M =
98.30%, SE = 0.36) than difficult items (M = 56.70%, SE = 1.53). A significant main
effect of age group was observed, F(3, 116) = 5.64, p = .001, ηp2 = .13. Contrast
analyses revealed that there were no significant difference between the 18 to 44 years,
45 to 57 years and the 58 to 69 years age groups (both p’s > .05), therefore these groups
were combined. The 70 years and older groups performed significantly more poorly
than this combined younger group (p < .001). There was no significant Difficulty × Age
group interaction.
Discussion
The results of the reference measures replicated previous research in ageing. As
predicted, verbal abilities assessed using the vocabulary subtest of the WAIS-III
(Wechsler, 1997), remained relatively stable across the lifespan from approximately 31
years. However as is often the case (see Verhaeghen, 2003) the youngest group
performed more poorly than the older groups. Consistent with previous research (Bugg
et al., 2006; Horn & Cattell, 1967), older adults’ aged 70 years and over performed
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similarly to the other groups on vocabulary, a measure of verbal crystallized ability but
less well on the Matrix reasoning a measure of fluid ability.
Consistent with previous research (e.g., Salthouse, 1996; Verhaeghen &
Salthouse, 1997) there was evidence of age differences in perceptual speed, as assessed
by the digit symbol subtest of the WAIS-III (Wechsler, 1997) and verbal processing
speed, as assessed by the RAN (Denckla & Rudel, 1976). There was a progressive
decline from 45 years on perceptual speed and from 58 years on verbal processing
speed. The greater perceptual difficulty of the digit symbol task might underpin the
earlier onset of decline observed for this task than the RAN task (Lindenberger, Mayr,
& Kliegl, 1993; Parkin & Java, 1999; Piccinin & Rabbitt, 1999). As the two measures
of processing speed were positively correlated the composite measure (p. 30) will be
used in subsequent analyses.
Somewhat consistent with previous research using different versions of the TOL
(e.g., Crawford et al., 2000; Robbins et al., 1998, Zook et al., 2006) those aged 70 years
and older performed more poorly than all other age groups on the TOL4 version
included in this research. The absence of a Difficulty × Age Group interaction suggests
older adults perform more poorly on the TOL4 regardless of the level of difficulty.
As shown in Table 2.5, the scaled scores for the verbal (crystallized) and Matrix
reasoning (fluid) subtests on the WAIS III (Wechsler, 1997) were within or above the
normal range. Verbal ability (scaled) was superior for those aged 58 years and older
compared to the other age groups, even after these scores were scaled for age. This
finding might reflect a more positively self-selected sample of older adults. (see
Verhaeghen, 2003). Therefore education and vocabulary were included as control
variables when necessary. There were no age differences evident on the Matrix
reasoning scaled scores. Overall, it was concluded that the sample of adults included in
the current study was reasonably representative of the normal population.
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In summary, whilst there were age-related improvements observed in verbal
ability based on raw scores, age-related decrements were evident on fluid intelligence,
processing speed and TOL4. Fluid intelligence, processing speed and TOL4 will be
further addressed in subsequent chapters. Fluid intelligence and TOL4 have been linked
to the PFC (e.g., Bugg et al., 2006) so these measures will be used in Chapter 10 as
reference measures of frontal functioning.
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CHAPTER 3. EXECUTIVE ATTENTION AND AGEING
The executive attention system is involved in effortful control and co-ordination
(Norman & Shallice, 1986), goal-directed behaviour, error detection, conflict resolution,
and inhibition of automatic responses (Berger & Posner, 2000). It is also required
during situations that are novel, that involve distracting or conflicting information, or
when multiple sources of information compete for a response (Norman & Shallice,
1986). Executive attention is often investigated using the Stroop Colour-Word task
(Stroop, 1935).
The Stroop task requires individuals to name the ink colour of the colour-word
stimuli when these two sources of information are either congruent (e.g., the word ‘red’
presented in red ink) or incongruent (e.g., the word ‘red’ presented in blue ink; West,
2004). Increased error rates and response times found during the incongruent trials are
known as the Stroop effect. The Stroop effect has been attributed to a variety of factors
including the greater attentional demands imposed by the two conflicting sources of
information (ink colour, word meaning; Prakash et al., 2009), differences in the
automaticity of colour-naming and word-reading processes (MacLeod, 1991), the
failure to maintain appropriate task context (Cohen, Dunbar, & McCelland, 1990) and
failure to inhibit word reading (Lindsay & Jacoby, 1994). The following sections will
first highlight the brain regions involved in performance of the Stroop task and then
provide evidence of age-related performance declines on this task. The methodology
applied and the empirical findings of the current study, pertaining to executive attention,
will then be described and discussed.
Brain regions involved in Stroop performance.
Alvarez and Emory (2006) conducted a meta-analysis, which included both
lesion (6 studies published from 1974 to 2001) and functional neuroimaging studies (9
studies published from 1990 to 2000) exploring various frontal tasks, including the
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Stroop task. The analysis showed that the region primarily activated during performance
of the Stroop task was the anterior cingulate. Other brain regions included the middle
frontal gyrus, parietal lobe regions, motor areas, and temporal lobe regions. They
concluded that a distributed neuronal network of frontal and non-frontal regions was
involved in Stroop performance.
West and Bell (1997) utilised a version of the Stroop task in which colour and
word information was either integrated (incongruent) or spatially separated (word
presented immediately below the colour; congruent). Electroencephalogram (EEG)
activations of the frontal medial, frontal lateral, parietal and occipital locations were
measured during task performance of younger (M = 20.30 years) and older (M = 70.47
years) participants. Age differences in task related activations were evident in the
medial and lateral frontal, and parietal regions, but not in occipital regions. Older adults
showed greater activation than younger adults in the incongruent condition but not in
the congruent condition. The findings are consistent with the involvement of prefrontal
and parietal regions in the incongruent condition.
Milham et al.’s (2002) investigated neural activity in both younger (M = 23
years) and older adults (M = 68 years) during performance of the Stroop task. The fMRI
results showed more extensive DLPFC activity for the younger group compared to the
older group during the incongruent condition of the Stroop task. Specifically, older
adults showed more diffuse activation of bilateral anterior prefrontal regions, including
the anterior cingulate cortex. These findings might reflect age-related declines in
effectively implementing attentional control (Milham et al.).
Likewise, Langenecker, Nielson, and Rao, (2004) provided evidence of frontal
lobe involvement in the Stroop task for both younger (M = 26.30 years) and older adults
(M = 71.10 years). Specifically, the fMRI results showed recruitment of the inferior
frontal gyrus (IFG) during Stroop interference. Moreover, there was greater activation
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in the premotor, dorsolateral, ventrolateral and medial frontal regions for the older
compared to younger adults. This further demonstrates the role of the PFC in this task,
particularly for older adults.
An ERP (event-related brain potential) study by West (2004) included both
younger (M = 21.36 years) and older adults (M = 72.21 years). The results indicated that
age differences in the Stroop task performance might reflect age-related changes in the
neural structures that support conflict processing, namely the anterior cingulate and the
prefrontal cortex.
Similarly, Prakash et al.’s (2009) fMRI research investigated the brain regions
involved in performance of the Stroop task. The results showed both prefrontal
(DLPFC) and to a lesser extent parietal activation for older adults (M = 65.50 years).
This was the case even in the less difficult conditions (i.e., congruent, neutral
conditions). The same regions were less responsive to the increased attentional demands
of the incongruent condition for the older adults. However, younger adults (M = 23.60
years) showed increased DLPFC activity in conditions of greater conflict (i.e.,
incongruent condition). The authors suggested that older adults have greater difficulty
flexibly allocating neural resources and poorer attentional during the Stroop task
(Prakash et al.).
Age-related declines in Stroop task performance.
Research indicates that the Stroop interference effect is highly robust and
sensitive to age-related declines (West, 1996). Hartley (1993) used two versions of the
Stroop task. In the congruent version each colour word was adjacent to a colour block.
The colour word was spatially separated from the colour block therefore naming the
colour word could be easily suppressed through spatial filtering. In the incongruent
version, the words were written in colour. Both elements were integrated and spatial
filtering was not possible. Therefore participants could not avoid the conflict between
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ink colour and word meaning. An advance cue (peripheral or central) preceded the
stimulus to indicate where it would appear, to ensure that attention was oriented to the
location of the colour stimulus.
Sixteen younger (M = 18.30 years) and 16 older (M = 75.90 years) adults
participated in this study (Hartley, 1993). Mean response times were significantly
longer for correct incongruent than correct congruent trials (Stroop effect). The age
difference was significant for the standard incongruent condition which taxed the
executive attention system, but not for the congruent condition. The finding was not an
artefact of slowing because the proportional increase in response time from the
congruent to the incongruent condition was significantly greater for the older (22%)
than the younger adults (12%). This finding is consistent with age-related declines in
performance on the Stroop task. Similarly, West and Bell (1997), described above,
showed increased response latencies and error rates for older than younger adults in the
incongruent, but not in the congruent condition. These findings appear to reflect agerelated decrements in Stroop interference.
However, Verhaegen and De Meersman, (1998) contend that the increased
Stroop effect in aged populations is an artefact of general slowing. They suggested that
interpretation of the results in ageing studies on the Stroop effect is problematic due the
way this effect is measured. Interference scores are typically calculated by subtracting
response times in the baseline condition (neutral, congruent) from response times in the
incongruent condition. This method often yields a greater interference effect for the
older participants. Their meta-analysis compared younger (M < 30 years) and older
adults (M > 60 years). Mean standardised difference scores were calculated for each of
the 20 studies by subtracting baseline latency from interference latency and dividing by
pooled standard deviation. Their results showed no difference between the two age
groups in the Stroop interference effect. The larger age effect frequently reported in the
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incongruent condition appears to be a consequence of general slowing. This concurs
with general slowing theories, which predict that age differences would be larger in the
interference condition, because more time is required for processing in the incongruent
condition than the baseline conditions (Salthouse & Meinz, 1995).
However, more recent research has shown that age differences in Stroop
interference go beyond generalised slowing (Bugg, DeLosh, Davalos, & Davis, 2007).
Of the 983 participants who completed the Stroop colour naming task, 281 participants
also completed two measures of processing speed (simple reaction time, choice reaction
time). The dependent measure for the Stroop task was response latencies for the
incongruent condition. The results showed that processing speed explained some of the
age-related decrements in Stroop performance, however, a substantial proportion of agerelated variance (between 66% to 88%) was not accounted for by generalised slowing.
The current study provides a further test of the frontal lobe theory of cognitive
ageing (West, 1996), by investigating age-related decrements in a traditional measure of
executive attention, the Stroop task. Based on previous research (e.g., Bugg et al.,
2007) age-related performance decrements the Stroop task, beyond generalised slowing,
were predicted.
Method
Stroop Colour Word Test
Stimuli. In the Stroop Colour Word Test (Golden, 1978) the stimuli were the
words red, green, and blue or XXXX. The stimuli were printed in upper case, font size
12 in black, red, blue, and green ink colours. There were three conditions. In the word
condition (W), the words were printed in black ink. In the colour condition (C), the Xs
were printed in either, red, green, or blue ink. In the colour-word condition (CW), the
words were printed in an ink colour that was inconsistent with the word (e.g., the word
red printed in blue ink). The stimuli for the three conditions constituted separate lists.
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Each list was presented on a separate A4 sized page, with 100 words on each page. The
stimuli were arranged in four columns with 25 words (or XXXX) in each.
Procedure. In all conditions the participants were required to read down the
columns naming aloud, each word in the W condition, the ink colour of the XXXX in
the C condition and the ink colour of the words in the CW condition. They were
required to name as many stimuli as possible in a 45-second period. If they completed
the list they were instructed to continue from the beginning of the list until the 45second period had elapsed. A practice trial was presented prior to commencement of the
task.
The performance measures were the numbers of words or colours named in each
of the three conditions. An interference score, which controls for generalised slowing,
was also calculated. This score assumes that the time taken to name the ink colour of the
words in the CW item is an additive of the time to read the word (W) and the time to
name the colour (C: Chafetz & Matthews, 2004). This was simplified to the following
formula:
Predicted colour-word score (CWp) = (W × C)
(W + C)
This is the predicted number of colours named in the CW condition (Golden, 1978). The
interference score was calculated by subtracting the predicted CWp from the actual
number of colours named in the CW condition. Positive interference scores indicate that
more colours were named in the incongruent condition than expected based on the
numbers of naming responses in the W and C conditions. Negative scores indicate the
presence of Stroop interference (Chafetz & Matthews).
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Results
Two male participants (aged 47 years and 54 years) did not complete the Stroop
task due to colour blindness. A 3 (Congruency: W, C, CW) × 5 (Age group) mixed
factorial ANOVA was conducted. The dependent variable was number of correct
naming responses within the 45-second time limit.
Significant main effects of congruency, F(2, 225) = 1470.61, p < .001, ηp2 = .93
and age group, F(4, 118) = 22.37, p < .001, ηp2 = .43 were observed. These main effects
were modified by a significant Congruency × Age group interaction, F(8, 236) = 3.13,
p = .002, ηp2 = .10. This interaction is presented in Figure 3.1.
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Figure 3.1. Means (SE) naming responses for congruency (C, CW) × age group and
congruency (W, CW) × age group interactions on the Stroop task (N = 123).

As the congruency and age group effects were of equal interest the interaction
was analysed both ways. The congruency variable was partitioned into two contrasts: C
versus CW and W versus CW conditions. The Congruency (C, CW) × Age group
interaction, F(4, 118) = 3.40, p = .01, ηp2 = .10 was significant. The C condition
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produced a significantly higher number of naming responses than the CW condition in
all age groups: 18 to 30 year olds, F(1, 118) = 182.45, p < .001, ηp 2= .61; 31 to 44
years, F(1, 118) = 212.98, p < .001, ηp2 = .64; 45 to 57 years, F(1, 118) = 312.56, p <
.001, ηp2 = .73; 58 to 69 years, F(1, 118) = 245.11, p < .001, ηp2 = .68; and the 70 plus
years, F(1, 118) = 254.77, p < .001, ηp2= .68.
The interaction was also partitioned according to congruency. The simple effect
of age was significant in the C condition, F(4, 120) = 14.39, p < .001, ηp2 = .33.
Contrast analyses revealed no significant difference between the 18 to 30 years and 31
to 44 years groups (p = .15), therefore they were combined. This combined younger
group made significantly more naming responses than the 45 to 57 years group (p =
.005). There was no significant difference between the 45 to 57 years and 58 to 69 years
groups (p = .91), however these groups combined made significantly more naming
responses than the 70 years and older group (p < .001).
The simple effect of age was also significant in the CW condition, F(4, 120) =
33.51, p < .001, ηp2 = .53. Contrast analyses revealed that there was no significant
difference between the 18 to 30 years and 31 to 44 years groups (p = .88), therefore they
were combined. This combined younger group made significantly more naming
responses than the 45 to 57 years group (p < .001). There was no significant difference
between the 45 to 57 years and 58 to 69 years groups (p = .23), however these groups
combined made significantly more naming responses than the 70 years and older group
(p < .001).
The Congruency (W, CW) × Age group interaction, F(4, 118) = 3.37, p = .01, ηp2
= .10 was also significant (see Figure 3.1). The W condition produced a significantly
higher number of naming responses than the CW condition in all age groups: 18 to 30
year olds, F(1, 118) = 469.74, p < .001, ηp2 = .80; 31 to 44 years, F(1, 118) = 341.87, p
< .001, ηp2 = .74; 44 to 57 years, F(1, 118) = 576.90, p < .001, ηp2 = .83; 58 to 69 years,
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F(1, 118) = 409.65, p < .001, ηp2 = .78; and the 70 plus years, F(1, 118) = 562.78, p <
.001, ηp2 = .83.
The interaction was also partitioned according to congruency. The simple effect
of age was significant in the W condition, F(4, 120) = 7.59, p < .001, ηp2 = .21. (p =
.03). Contrast analyses revealed that there was no significant difference between the 18
to 30 years, 31 to 44 years and 45 to 57 years groups therefore they were combined (all
p’s > .05). This combined younger group made significantly more naming responses
than the 58 to 69 years group (p = .005). There was no significant difference between
the 58 to 69 years and 70 years and older age groups (p = .14). For the CW condition,
the results were as described above.
Thus the significant age group effects in all three conditions reflect an overall
reduction in the number of naming responses as age increased. The Congruency × Age
group interaction appears to reflect slightly different patterns of decline in the W, C and
CW conditions. The effect size for age was largest in the incongruent condition (CW),
followed by the congruent condition (C) and finally the neutral condition (W).
Interference scores. These scores were computed using the formula described in
the method section (p. 40). Positive scores indicate that more colours were named in the
CW condition than would be expected based on performance in the C and W conditions
(i.e., positive scores indicate less interference). Negative scores indicate that fewer
colours were named in the CW condition than would be expected based on performance
in the C and W condition (i.e., negative scores indicate more interference). The means
and standard errors are presented in Figure 3.2.
A 2 (Gender) × 5 (Age group) factorial ANOVA was conducted with
interference scores as the dependent variable. A significant main effect of age group,
F(4, 113) = 15.86, p < .001, ηp2 = .36 was observed (see Figure 3.5). Contrast analyses
revealed that there was no significant difference between the 18 to 30 years and 31 to 44
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years groups (p = .63), therefore they were combined. There was significantly less
interference for this combined group than the 45 to 57 years group (p < .001). There
was no significant difference between the 45 to 57 years, 58 to 69 and the 70 years and
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Figure 3.2. Mean (SE) interference scores on the Stroop test for each age group (N =
123).
Single sample t-tests were also conducted to compare the means for each age
group to zero (no interference). The means for the 18 to 30 years, t(26) = 7.87, p < .001
and 31 to 44 years, t(22) = 2.99, p =.007 groups were significantly above zero,
indicating less interference than expected. The mean interference score for the 45 to 57
years, t(23) = -2.93, p = .008 and 70 plus years, t(26) = -5.97, p < .001 groups were
significantly below zero, indicating more interference than expected. The 57 to 69 years
group’s mean interference score did not differ significantly from zero (p = .43),
however, it was significantly below the mean for the 31 to 44 years group, t(43) = 2.78,
p = .008.
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Discussion
The Stroop task provided a measure of executive attention in the current
research. The congruency effect was evident for all age groups. However, the
magnitude of the effect sizes showed that adults aged from 45 years had greater
difficulty under conditions requiring conflict resolution (i.e., CW condition). Moreover,
there was evidence of increased Stroop interference for adults aged 45 years and over.
These findings are consistent with previous research which showed age-related
performance decrements on the Stroop task, beyond generalised slowing (Bugg et al.,
2007; West, 2004).
These findings might reflect decrements in executive attention for older adults.
More specifically, greater interference might be a consequence of age-related
degeneration in the neural circuits that support conflict processing, specifically the
anterior cingulate and the PFC (West, 2004). This interpretation is consistent with the
frontal lobe theory of cognitive ageing. The Stroop interference scores will be used as a
measure of executive attention in the further analyses reported in Chapters 6, 9 and 10.
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CHAPTER 4. INHIBITORY CONTROL AND AGEING
Inhibition is described in a variety of ways in the literature and by different
investigators (Lustig et al., 2007). It is often considered a multi-dimensional rather than
a unitary construct (e.g., Dempster, 1992; Friedman & Miyake 2004; Kramer,
Humphrey, Larish, Logan, & Strayer, 1994). In the following sections three partially
overlapping conceptualisations of inhibition are described, evidence for the involvement
of the frontal lobes in inhibitory control is summarized, and evidence for age-related
declines in inhibitory control is reviewed. The methodology applied and the empirical
findings will then be described and discussed.
Hasher, Zacks, and May (1999) proposed three functions of inhibition. The first
is access, which involves averting any activated but goal-irrelevant information from
entering working memory. The second is deletion, which involves removing irrelevant
information from the focus of attention. Proactive interference in memory (intrusion of
previously learned but now irrelevant material) occurs when there is diminished control
over the functions of access and deletion (Lustig et al., 2007). The third function is
restraint, which involves suppressing or restraining strong but inappropriate responses.
Behaviour is dominated by habitual responding when restraint is diminished.
Friedman and Miyake (2004) also proposed three inhibitory mechanisms. The
first was prepotent response inhibition, which is similar to Hasher et al.’s (1999)
restraint function in that it involves suppression of dominant, automatic, or prepotent
responses. The second was resistance to distractor interference, which involves resisting
interference from irrelevant information in the external environment. The third was
resistance to proactive interference. The results of latent variable analysis supported the
existence of two inhibitory mechanisms. Two latent variables labelled resistance to
proactive interference and response-distractor inhibition emerged. Prepotent response
inhibition and resistance to distractor interference combined to form a single latent

Age-Related Changes in Cognition 47
variable (i.e., response-distractor). These two variables contributed differentially to
performance on cognitive tasks in younger adults. Response-distractor inhibition was
associated with aspects of random-number generation, switching ability, and everyday
cognitive failures, whereas resistance to proactive interference was associated with
recall on a working memory task (e.g., Reading span) and unwanted intrusive thoughts.
Aron et al. (2004) also identified three specific aspects of inhibitory control:
response inhibition; task-set switching; and inhibition during memory retrieval.
Response inhibition is similar to Hasher et al.’s (1999) restraint, and Friedman and
Miyake’s (2004) prepotent response inhibition. It is defined as a cognitive process
required to cancel an intended movement. Response inhibition is tested using go/no-go
and stop-signal tasks. In the go/no-go task participants respond to a specified stimulus
(i.e., go trial) and withhold responses to a different stimulus (i.e., no-go trial). The stopsignal procedure also involves two components, a go task (e.g., discriminate between an
X and an O), and a stop task (e.g., a random, infrequent tone that instructs the
participant to inhibit the planned response to the go signal). One difference between
these two tasks is that go/no-go measures inhibition of a prepotent response and stopsignal measures inhibition of already initiated responses (Boecker, Buecheler,
Schroeter, & Gauggel, 2007).
Task-set switching involves executive control, in that it requires the ability to
flexibly switch back and forth between tasks or mental sets (Friedman & Miyake,
2004). Switching tasks involve stimuli that afford multiple responses (e.g., respond on
the basis of the colour or shape of objects). Participants are required to switch between
performing task A (e.g., classify according to colour) and task B (e.g., classify
according to shape; Aron et al., 2004). The dependent variable is switch cost, defined as
the difference in response times (RT) and/or error rates between switch and non-switch
trials. There are two types of switch cost. Global switch cost compares separate trial
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blocks in which tasks A and B are performed, with trial blocks in which participants
switch between tasks A and B on successive trials within blocks (Oberauer, 2005;
Verhaeghen, Cerella, Bopp, & Basak, 2005). Local switch cost involves comparing,
within a single block of trials, performance on trials requiring switching with trials in
which no switching is required (Oberauer; Verhaeghen et al.).
Inhibition during memory retrieval involves disruption and control of distracting
memories. It has strong similarities to Friedman and Miyake’s (2004) proactive
interference and Hasher et al.’s (1999) deletion. This type of inhibition can be tested
using the paired-associates paradigm. In the AB-AC version of this task, two lists of
semantically related word pairs are learned. Each pair consists of a cue word (e.g., bird)
and a response word (e.g., bath) and the participant is required to recall the response
word when presented with the cue word. In the second list, the same cue word (e.g.,
bird) is paired with a new response word (e.g., feather). Learning and recall of the
second list is susceptible to proactive interference from the first list. In the AB-ABr
version, the cue and the target words are recombined to form new pairs for the second
list. There is usually no semantic associations between the word pairs in this version.
Inhibitory demands are supposed to be higher in this version of the task because the
response words are relevant to both lists.
Frontal Lobe involvement in Inhibitory Control
The frontal lobes (Dempster, 1992), especially the PFC (West, 1996), appear to
be important in interference control. Aron et al. (2004) emphasised the importance of a
specific region within the PFC in inhibition, namely, the inferior frontal cortex (IFC).
The following section provides a review of primate studies, neuropsychological studies
of patients with frontal lobe damage and neuroimaging studies for Aron et al.’s three
aspects of inhibitory control.
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Brain regions involved in response inhibition. Monkeys with damage to the OFC
performed more poorly on tasks requiring inhibition of prepotent responses relative to
controls (Iverson & Mishkin, 1970). Based on a review of neurophysiological studies in
marmoset, Roberts and Wallis (2000) showed that both the lateral PFC (i.e., similar to
the DLPFC in humans) and the OFC are involved in inhibitory processes. They
concluded that the PFC was crucial to response inhibition and that further regional
specialisation of inhibitory function within the PFC was likely.
This is analogous with human studies. A fMRI study utilising the go/no-go task
reported that the PFC is essential to response inhibition (Konishi, Nakajima, Uchida,
Sekihara, & Miyashita, 1998). Aron, Fletcher, Bullmore, Sahakian, and Robbins (2003)
reported activation of the right IFG during stop signal inhibition. They argued that
response inhibition is localised to this discrete region of the PFC. More recently, metaanalysis of neuroimaging tasks showed that the go/no-go task produced extensive
activation in the right DLPFC extending into the right IFG and insula (Nee, Wager, &
Jonides, 2007). It was suggested that the right IFG might underlie response execution
whereas the DLPFC might underlie response selection during the go/no-go task.
Activation of the left DLPFC, anterior cingulated cortex and small clusters in the
occipital cortex, albeit to a lesser extent, were also noted.
Nielson, Langenecker, and Garavan (2002) investigated the functional
neuroanatomy of inhibitory control across the lifespan. In this fMRI research, adults
aged 18 to 78 years performed a modified version of the go/no-go task (i.e., response
inhibition) that included a working memory component (i.e., the identity of the previous
target had to be retained in order to make a response decision). The regions of activation
during ‘successful inhibition’ were predominately the right prefrontal and parietal
regions. However, there was more extensive bilateral and prefrontal activation in older
groups. DLPFC and VLPFC regions were activated during the response inhibition task.
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VLPFC activation was most notable. They concluded that inhibitory ability is
associated with prefrontal function, and that older adults compensate for declining
performance by recruiting additional ipsilateral and contralateral brain regions.
Brain regions involved in task-set switching. There is evidence that the PFC is
more active during the switch than non-switch trials of switching tasks (Monsell, 2003).
For example, a neuroimaging study investigated task switching in younger (M = 25
years) and older (M = 69 years) adults (DiGirolamo et al., 2001). The results showed
that the medial and the dorsolateral frontal regions were activated in both groups during
switching. Dove, Pollmann, Schubert, Wiggins, and Yves von Cramon (2000)
corroborated this involvement of the PFC in task switching. However other regions
including the anterior insula bilaterally, left intraparietal sulcus, cuneus/precuneus,
posterior cingulate and thalamus were also activated.
Aron, Monsell, Sahakian, and Robbins (2004) investigated the specific regions
within the PFC involved in task-set switching. This MRI study included a control group
(M = 52.60 years) and individuals with damage confined to either the left PFC (M =
51.90 years) or the right PFC (M = 53.60 years). Both PFC groups had significantly
larger RT and error switch costs than the control group. This research showed that taskset switching involves multiple cognitive components, and regions within the PFC.
More specifically, the reactive suppression of task sets associated to the IFG, and topdown control of task sets linked to the medial frontal gyrus (MFG). The authors
highlighted the decisive role of the IFG in both task-set switching and response
inhibition.
Brain regions involved in proactive interference. Performance on proactive
interference tasks is also sensitive to frontal lobe functioning. For example, there is
evidence of heightened frontal lobe activity in normal participants during pairedassociate learning at the point when resistance to interference would be at its greatest
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(i.e., during second list learning; Uhl et al., 1990). In addition, Shimamura, Jurica,
Mangels, Gershberg, and Knight (1995) found that participants with damage to the
DLPFC showed greater vulnerability to interference in the paired-associates task.
Henson, Shallice, Josephs, and Dolan (2002) conducted a fMRI study to
investigate the brain regions involved in proactive interference in 16 young adults (22 to
30 years). An AB-AC paired associates paradigm was used and showed that frontal
regions, including bilateral frontopolar, left IFG and right DLPFC were activated under
varying levels of proactive interference. Prefrontal, temporal, anterior cingulate and
cerebellar activation has also been linked with semantic retrieval (Cabeza & Nyberg,
2000), which is required in the AB-AC paired associates paradigm. Accordingly, the
evidence suggests PFC involvement in each of the different types of inhibition.
Inhibitory Control and Ageing
Research suggests that inhibition might contribute to cognitive decline in older
adults. Hasher and Zacks (1988) proposed that age differences in working memory
derive from reduced inhibitory control. Specifically, normal inhibitory mechanisms
serve to limit entrance of irrelevant information into working memory. This irrelevant
information interferes with information processing, because it vies for working memory
resources. Reduced inhibitory functioning is often expressed as increased distractibility,
inappropriate responding and increased forgetfulness, which manifests as age-related
cognitive decline.
Dempster’s (1992) review included evidence from individuals with frontal lobe
lesions and younger and older adults in a wide range of interference-sensitive tasks
(e.g., WCST, Brown-Petersen task, text processing). These tasks involve task-set
shifting and suppression of prepotent responses. Similar patterns of performance
decrements on these tasks were reported for the older adults and those with frontal lobe
lesions. Dempster concluded that older adults have reduced capacity to inhibit irrelevant
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representations and this impacts on task performance. The decreased efficiency of the
frontal lobes, in older adults, might explain age-related performance decrements in tasks
sensitive to interference.
Response inhibition and ageing. Williams, Ponesse, Logan, Schachar, &
Tannock (1999) investigated changes in inhibitory control across the lifespan using a
stop-signal task, described previously. The participants ranged in age from 6 to 81
years. The results of the analysis, for adults, revealed that there was no significant
difference in stop signal reaction times between the younger (18 to 29 years), and older
(60 to 81 years) groups. However younger adults were significantly faster than their
older counterparts on the Go trials. They concluded that ability to inhibit a prepotent
response remains relatively stable in adulthood but the ability to execute a prepotent
response declines with increasing age. Salthouse, Atkinson, and Berish (2003) used a
similar stop-signal paradigm and also found no age-related decline in stop signal
reaction times or accuracy (% correct). However, they noted that the absence of a
significant association between reaction time and age was unusual. The authors
acknowledged the possibility that some participants might have delayed responding on
all trials in anticipation of the stop signal, yet this was not specifically investigated.
However, Kramer et al. (1994) demonstrated age-related declines in stopping.
The participants were 32 younger adults (M = 20.60 years), and 30 older adults (M =
67.80 years). A more complicated stopping task was used incorporating a neutral
condition, a compatible response condition, and an incompatible response condition.
The response time results showed that it was more difficult for older than younger
adults to stop an overt response on this more complex stopping task.
As aforementioned, Nielson, et al. (2002) investigated inhibitory control in 34
adults aged 18 to 78 years using a version of the go/no-go task. Participants were
divided into four age groups; younger (M = 25.50 years), middle-age (M = 43.30 years),
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young-old (M = 68.90 years), and older (M = 75.10 years). The task required
participants to respond to alternating target letters (e.g., X, Y, X, Y) and withhold a
response to repeated target letters (e.g., X, X). This is different from the standard go/nogo task where the stimulus response mappings (e.g., green = go, red = stop) are usually
constant. The behavioural analyses indicated that the older group was significantly
slower than the younger group. No significant age group differences were shown for
accuracy on go trials or no-go trials. However, a correlation analysis revealed an agerelated decline in no-go accuracy (r = -.44, p < .01). They concluded that inhibitory
control declines with age, and reduced efficiency of the PFC in older adult might
explain these age difference.
Andrés, Guerrini, Phillips, and Perfect (2008) also found changes in stop signal
responsiveness for older adults. Forty-six younger adults (M = 24.30 years) and 43 older
adults (M = 68.40 years) performed a negative priming task and a go/no-go task (Study
2). For the go/no-go task older adults were significantly slower than their younger
counterparts in both stop signal reaction times and go reaction times after controlling for
processing speed. A regression analysis revealed that stopping accuracy was dependent
on the go trial. They suggested that older adults might adopt a conservative response
strategy. This would be consistent with Salthouse et al.’s (2003) contention that
participants might wait for the stop signal, thereby, compensating for their difficulty at
inhibiting a response.
Task-set switching and ageing. Kramer, Hahn, and Gopher (1999) investigated
age-related changes in task switching. Study 1 included 20 younger participants (M =
20.20 years) and 20 older participants (M = 68.90 years). The component tasks required
participants to view rows of digits and indicate whether the number of digits (element
number task), or the value of the digits (digit value task) was greater than or less than
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five. Switch costs were computed based on the switch and non-switch trials.
Proportional switch costs were calculated as follows;
Proportional switch cost =

RT after switch – RT before switch

× 100

RT before switch
Older adults had larger proportional switch costs in early practice sessions. However,
their performance improved with practice.
Cepeda, Kramer, and Gonzalez de Sather (2001) investigated task switching in
152 individuals aged 7 to 82 years. The two component tasks were determining if the
number 1 or the number 3 was presented on the screen, and determining if a single
number or three numbers were presented on the screen. Reaction time switch cost was
the dependent measure. Larger switch costs were reported for children (7 to 12 years)
and older adults (over 60 years). Practice sessions were beneficial for all age groups but
particularly for children (10 to 12 years) and the older adults. Measures of perceptual
speed and working memory were also administered. In order to distinguish between
development and decline the sample was separated into two age ranges for the
regression analyses; 7 to 24 years and 25 to 82 years. Perceptual speed and working
memory accounted for some but not all the age-related variance in reaction time switch
cost in both age ranges. The findings showed an age-related improvement in task
switching from childhood to young adulthood and an age-related decline in taskswitching performance in older adults, independent of perceptual speed and working
memory.
While there are contrary findings (e.g., Kray, Li, & Lindenberger, 2002), much
of the research shows larger global switch costs for older than younger adults, and no
age differences in local switch costs (e.g., Kray & Lindenberger, 2000; Kray, 2006). For
example, Kray and Lindenberger compared younger (M = 29.60 years), middle-aged (M
= 50.30 years) and older (M = 69.50 years) adults on task switching. Numerical, figural
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and verbal stimulus sets were administered. Global switch costs were substantially
greater for middle-aged and older adults than for younger adults on the figural and
verbal tasks. There were no reliable age differences beyond those expected by
proportional slowing for local switch costs. A meta-analysis by Verhaeghen et al.
(2005) further substantiated this age sensitivity in global switch cost. Brinley plots
showed larger global but not local switch costs for older adults. This age-related
inefficiency in task switching has been interpreted as an impaired efficiency to inhibit
temporarily irrelevant task sets (Oberauer, 2005).
In contrast, Kray et al. (2002) reported a larger local but not global switch cost
for older adults. Differences in task demands, for example the predictability of switches,
amount of pre-experimental practice, and provision of external cues might explain the
variation in results. They concluded that the level of task uncertainty modulated agerelated changes in task switching and that task cues reduce uncertainty, thereby
decreasing the observed age differences in global switch costs.
Friedman, Nessler, Johnson, Ritter, and Bersick (2008) conducted a recent
event-related potential (ERP) investigation of age-related changes in task switching.
Younger (M = 23 years) and older adults (M = 71 years) performed a switching task.
Single digits were presented and participants decided either if the digits were greater
than or less than 5 or odd or even. Cues with task-relevant information (i.e., “more less”
or “odd even”) were also included. Global and local switch costs were computed.
Behavioural analyses showed no age differences in error switch costs, or in
global switch costs. However, age-related increases in local costs were observed.
Procedural factors were cited as one possible reason for not finding age-related
difference in global switch costs. In particular the presentation of cues providing taskrelevant information might have reduced the working memory demands and minimised
the age differences in global switch cost. The ERP analyses showed that older adults’
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consistently recruited prefrontal regions even in conditions where they were not
required in younger adults. Friedman et al. (2008) interpreted their findings in terms of
age differences in the efficiency of interference control.
Inhibition during memory retrieval and ageing. Kliegl and Lindenberger (1993)
investigated intrusion errors using an AB-ABr paired associates task in younger (M =
23.90 years) and older (M = 71.90 years) adults. Older adults demonstrated increased
susceptibility to intrusion errors, when correct recall was comparable across the younger
and older groups. This pattern of findings is indicative of increased difficulty inhibiting
previously learned associations (Oberauer, 2005).
Shimamura et al. (1995) conducted two experiments investigating performance
on paired associates task in patients with dorsolateral prefrontal lesions and agematched participants (M = 64.70 years). Experiment 1 used the AB-AC version of the
task and experiment 2 used the AB-ABr paradigm, described previously. In the AB-AC
paradigm, the frontal lesion group made significantly more intrusion errors than the
unimpaired control group. However, both groups exhibited proactive interference (i.e.,
similar number of intrusion errors) in the AB-ABr paradigm. Frontal dysfunction in
normally ageing adults was one possible explanation for this finding (Shimamura et al.).
More recently, Ebert and Anderson (2009) showed that older adults (M = 73.80 years)
and adults with mild cognitive impairment (M = 72.30 years) were more susceptible to
proactive interference than their younger counterparts (M = 22.30 years) on an AB-AC
paired associates task. However, neither of these studies was designed to specifically
focus on age-related declines in normally functioning adults.
Increased age has also been associated with lower recall accuracy on pairedassociate tasks (Ebert & Anderson, 2009; Salthouse et al., 2003). Ebert and Anderson
found that older adults’ recall was similar to their younger counterparts on the AB list
but their recall was significantly poorer on the AC list. The authors interpreted this
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interaction as consistent with greater proactive interference in older compared to
younger adults.
In summary, the evidence for age-related declines in inhibitory control is mixed.
Age-related declines have been demonstrated in response inhibition (e.g., Kramer et al.,
1994; Nielson et al., 2002), global switch costs (e.g., Cepeda et al., 2001; Kray &
Lindenberger, 2000; Kray, 2006; Verhaeghen et al., 2005) and inhibition in memory
retrieval (e.g., Ebert & Anderson, 2009; Kliegl & Lindenberger ,1993; Shimamura et
al., 1995). In contrast, others contend that the ability to inhibit a prepotent response
(e.g., Williams et al., 1999) and global switch costs (Friedman et al., 2008; Kray et al.,
2002) remain relatively stable with increased age. The varying task procedures used in
previous research might explain some of the discrepancies. In addition, the
implementation of different strategies by older adults is another potential explanation.
The current research provided a further test of age differences in these three types of
inhibitory control in the same sample of adults.
Hypotheses
Response inhibition. Response inhibition was assessed using a simple go/no-go
task. No age-related declines were expected in no-go-trial accuracy. However, based on
evidence of age-related slowing (e.g., Salthouse, 1993; 1996) response times on go
trials were expected to increase with age.
Task-set switching. Task-set switching was investigated using a modified
version of the Dimensional Change Card Sorting task (Zelazo & Frye, 1998). The
procedure assessed global switch costs. In separate trials blocks, participants sorted
objects according to their colour, their shape, or alternated between colour and shape.
Larger response time switch costs (RT switch cost) and error switch costs were
expected for older participants.
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Inhibition during memory retrieval. Inhibition during memory retrieval was
assessed using the AB-AC and AB-ABr versions of the paired-associates task. Agerelated decreases in recall and increases in proactive interference (i.e., intrusion errors)
were expected.
Separability of inhibition. The potential separability of inhibitory control was
also investigated by comparing age trends on the three tasks and by examining the zeroorder and age partialled correlations between the three types of inhibitory control. To
my knowledge no previous research has examined this issue, therefore no specific
predictions were made.
Method
Apparatus
The go/no-go task and task switching were presented on a Dell latitude laptop
computer (30 x 25 cm screen). These tasks were programmed using DMDX software
(Forster & Forster, 1999).
Go/no-go Task
Stimuli and procedure. The stimuli were a blue triangle, red cross, yellow quaver
and green semi-circle, as shown in Figure 4.1. The stimuli were 4 cm in length or
diameter, and were presented individually inside a white square (20 x 20 cm), on a blue
background in the centre of the computer screen.

Blue

Red

Yellow

Green

Figure 4.1. Stimuli used in the go/no-go task.
Participants were instructed to respond to a visual stimulus in the go trials and
withhold this response on the no-go trials. In one version of the task the go stimulus
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was the blue triangle and the no-go stimulus was the red cross. In the other version, the
go stimulus was a yellow quaver and the no-go stimulus was green semi-circle. Fifty
percent of participants in each age group received each version. In the go trials, the go
stimulus was presented on the screen for 2000 milliseconds and the participants pressed
a designated key on the computer as quickly as possible. In the no-go trials, the no-go
stimulus was presented on screen for 1000 milliseconds and participants attempted to
withhold their response. Seventy-five percent of trials were go trials. The remainder
(25%) were no-go trials. Go trials response times (RT), and no-go trials accuracy (%)
data were recorded. Overall efficiency for this task was also computed by dividing nogo accuracy by go RT.
Task Switching
Stimuli and procedure. The task was a modified version of Zelazo and Frye’s
(1998) Dimensional Change Card Sort (DCCS) task. The stimuli were 4 geometric
shapes, (crosses, triangles, quavers, semi-circles) presented in 4 colours (red, yellow,
green, blue). There was a 2 x 2 grid inside a larger white square (20 x 20 cm) on a blue
background screen. The stimuli were presented in the upper left and upper right
quadrants of the grid. The lower left or lower right quadrants of the grid contained “?”
symbol, as shown in Figure 4.2.
The object to be sorted was centrally located below the lower quadrants of the
grid. It matched each of the standard objects on one of two dimensions (i.e., colour or
shape). For example, in Figure 4.2 the object to be sorted (red triangle) matches the
object in the upper right quadrant in shape (triangle) and the object in the upper left
quadrant in colour (red).
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Red

Blue

?

?

Red

Figure 4.2. Example stimulus display used in the task switching task.
There were 3 blocks of 24 trials. In separate trial blocks participants sorted by
shape on all trials, colour on all trials, and shape and colour on alternating trials. For
example, in a shape trial, the correct response would be to place a red triangle under a
blue triangle because they are similar in shape (i.e., both triangles). In a colour trial, the
correct response would be to place a red triangle under a red cross because they are
similar in colour (i.e., both red). In the alternating trial block, the participants sorts by
shape on the first trial and then by colour on the subsequent trial, then shape on the third
trial and so on.
There were two orders of block presentation (1) shape, colour, alternate or (2)
colour, shape, alternate. Fifty percent of participants in each age group received each of
these orders. The participants were required to use the left or right SHIFT key to
indicate where the coloured shape should be placed. The grid remained on the computer
screen until the participant responded or for a total of 10,000 milliseconds. Prior to each
display a cue word (i.e., “colour” or “shape”) was briefly presented to indicate the
current sorting criterion. Two practice trials for each block were presented prior to the
commencement of the test phase to ensure the participants understood the task
requirements.
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Switch costs were calculated for error and RT data. Switch cost was measured as
the difference between the alternating condition (switch trials) and the average of the
shape and colour conditions (non-switch trials). A composite score was calculated (Zcomposite switch). This score averaged the standardised scores (Z-scores) of the RT
switch cost and the error switch cost;
Z-composite switch = (Z-RT switch + Z-error switch)
2
Paired-Associates
Stimuli and procedure. This task was based on Shimamura et al. (1995). Two
paired-associate designs were utilised (AB-AC; AB-ABr). All words were concrete
nouns, printed in black ink (Times Roman, 72 point font) on a white background, pasted
to black cardboard (15 × 7 cm). A copy of the word lists is presented in Appendix D.
The AB-AC and AB-ABr stimulus lists differ in two ways; the relatedness of the
pairs and whether the response words were repeated. The AB-AC stimuli consisted of
24 moderately related pairs of words (e.g., River-Pond, Tooth-Brush, Cow-Milk [AB];
River-Bank Tooth-Paste, Cow-Udder [AC]). The cue words (e.g., River; Tooth) were
the same for both lists, whereas the response words (e.g., Pond, Bank; Brush, Paste)
were different. The AB-ABr stimuli consisted of 12 unrelated word pairs (e.g., OfficerBird, Railroad-Shoes, King-Paper [AB]). Memory interference during second list
learning was established by rearranging cue-response word pairs presented in the first
list (e.g., Officer-Shoes, Railroad-Paper, King-Bird [ABr]). Examples of the pairedassociate stimuli are presented in Table 4.1.
For each design (AB-AC; AB-ABr) the participants were instructed to learn two
lists. In the study phase of each list, each word-pair was displayed for approximately 4
seconds, and the participants were asked to read the words either to themselves or aloud.
Immediately following the study phase of each list was the test phase. The test phase
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required participants to recall the appropriate response words when shown the cue
words. The word pairs in the test phase were presented in a different order to the study
phase. A practice word-pair was presented to ensure participants understood the task.
There were 12 orders of presentation for each list. These orders were presented with
approximately equal frequency within each age group.
Table 4.1
Examples of the Paired-Associate Word Stimuli for the Study and Test Phase
Phase

Design

Presentation

Study

AB

River-Pond; Tooth-Brush; Cow-Milk

Test

AB

River-; Tooth-; Cow-

Study

AC

River-Bank; Tooth-Paste; Cow-Udder

Test

AC

River-; Tooth-; Cow-

Study

AB

Officer-Bird; Railroad-Shoes; King-Paper

Test

AB

Officer-; Railroad-; King-

Study

ABr

Officer-Shoes; Railroad-Paper; King-Bird

Test

ABr

Officer-; Railroad-; King-

Correct Response

-Pond; -Brush; -Milk

-Bank; -Paste; -Udder

-Bird; -Shoes; -Paper

-Shoes; -Paper; -Bird

For each design (AB-AC; AB-ABr) the participants were instructed to learn two
lists. In the study phase of each list, each word-pair was displayed for approximately 4
seconds, and the participants were asked to read the words either to themselves or aloud.
Immediately following the study phase of each list was the test phase. The test phase
required participants to recall the appropriate response words when shown the cue
words. The word pairs in the test phase were presented in a different order to the study
phase. A practice word-pair was presented to ensure participants understood the task.
There were 12 orders of presentation for each list. These orders were with
approximately equal frequency within each age group.
All responses were recorded and later categorised as correct or incorrect.
Intrusion errors were defined as correct responses from the first list reported during
second-list recall. As the AB-ABr list immediately followed AB-AC list, there was the
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possibility of intrusion errors from the AC list in AB-ABr recall. No errors of this type
were detected.
Results
Response Inhibition
Three one-way ANOVAs were conducted with go/no-go accuracy, go RT and
go/no-go efficiency as the dependent variables. The between group independent
variable for each analysis was age group.
Go-no/go accuracy. The analysis yielded a non-significant effect of age group,
F(4, 120) = 2.33, p = .06, ηp2 = .07 . The overall mean no-go accuracy was 97.88% (SE
= .35).
Go reaction time (go RT). The analysis of yielded a significant effect of age
group, F(4, 120) = 11.24, p < .001, ηp2 = .27. The means and standard errors for each
age group are shown in Figure 4.3. Contrast analyses revealed no significant difference
between the 18 to 30 years and 31 to 44 years groups (p = .13), therefore these groups
were combined. Go RTs were significantly longer for the 45 to 57 years group than this
combined younger group (p = .05); and significantly longer for the 58 to 69 years group
than the 45 to 57 years group (p =.03). There was no significant difference between the
58 to 69 years and 70 years and older groups (p = .29).
To investigate the possibility that participants used a “waiting strategy” as
reported by Andrés et al.’s (2008) research, correlation analysis was conducted. A
significant zero-order correlation was observed between Go RT and no-go accuracy (r =
.33, p < .001). This shows that longer response times on Go trials were associated with
higher accuracy on no-go trials. This correlation was maintained after partialling age (rp
= .32, p < .001).

Mean go RT (ms)
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Figure 4.3. Mean (SE) for go RT for each group (N = 125).
Go/no-go efficiency. The analysis yielded a significant effect of age group, F(4,
120) = 15.22 p < .001, ηp2 = .34. Means and standard errors for each age group are
presented in Figure 4.4. Higher scores indicate greater efficiency. There were no
significant difference between the 18 to 30 years and 31 to 44 years groups (p = .12),
therefore these groups were combined. The mean efficiency was greater for this
combined younger group than the 45 to 57 years group (p = .04); and greater for the 45
to 57 years group than the 58 to 69 years (p =.008). There was no significant difference

Mean Go/No-Go Efficiency

between the 58 to 69 years and the 70 years and older groups (p = .19).

0.35
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Figure 4.4. Mean (SE) on the go/no-go efficiency for each age group (N = 125).
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Task-set Switching
Three one-way ANOVAs were conducted with RT switch cost, error switch
cost, and composite Z-switch cost as the dependent variables. The between group
independent variable for each analysis was age group.
Switch cost reaction time (RT switch cost). The analysis yielded a significant
effect of age group, F(4, 120) = 6.26, p < .001, ηp2 = .17. Means and standard errors for
each age group are shown in Figure 4.5. Contrast analyses showed that there were no
significant differences between the 18 to 30 years, 31 to 44 years and 45 to 57 years
groups (all p’s > .05), therefore these groups were combined. The RT switch-cost was
significantly longer for the 58 to 69 years than this combined younger group (p = .005).
There was no significant difference between the 58 to 69 years and 70 years and older
groups (p = .93).

RT switch-cost (ms)

500
400
300
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0
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Figure 4.5. Mean (SE) for RT switch cost for each age group (N = 125).

Switch cost error. The analysis yielded a significant effect of age group, F(4,
120) = 3.64, p = .008, ηp2 = .11. Means and standard errors for each age group are
presented in Figure 4.6. Contrast analyses revealed that there were no significant
differences between the 18 to 30 years, 31 to 44 years, 45 to 57 years, and 58 to 69
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years age groups (all p’s > .05). Error switch-costs were significantly greater for the 70
years and older group compared to the combined younger groups (p = .01).
10
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Figure 4.6. Mean (SE) for error switch cost for each age group (N = 125).

Switch cost composite (Z-switch cost). The analysis yielded a significant effect
of age group, F(4, 120) = 6.88, p < .001, ηp2 = .19. Means and standard errors
The analysis of composite Z-switch cost yielded a significant effect of age group,
F(4, 120) = 6.88, p < .001, ηp2= .19. Means and standard errors for each age group are
shown in Figure 4.7. Contrast analyses revealed that there were no significant
differences between the 18 to 30 years, 31 to 44 years and 45 to 57 years groups (all p’s
> .05), therefore they were combined. The composite Z-switch cost was significantly
greater for the 58 to 69 years than this combined younger group (p = .01), however the
58 to 69 years group did not significantly differ from the 70 years and older group (p =
.29).
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Figure 4.7. Mean (SE) for composite switch cost for each age group (N = 125).
Inhibition During Memory Retrieval
Cued-recall. Two mixed factorial ANOVAs were conducted to investigate age
differences in cued recall (% correct). The List (AB-AC) × 5 Age group analysis
yielded a significant main effect of age group, F(4, 120) = 5.89, p < .001, ηp2 = .16.
The means and standard errors are presented in Figure 4.8.
Contrast analyses revealed no significant difference between the 18 to 30 years
and 31 to 44 years groups (p = .06), therefore they were combined. Cued-recall was
greater for this combined younger group than the 45 to 57 years group (p = .01). There
was no significant difference between the 45 to 57 years and the 58 to 69 years groups
(p =.94), however, cued-recall was significantly greater for these groups combined than
the 70 years and older group (p = .04). There were no other significant effects.
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Figure 4.8. Mean percentage (SE) cued-recall for each age group on the AB-AC list (N
= 125).
The 2 List (AB-ABr) × 5 Age group analysis yielded a significant main effect of
list, F(1, 120) = 9.67, p = .002, ηp2 = .08. Mean cued-recall (% correct) for the ABr list
(M = 41.85, SE = 2.12) was significantly higher compared to the AB list (M = 36.25, SE
= 2.28). This pattern of findings was opposite to what was expected. A significant effect
of age group was also observed, F(4, 120) = 20.10, p < .001, ηp2 = .40. The means and
standard errors for each age group are presented in Figure 4.9. Contrast analyses
revealed no significant difference between the 18 to 30 years and 31 to 44 years groups
(p = .66), therefore they were combined. Cued-recall was greater for this combined
younger group than the 45 to 57 years group (p < .001). There was no significant
difference between the 45 to 57 years and the 58 to 69 years groups (p =.90), however,
cued-recall was significantly greater for these groups combined than the 70 years and
older group (p < .001). There were no other significant effects.
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Figure 4.9. Mean (SE) cued-recall for each age group on the AB-ABr lists (N = 125).

Intrusion errors. In order to investigate if there were differences in intrusion
errors relative to list type, a 2 Type (AC, ABr intrusion errors) × 5 Age group mixed
factorial ANOVA was conducted.
A significant effect of age group was observed, F(4, 120) = 8.59, p < .001,

ηp2

= .22. Means and standard errors for combined intrusion errors are presented in Figure
4.10. Contrast analyses revealed no significant difference between the 18 to 30 years
and 31 to 44 years groups (p = .19), therefore they were combined. There were fewer
intrusion errors for this combined younger group than the 45 to 57 years group (p =
.02). There were no significant differences between the 45 to 57 years, 58 to 69 years
and 70 years and older groups (all p’s > .05). There were no other significant effects.
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Figure 4.10. Mean (SE) total intrusion errors for each age group (N = 125).
Correlations
Associations between cued-recall and intrusion errors. Correlation analyses
examined the associations between cued-recall and intrusion errors. The zero-order
correlations are shown below the diagonal in Table 4.2. Significant negative
associations were observed between the AB and AC cued- recall and AB-AC intrusion
errors, and ABr cued-recall and AB-ABr intrusion errors. That is, higher cued-recall
was associated with fewer intrusion errors.
Associations with age. As shown in Table 4.2, there was a significant age-related
decline in AB-AC and AB-ABr cued-recall. This is consistent with the ANOVAs
reported earlier (Figures 4.8, 4.9). Consistent with the ANOVA (Figure 4.10) there was
a significant age-related increase in both AB-AC and AB-ABr intrusion errors.
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Table 4.2
Zero-order and Age-partialled Correlations between Cued-Recall and Intrusion Errors for Each Paired Associate List

1

2

3

4

5

6

7

1. Age
2. AB cued-recall (semantic)

-.38***

.38***

3. AC cued-recall

-.33***

.46***

4. AB-AC intrusion errors

.40***

-.25**

-.75***

-.11

.31***

.38***

.17

-.72***

.34***

.34***

.26**

-.15

-.14

-.15

.68***

.14

5. AB cued-recall

-.54***

.45***

.45***

-.33***

6. ABr cued-recall

-.58***

.50***

.45***

-.33***

.78***

.04

.15

-.02

-.04

-.22*

7. AB-ABr intrusion errors

.28**

-.07

Mean

51.01

87.60

87.60

.71

35.67

41.33

.84

SD

19.66

14.65

13.33

1.08

31.35

29.01

1.00

N

125

125

125

125

125

125

125

Note. *p < .05; **p < .01; ***p < .001
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Age-partialled correlations. The age-partialled correlations are shown above the
diagonal in Table 4.2. Higher AC cued-recall was associated with fewer AB-AC
intrusion errors. However unexpectedly, higher AC cued-recall was associated with an
increased number of AB-ABr intrusion errors. The remainder of the associations
observed between cued-recall and intrusion errors were non-significant after age was
partialled.
Associations between response inhibition, task-set switching and inhibition in
memory retrieval. Correlation analyses were conducted to examine the strength of
association between the Aron et al.’s (2004) three types of inhibitory control. The
inhibitory control measures were transformed to standardised Z-scores, Z-go/no-go
efficiency (response inhibition), Z-composite switch (task-set switching), and Zintrusion errors (inhibition during memory retrieval). The zero-order correlations are
shown below the diagonal in Table 4.3. Higher efficiency on the go/no-go task was
associated with smaller composite switch costs and fewer intrusion errors. Higher
composite switch costs were associated with an increased number of intrusion errors.
Table 4.3
Zero-order (below diagonal) and Age-partialled (above diagonal) Correlations
between the Three Measures of Inhibitory Control and Z-Processing Speed
1

2

3

4

5

.05

.06

.04

-.04

-.22*

1. Age
2. Z-go/no-go efficiency

-.61***

3. Z-composite switch

.40***

-.20*

4. Z-intrusion errors

.49***

-.25**

.18*

5. Z-processing speed

-.62***

.40***

-.39***

-.28**

Mean

51.01

0

0

0

0

SD

19.66

1

.81

.70

.86

N

125

125

125

125

125

Note. *p < .05; **p < .01; ***p < .001

.02
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Associations with age. As shown in Table 4.3 there was a significant age-related
decline in Z-no-go efficiency. This finding is consistent with the ANOVA reported
earlier (see Figure 4.4), in that, older adults were less efficient at inhibiting a response.
There was a significant age-related increase in Z-composite switch and Z-intrusion
errors. Consistent with the ANOVA (see Figures 4.7; 4.10) switch costs were larger for
older adults and they generated more intrusion errors than their younger counterparts.
Age-partialled correlations. The age-partialled correlations are shown above the
diagonal in Table 4.3. Associations between Z-go/no-go efficiency, Z-composite switch
and Z-intrusion errors were rendered non-significant when age was partialled. The zeroorder correlations between these three measures appear to reflect age-related variance
rather than age-independent variance. This was also the case with the associations
between Z-processing speed and both Z-go/no-go efficiency and Z-intrusion errors.
However the association between Z-processing speed and Z-composite switch remained
significant after partialling age.
Associations with Z-processing speed. The correlation analysis revealed
significant associations between the three types of inhibitory control and Z-processing
speed. Higher efficiency on the go/no-go task, smaller composite switch costs and fewer
intrusion errors were associated with faster processing speed. A supplementary analysis
was conducted to determine whether processing speed accounted for the age-related
declines in inhibitory control. A significant age-related decline in go/no-go efficiency
(rp= -.50, p < .001) and age-related increases in switch costs (rp = .22, p = .01) and
intrusion errors (rp = .42, p < .001) remained after partialling processing speed.
Dedifferentiation. To investigate the dedifferentiation hypothesis the sample was
divided into three age groups; Younger (n = 40, M = 27.90 years, range = 18 to 37
years), Middle (n = 40, M = 49.58, range = 40 to 59 years), Older (n = 45, M = 72.82
years, range = 60 to 92 years). No significant correlations were observed between the
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three types of inhibitory control within each age group (all p’s > .05), which was
inconsistent with the dedifferentiation hypothesis.
Discussion
The results indicate significant age-related declines in each of Aron et al.’s
(2003) three types of inhibitory control. Previous research has provided mixed findings
in response inhibition (e.g., Nielson et al., 2002; Williams et al., 1999). In the current
research there was no evidence of age-related declines in accuracy on the go/no-go task.
However, adults aged 45 years and older responded more slowly and were less efficient
on the go/no-go task than their younger counterparts. A further performance decline in
response inhibition was observed at 58 years. Although a waiting strategy was
employed this was consistent across the age range, therefore, it cannot account for the
age-related decline in efficiency of response inhibition.
Increased global switch costs were observed from approximately 58 years of age.
This finding is in line with previous research which suggests older adults are impaired
at flexibly switching and coordinating two different tasks or mental sets (Kray &
Lindenberger, 2000; Oberauer, 2005). The task switching procedure in the current
research included cues to indicate the current sorting criterion. The provision of such a
cue might have reduced the magnitude of the age effect in global switch cost. An earlier
onset of the age-related decline might have been observed if a no-cue procedure had
been employed.
Consistent with the assertion that older adults are more susceptible to proactive
interference (Ebert & Anderson, 2009; Hasher et al., 1996), an increased number of
intrusion errors were observed from 45 years of age. However, it should be recognized
that the total number of intrusion errors was small (M = 1.55, SD = 1.46).
As expected, age differences were observed for cued-recall on both paired
associate paradigms. There was an initial decline in cued-recall at 45 years followed by

Age-Related Changes in Cognition 75
a further decline for those aged 70 years and above. The larger effect sizes and
correlations suggest a greater effect of age for the AB-ABr than the AB-AC cuedrecall. There are two possible reasons for this finding. First, it might stem from the
presence of semantic associations between the cue words and in the AB-AC list and the
absence of semantic associations in the AB-ABr list. Previous research suggests that
semantically-related stimuli are better recalled than unrelated stimuli (Naveh-Benjamin,
Craik, & Ben-Shaul, 2002). These semantic associations might have facilitated AB-AC
cued recall to a greater extent in older than younger participants thereby reducing the
size of the age effect.
Second, the larger age effect in the AB-ABr versus AB-AC recall might stem
from the greater proactive interference in the AB-ABr paradigm for older adults. The
AB-ABr paradigm provides a test of proactive interference that is independent of prior
semantic associations and therefore might depend on frontal brain regions to a greater
extent than in the AB-AC paradigm. Shimamura et al.’s (1995) findings could be
tentatively interpreted as consistent with this explanation.
Unexpectedly cued-recall was significantly greater for the ABr list than the AB
list for each age group. The overall recall for both the AB-ABr lists was 35.67% (SE =
2.80) and 41.33% (SE = 2.59), respectively. This difference might stem from some
methodological issue with the word lists used in this research. However, this
unexpected finding did not impact on the overall interpretation of the analyses in current
chapter.
The association between Aron et al.’s (2003) three aspects of inhibitory control
was also examined. These findings of the current study tend to support the view that
inhibition is multi-dimensional rather than a simple unitary construct (e.g., Dempster,
1992; Friedman & Miyake 2004; Kramer et al., 1994). The correlations among response
inhibition, task-set switching and inhibition in memory retrieval, while significant were
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not as strong as would be expected if a unitary construct underpinned performance on
the three tasks. Furthermore these associations were rendered non-significant after age
was partialled, suggesting that the shared variance between these inhibitory tasks was
age-related.
Overall the findings appear to reflect age decrements in the three types of
inhibitory control. Based on the relative magnitude of the age effects and partial
correlations, response inhibition appears most vulnerable to ageing, followed by
inhibition in memory retrieval and task-set switching. The correlation analysis provided
no evidence for the dedifferentiation interpretation in inhibitory control.
In summary, the findings provide evidence of age-related declines in each of the
different types of inhibitory control, which go beyond generalized slowing. However,
the age of onset appears to vary depending on type. Declines in performance were
evident from 45 years followed by a further decline at 58 years for response inhibition;
from 58 years for task-set switching; and from 45 years for inhibition in memory
retrieval, for both intrusion errors and cued-recall. Consistent with previous research
(e.g., Dempster, 1992; West, 1996) one possible interpretation of the current findings is
that age-related declines in inhibitory control might reflect underlying deficits in frontal
functioning.
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CHAPTER 5. WORKING MEMORY AND AGEING
Working memory plays a principal role in a variety of complex cognitive
processes, such as reasoning, language comprehension, and problem solving (Just &
Carpenter, 1992). Thus, it has been proposed that declines in working memory capacity
underlie age-related decrements in cognitive performance (e.g., Carpenter, Miyake, &
Just, 1994). There are many ways to conceptualise working memory and its functions.
In the following sections, three working memory models are described, evidence for the
involvement of the frontal lobes in working memory is summarized, and evidence for
age-related declines in working memory is reviewed. The methodology and the
empirical findings of the current study memory described and discussed.
Models of Working Memory
Baddeley’s Model of Working Memory. A prominent model of working memory
is the tripartite system originally proposed by Baddeley and Hitch (1974), which
consists of the phonological loop, visuo-spatial sketchpad, and the central executive
(Baddeley, 1990). The phonological loop stores and maintains verbal information. It
comprises two sub-components, a phonological store that holds memory traces for
approximately two seconds before they decay, and an articulatory rehearsal process that
is capable of refreshing this memory trace by subvocal rehearsal (Baddeley, 2003;
Baddeley & Hitch, 1994). Four lines of evidence support the existence of the
phonological loop. The first is the phonological similarity effect. Immediate serial recall
is impaired when items are similar in sound (Conrad & Hull, 1964). The second is the
irrelevant speech effect. Spoken material that the participant is instructed to ignore
impairs immediate serial recall (Colle & Welch, 1976). The third is the word length
effect. Memory span declines systematically as the spoken duration of the items
increases. For example, the spoken duration of five-syllable words (e.g., auditorium,
refrigerator) is longer that one-syllable words (e.g., bag, math). Therefore memory span
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is smaller for five-syllable than for one-syllable words. The fourth is articulatory
suppression. Uttering an irrelevant sound during immediate serial recall impairs
performance and also abolishes the phonological similarity and word length effects
(Baddeley, Lewis, & Vallar, 1984).
Performance on simple serial span measures reflects the functioning and capacity
of the phonological loop (Carpenter et al., 1994). Simple span tasks tap the storage or
maintenance component of working memory. Examples include digit span and word
span. In the digit span task participants hear a sequence of digits, then immediately
attempt to repeat the digits in the same order as they were presented. Sequence length
increases systematically from one to nine. The word span task is similar except that
word stimuli are used.
The visuo-spatial sketchpad integrates spatial, visual, and possibly kinaesthetic
information into a cohesive representation (Baddeley, 2003). This visuo-spatial
sketchpad forms an interface between visual and spatial information and is accessed via
either the senses or long-term memory (Baddeley, 2001). The visual patterns test and
the Corsi blocks test have been used to investigate visuo-spatial aspects of non-verbal
working memory (Della Sala, Gray, Baddeley, Allamano, & Wilson, 1999). The visual
patterns test is a standardised task, in which the stimuli are checkerboard Matrix
patterns of increasing size. These are displayed for three seconds, and are then recalled
immediately or after a short delay (Brown, Forbes, & McConnell, 2006). Della Sala et
al. claim as this task is limited in spatio-sequential elements it is a purer measure of the
visual than spatial component. In the Corsi block test participants attempt to copy a
sequence of tapping movements (using blocks) made by an experimenter. This task
assesses the capacity of spatial short-term memory (Baddeley, 2001).
The central executive is the most complex, and least understood component of
working memory. It is conceptualised as an attentional control system, which integrates,
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co-ordinates, and monitors information (Baddeley & Hitch, 1994). Baddeley (1996)
suggested that the central executive approximates the supervisory attentional system
(SAS) in Norman and Shallice’s (1986) model in which control of behaviour is
accomplished either by habit patterns or schemas. These are implicitly guided by cues
in the environment or by the attentionally limited controller, which is the supervisory
activating system that intervenes when routine control is insufficient (Baddeley, 2003).
The central executive is responsible for allocating resources during dual-task
performance, switching between retrieval strategies, selectively attending to one
stimulus among many, inhibiting irrelevant stimuli and selecting, and manipulating
information in long-term memory (Baddeley, 1996). Recently, a fourth component, the
episodic buffer was added to the tripartite model. The episodic buffer is proposed as a
limited-capacity temporary storage system that is capable of integrating information
from numerous sources (Baddeley, 2000).
Capacity Model of Working Memory. Just and Carpenter (1992) proposed the
Capacity Constrained Comprehension model of working memory, which refers to a set
of processes and resources used in language comprehension (Just & Carpenter, 2002).
In this approach, working memory involves simultaneous storage and processing.
Capacity corresponds to the maximum amount of activation available in working
memory to support these processes (Just & Carpenter). Consequently, when task
demands are high (due to either storage or processing demands) an individual’s overall
capacity might be insufficient to cope with the simultaneous demands of both processes.
Individual differences in capacity reflect either differences in the amount of resources
available, or differences in the efficiency with which a given amount of resources can
be used. Just and Carpenter did not differentiate between these explanations, which they
claim are mutually compatible.
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Working memory capacity is assessed using complex span tasks such as
Daneman and Carpenter’s (1980) Reading span task. The task incorporates the notion of
working memory as a finite resource that mediates simultaneous processing and storage
of information. The Reading span task requires the participant to read sets of unrelated
sentences and subsequently to recall the final word of the sentences. The number of
sentences in a set increases systematically. Working memory span is defined as the
maximum number of sentences they can read and comprehend whilst maintaining
perfect recall of the final words. Daneman and Carpenter found that the Reading span
task was significantly correlated with three general reading comprehension measures (r
= .59 to .90). In contrast, the correlations between simple span and comprehension
measures were substantially smaller (r = .33 to .37). It was therefore concluded that the
Reading span task was a better measure of working memory capacity than its simple
span counterparts. Daneman and Merikle’s (1996) meta- analysis supported this
conclusion. Just and Carpenter’s (1992) working memory construct has been likened to
the central executive, however Baddeley (1993) has claimed that complex span
measures might not accurately assess the central executive because they reflect
unspecified contributions of the phonological loop and aspects of long-term memory.
Attentional Control Model of Working Memory. Engle (2002) characterises
working memory as a domain general capacity that comprises both short-term memory
and controlled attention. According to this approach, working memory capacity reflects
the general capability to maintain information in an active retrievable state, particularly
under conditions of interference (Kane, Bleckley, Conway, & Engle, 2001). Therefore,
working memory capacity is less about memory, (i.e., the number of items that can be
stored), and more about differences in attention, (i.e., the ability to control attention and
maintain information in an active, retrievable state; Engle). This controlled attention

Age-Related Changes in Cognition 81
view is compatible with Baddeley’s (1996) central-executive component of working
memory (Kane et al.).
To examine the domain general nature of working memory capacity, Turner and
Engle (1989) compared the magnitude of the correlation between Reading span and
verbal comprehension with the correlation between Operation span and verbal
comprehension. Like Reading span, Operation span is a complex span task. However
instead of reading sentences participants solve simple mathematical operations whilst
simultaneously trying to remember a list of unrelated words. Turner and Engle
demonstrated similar correlations between Operation span and verbal comprehension (r
= .33 to .40) and Reading span and verbal comprehension (r = .26 to .37). This finding
suggests that working memory capacity is independent of the specific nature of the
processing component of the task.
To examine the hypothesis that working memory involves controlled attention,
Kane et al., (2001) conducted two experiments comparing the performance of
participants with low and high working memory span, on pro-saccade and anti-saccade
tasks. The pro-saccade task involved the presentation of a visual cue in the same
location as a subsequent to-be-identified target letter. In the anti-saccade task the target
appeared opposite the cued location. Performance was comparable for both groups on
the pro-saccade task. In contrast, low-span participants demonstrated significantly
slower response times and poorer accuracy than their high-span counterparts on the antisaccade task. High-span participants outperformed low-span participants in this antisaccade task, which required significant attentional control, but little or no memory
load. They concluded that working memory capacity is associated with the controlled
processing required in response to attentional interference (Kane et al.).
Kane and Engle (2003) further investigated the links between working memory
capacity and attention by conducting five experiments comparing groups of high-span
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versus low-span participants in terms of their performance on the Stroop task, as
described in Chapter 3. The Stroop task included congruent (e.g., the word Red printed
red) and incongruent trials (e.g., the word Red printed in Green). The percentage of
congruent trials varied between 0%, 20%, 75%, and 80%. It was proposed that
activation and/or accessibility of task goal information (e.g., ignore the word) is
imperative for success on the Stroop incongruent trials. Thus, increasing the percentage
of congruent trials, in which the goal could be neglected without consequence, would
increase the magnitude of the interference effects. This increase in the number of
congruent trials increased task sensitivity to goal maintenance and neglect on the
incongruent trial, thereby highlighting individual differences in working memory
capacity.
The results showed a higher proportion of errors for the low-span group
compared to the high-span group in the 75% and 80% congruent conditions. In contrast,
the error rates of the two groups were similar in the 0% and 20% congruent conditions.
Larger response time interference effects were also reported for the low-span group.
The authors concluded that the presentation of all or mostly incongruent trials enabled
participants to remain focused on task relevant information. However, when a large
proportion of congruent trials were presented, the low-span group did not maintain taskrelevant information in the face of interference. These differences were interpreted in
terms of group differences in attentional control.
Working Memory and the Frontal Lobes
Cabeza and Nyberg (2000) conducted a review of neuroimaging studies
exploring the functional neuroanatomy of cognition. They reported that for working
memory tasks activation was primarily located in the PFC (Brodmann’s areas 6, 44, 9,
and 46). Increased activity in parietal regions was also reported during such tasks
(Cabeza & Nyberg). Several theories also propose that regions within the PFC might be
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functionally distinct, organised in accordance with the type of processing performed on
information being held in working memory (D’Esposito et al., 1999; Owen et al., 1996).
For example, the VLPFC is where information is received from posterior regions
(Owen, et al.). This region guides active online maintenance of information (D’Esposito
et al.). In contrast, the DLPFC is recruited only when “monitoring” and “manipulation”
of information in working memory is required (D’Esposito et al.).
D’Esposito et al.’s (1999) findings were consistent with the functional
organisation of working memory in the PFC. This study used event-related fMRI
methods to investigate the maintenance versus manipulation hypothesis. The seven
participants (M = 23.90 years) performed a delayed-response task with two types of
trials in which they were required to; 1) retain a sequence of letters during the delay
period (maintenance) or 2) retain and reorder the sequence into alphabetical order
during the delay period (manipulation). Increased activity was reported for both the
DLPFC and VLPFC in the delay period for both trial types. DLPFC activation was
significantly greater in the manipulation condition. The authors proposed that the
DLPFC might subserve an additional and distinct function from the VLPFC. Thus,
these findings were interpreted as consistent with Owen et al.’s, (1996) suggestion that
the PFC is organised in accordance with the type of processing performed on
information being held in working memory.
Researchers have also investigated the neural mechanisms that underlie agerelated changes in working memory. Rypma and D’Esposito, (2000) used fMRI
techniques to explore age differences in PFC activity during encoding, maintenance,
and retrieval phases of working memory tasks. This study included younger (M = 25
years) and older (M = 68.80 years) groups. The authors reported significantly reduced
activation in the DLPFC for older than younger adults but minimal age differences in
the VLPFC during retrieval of high memory loads.
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Cabeza, Daselaar, Dolcos, Prince, Budde, and Nyberg (2004) investigated
younger (M = 22.60 years) and older adults’ (M = 70.30 years) brain activity while they
performed a delayed response test (working memory), sustained attention task (visual
attention) and a word recognition task (episodic memory). Older adults showed greater
right prefrontal cortex activation than their younger counterparts during working
memory tasks. In general there appears to be considerable evidence of PFC involvement
in working memory.
Working Memory and Ageing
The relation between working memory and ageing has been extensively
investigated. For example, Craik, Morris, and Gick (1990) conducted four experiments
on adult age differences in working memory. The tasks were Daneman and Carpenter’s
(1980) Reading Span (Experiment 2), and Baddeley and Hitch’s (1974) interference
paradigm (Experiment 1, 3, & 4). The Baddeley and Hitch interference paradigm
required participants to verify a single sentence as rapidly as possible whilst
simultaneously rehearsing zero, two, or four unrelated words. In all four experiments
the age of the participants was approximately 20 years (younger group) and 70 years
(older group). There was evidence of age-related declines in working memory with age
differences reported for recall of memory load (Experiments 2, 3, 4), verification
latencies and error rates (Experiments 1 to 4). The conclusion was that ageing affects
the active processing component more so than the passive storage component of
working memory.
Salthouse and Babcock (1991) conducted two studies to investigate age-related
declines in working memory. Participants were aged between 18 and 87 years. The
studies included complex (Computational span, Listening span) and simple span (digit
span, word span) measures of working memory. The correlation with age was generally
higher for complex span tasks (computation span r = -.47, r = -.39; listening span r = -
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.52, r = -.41) than for simple span tasks (digit span r = -.34, r = -.18; word span r = -.42,
r = -.32). Study 1 also included measures of processing efficiency (arithmetic, sentence
comprehension), and coordination. While storage capacity and coordination
effectiveness contributed to the age-related declines in working memory, processing
speed was responsible for most of the age-related declines in working memory. The role
of processing speed in explaining age-related declines in working memory will be
addressed in Chapter 6.
Carpenter et al., (1994) also contended that simple span tasks are more resistant
to the ageing process. The authors reviewed several studies and concluded that older
adults have smaller working memory spans, as measured by complex span tasks
(Reading span and Listening span), than their younger counterparts. Moderately high
negative correlations were reported between age and complex span (ranging from r = .40 to r = -.70) indicating significant age-related declines in working memory. They
also suggested that digit span was unaffected by the ageing process. Therefore, greater
age-related declines in working memory are evident in simultaneous storage and
processing tasks than simple storage alone.
Bopp and Verhaeghen (2005) reviewed 123 studies of memory span and ageing
(e.g., digit span, word span, letter span, Reading span, Listening span, Sentence span).
The mean age of the younger adults across studies was 21.20 years and for older adults
was 70.10 years. Brinley analysis provided evidence of age-related declines for both
simple and complex span measures. Notwithstanding, the analyses showed an agerelated dissociation between simple storage span and working memory span. Simple
storage measures yielded smaller age effects than complex span measures.
There is also evidence of comparable age-related declines in certain simple span
and complex span tasks. Verhaeghen, Marcoen, and Goossens (1993) conducted a metaanalysis on 122 studies of memory and ageing that compared performance of younger
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(M = 22.20 years) and older groups (M = 70.20 years) on a large number of memory
tasks. The working memory tasks included simple span (digit, word, letter and card
span) and complex span tasks (Reading, Listening and Computational span). The mean
weighted effect sizes for the digit span tasks ranged from -.38 to -.53, whereas the
combined mean weighted effect size for the other simple span measures (word, letter,
card) was -.78. The older group performed more poorly than the younger group on these
simple span measures. A large combined effect size was also reported for the complex
span measures (-.81), which reflects age-related declines in working memory.
Examination of the confidence intervals also suggested larger age differences in
complex span than digit span tasks. However, these differences could not be attributed
to simultaneous storage and processing because other simple span tasks, which
presumably involve storage only (i.e., word, letter, card span), yielded comparable
effect sizes.
Another investigation also concluded that performance on both complex span
(Reading span, Listening span) and simple span (word span) tasks declines with age
(McCabe & Hartman, 2003). Younger adults (M = 20.10 years) performed significantly
better than older adults (M = 72.30 years) on the Reading span, Listening span and word
span tasks. This study investigated five different explanations for these age declines in
complex span; (i) storage deficits, (ii) reduced central executive resources (dual-task
word span), (iii) inhibition deficits (intrusion errors on complex span tasks) (iv)
syntactic deficits, and (v) higher level language processing speed, and lower level
processing speed. There was no evidence to suggest that reduced central executive
functioning, failure to inhibit irrelevant information, or declines in syntactic processing
could explain these age differences. Furthermore, the age differences in complex span
tasks were similar to those in simple span. A limitation in storage capacity was offered
as one possible explanation for these age-related declines in working memory.

Age-Related Changes in Cognition 87
Processing speed also accounted for age-related variance in working memory. Together
storage capacity and processing speed explained all the age-related declines in complex
span working memory tasks.
To summarise, age-related declines in working memory are well established.
The declines appear to be greater when working memory is assessed using complex
span tasks than when simple span tasks are used (e.g., Carpenter et al., 1993) although
this finding is not universal (e.g., McCabe & Hartman, 2003). Craik et al. (1990)
claimed that age-related declines in working memory, assessed using complex span are
due primarily to demands imposed by active processing and not the demands imposed
by storage, whereas McCabe and Hartman have argued for the importance of storage
rather than processing limitations. Therefore this issue will be further explored.
Hypotheses
Age differences. Based on previous research (Carpenter et al., 1994; McCabe &
Hartman, 2003; Salthouse & Babcock, 1991) it was predicted that age-related declines
would be observed on the Reading Span task (complex span) and on the digit or word
span tasks (simple span).
Storage (McCabe & Hartman, 2003). This hypothesis predicted that the agerelated declines in complex span and simple span measures will be comparable in
magnitude, and that simple span measures will explain the age-related declines in
complex span performance.
Simultaneous storage and processing (Carpenter, et al., 1994). The competing
hypothesis is that a larger age-related decline will be observed in complex span than in
simple span tasks and that simple span measures will not fully account for the agerelated declines in complex span performance.
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Method
Complex (Reading) Span Task
A version of the Reading span task (Daneman & Carpenter, 1980) was
administered as a measure of capacity to simultaneously store and process information.
This task was programmed using DMDX software (Forster & Forster, 1999).
Stimuli. The 44 sentences were 11 to 16 words in length. The final words were
one-syllable, high frequency concrete nouns. Half the sentences were made nonsense by
reversing the order of the last four to six pre-terminal words. Turner and Engle (1989)
used this method. For example, The possum took the apple from the sill and
disappeared into the night became The possum took the apple from the sill the into
disappeared then and night. Sentences were randomly assigned to three sets at each set
size (2, 3, 4, 5) and there were two additional practice sets at set size 2. The full list of
sentences is included in Appendix E.
Procedure. The instructions were presented on the computer screen in green text
(Times Roman, font size 14) on a dark blue background. Participants read the
instructions at their own pace. The experimenter provided further elaboration if
required. Sentences were displayed in white text (Times Roman, font size 14) on a blue
background. The sentences were presented one at a time on the computer screen.
Participants read each sentence, judged whether or not it made sense, and recorded their
judgement by pressing one of two keys designated as YES (right shift key) and NO (left
shift key). Each subsequent sentence was presented as soon as the make sense
judgement was entered, or after 10 seconds had elapsed, whichever occurred first. When
all the sentences in a set had been presented, a RECALL signal was displayed. The
participants attempted to recall the final word of each sentence in the set and to write the
words in any order on the sheet provided. An alternate response format was also offered
for older participants whereby the experimenter wrote the participants’ spoken
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responses on the recall sheet. In the practice phase two sets of two sentences were
presented for judgment and recall to ensure the participants understood the task. In the
test phase, three 2-sentence sets were initially presented, and set size increased
systematically thereafter. Reading span scores were calculated by subtracting the
number of errors on the make sense judgements from the number of final words
correctly recalled.
Simple Span Tasks
Digit Span. The digit span subtest from the WAIS–III (Weschler, 1997) was
used to assess the storage component of working memory. Standardised materials and
procedures were followed. On each trial the experimenter read aloud a random sequence
of digits drawn from the digits one to nine at a rate of one digit per second. Immediately
following presentation of the sequence, participants attempted to repeat the digits orally
in the same order as they were presented. Sequence length increased systematically
from two to nine, with two trials at each length. One point was awarded for each
sequence recalled correctly. The task was discontinued if both trials at a sequence length
were incorrect. The maximum score possible was 16.
Word Span. The stimuli were one- and two-syllable words drawn from the pool
of words used in the Reading span task. A copy of the word lists is presented in
Appendix F. On each trial, the experimenter read aloud a list of words at the rate of one
word per second. Immediately after presentation of a sequence, participants attempted
to repeat the words orally in the same order as they were presented. The number of
words presented on each trial increased systematically from two to nine, with two trials
at each list length. The task was discontinued if both trials at a sequence length were
incorrect. The maximum score possible was 16.
A composite simple span measure was also computed. This Z-simple span score
averaged the standardised scores (z-scores) of the digit and the word span;
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Z-simple span = (Z-digit span + Z-word span)
2
Salthouse and colleagues (e.g., Salthouse, 1992; Salthouse & Babcock, 1991) have used
this method to create composites. These working memory tasks were presented in a
random order as outlined in Chapter 2. However as the words for the word span task
were derived from the Reading span task, no participant received these tasks in the same
session.
Results
As reported in Chapter 2, there was a significant age difference in vocabulary
scores. The 58 to 69 years and 44 to 57 years group’s vocabulary was superior to the 18
to 30 years group. Further, after partialling out age, vocabulary was significantly
correlated with Reading span, (r = .43, p < .001) and word span (r = .22, p = .01), and
simple span composite Z (r = .22, p = .01). Therefore vocabulary was used as a
covariate in the MANCOVA, the analysis of covariance (ANCOVA), and as a control
variable in the regression analyses.
Age differences in complex and simple span. A one-way between subjects
MANCOVA was conducted with three dependent variables Reading span (complex
span), digit span and word span (simple span). The between group independent variable
was age group. Vocabulary was used as a covariate.
The MANCOVA revealed a significant multivariate effect of age group, F(12,
310) = 9.29, p < .001, 2p= .24, and vocabulary, F(3, 117) = 6.60, p < .001, p2 = .15 .
The univariate analyses, based on the adjusted alpha level, p = .017, showed a
significant effect of age group on Reading span, F(4, 119) = 31.81, p < .001 p2= .52.
The means and standard errors for each age group are shown in Figure 5.1.
Contrast analyses revealed no significant difference between the 18 to 30 years
and 31 to 44 years groups (p = .10), therefore these groups were combined. There was,
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however, a progressive decline in Reading span performance thereafter. The 45 to 57
years group performed significantly more poorly than the combined younger group (p =
.001); the 58 to 69 years group performed significantly more poorly than the 45 to 57
years group (p = .04); and the 70 years and older group performed significantly more
poorly than the 58 to 69 years group (p < .001).

Mean complex span score
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Figure 5.1. Mean (SE) scores on the Reading span for each of age groups (N = 125).
There were also significant effects of age group on digit span, F(4, 119) = 5.61,
p < .001, ηp2= .16, and word span, F(4, 119) = 11.04, p < .001, ηp2= .27. The means and
standard errors for each age group are shown in Figure 5.2. Contrast analyses revealed
no significant difference between the 18 to 30 years and 31 to 44 years groups on the
digit span (p = .78) and word span (p = .59), therefore these groups were combined. The
45 to 57 years group performed significantly more poorly than the combined younger
group on both the digit span (p = .03) and word span (p = .04) tasks. There was no
significant difference between the 45 to 57 years and 58 to 69 years groups on the digit
(p = .54) and word span (p = .07) tasks, therefore these groups were combined.
However, the 70 years and older group performed significantly more poorly on the
word span than this combined group (p =.02), but not on the digit span (p = .22).
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Figure 5.2. Mean (SE) scores on the digit and word span for each of age groups (N =
125).
A significant correlation was observed between the digit and word span tasks
(see Table 5.1), therefore a composite score was calculated. A one-way between
subjects ANCOVA was also conducted with Z-simple span as the dependent variable,
age group as the independent variable and vocabulary as a covariate. The means and
standard errors for each age group are shown in Figure 5.3. A significant between
groups effect of age was observed, F(4, 119) = 10.68, p < .001, ηp2= .26. Vocabulary
was also a significant covariate, F(1, 119) = 5.95, p = .02, ηp2= .05.
Contrast analyses revealed no significant difference between the 18 to 30 years
and 31 to 44 years groups on Z-simple span (p = .45), therefore these groups were
combined. The 45 to 57 years group was significantly poorer than the combined
younger group (p =.004). However there was no significant difference in between the 45
to 57 years and 58 to 69 years (p = .23); and no significant difference between these
groups combined and the 70 years and older groups (p = .17).

Composite simple span (Z-score)
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Figure 5.3. Mean (SE) scores for Z-simple span for each of the age groups (N = 125).

Supplementary analysis. A supplementary analysis was conducted using just two
age groups whose ages were most similar to the groups used by McCabe and Hartmans
(2003). These were a younger group (M = 23.50 years; SD = 3.52; n = 20) and an older
group (M = 71.48 years; SD = 2.98; n = 21). The means and standard errors for both age
groups on the three span tasks are presented in Figure 5.4.
The univariate analyses showed a significant effect of age group on Reading
span, F(2, 38) = 25.91, p < .001 ηp2 = .58, digit span, F(2, 38) = 5.47, p = .008 ηp2 = .22
and word span, F(2, 38) = 15.25, p < .001 ηp2 = .45. Vocabulary was not a significant
covariate (p > .05). The older group performed significantly more poorly than their
younger counterparts on each of the span tasks.
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Figure 5.4. Mean (SE) scores span measures for younger (n = 20) and older adults (n =
21).
Correlations
Zero-order and age-partialled correlations between age (in years), vocabulary,
Reading span, word span, digit span, and Z-simple span are presented in Table 5.1.
Significant age-related declines were evident for all variables with the exception of
vocabulary, which increased with age. Better performance on simple span measures was
associated with better performance on the complex span measures even after age was
partialled. As aforementioned, after partialling out age, superior vocabulary was
associated with increased performance on Reading span, and word span and Z-simple
span.
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Table 5.1
Zero-order Correlations (below diagonal), Age-partialled Correlations (above
diagonal) and Mean (SD) for Age, Reading Span, Digit, Word and Z-simple Span
1

2

3

4

5

6

.17

.22*

.22*

.33***

.31***

.37***

.50***

.88***

1. Age
2. Vocabulary

.24**

.43***

3. Reading Span

-.66***

.16

4. Digit Span

-.36***

.07

.47***

5. Word Span

-.48***

.07

.52***

.58***

6. Z-simple Span

-.47***

.08

.56***

.89***

.89***

Mean

51.01

51.47

26.11

11.08

8.25

.000

SD

19.63

6.61

9.19

2.16

1.80

.89

N

125

125

125

125

125

125

.86***

Note. *p < .05; **p < .01; ***p < .001.
Storage hypothesis. A hierarchical multiple regression analysis was conducted to
investigate whether the Z-simple span explained the age-related decline in Reading
span. At step 1, vocabulary (10.50%) and age (51.50%) made significant unique
contributions to Reading span. At step 2, Z-simple span accounted for a further 4.50%
of the variance in Reading span, Fchange(1,121) = 13.22, p < .001. After step 2 the
unique contributions of vocabulary (7.18%) and age (26.11%) remained significant.
Table 5.2 summarises this analysis.
At step 1, when age and vocabulary were entered together into the hierarchical
regression analysis, the unique contribution of age and vocabulary to the variance in
Reading span was greater than that obtained for either of the bivariate associations (see
Table 5.2). This indicated the presence of a cooperative suppressor effect.
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Table 5.2
Summary of Hierarchical Regression Analysis for Z-Simple Span Predicting Reading
Span Performance (N = 125)
Step
1

R2

B

B(SE)



.54***

.46

.09

.33***

-.35

.03

-.74***

.39

.09

Age

-.29

Z-simple span

2.56

Variables
Vocabulary
Age

Bivariate

SR

P

.16

.32

.43

-.66***

-.72

-.73

.28***

.27

.39

.03

-.61***

-.51

-.62

.70

.25***

.21

.31

F(2, 122) = 71.67, p < .001
2

Vocabulary

.59***

.56***

F(3, 121) = 56.98, p < .001
Note. ***p < .001; SR = semi-partial correlation; P = partial correlation.
A suppressor variable is a variable that has a stronger association with the
dependent variable after the effects of one or more independent variables have
accounted for variance in the dependent variable. A suppressor variable often has a
weak or non-significant linear association with the criterion, but is related to the other
predictor variables (Pedhazur, 1997). Suppression occurs when unwanted error variance
shared with the predictors and not the criterion is controlled for in multiple regression
analysis (Cohen, Cohen, West, & Aiken, 2003; Pedhazur). The exclusion of this
variance increases the association found between the predictor and the criterion. The
sum of the partial coefficients might be greater than the bivariate correlation or the signs
might differ. In addition, the R2, when calculated by summing the squared semi-partial
correlations is greater than that determined by the regression analysis (Pedhazur).
There are a number of different types of suppressor variables. Cooperative
suppression occurs when there is a combination of positive and negative association
between the predictor and the criterion variables (Tabachnick & Fidell, 2007). This
appears to be the case in the current study. There was a significant positive association
between the age and vocabulary (predictor variables), and vocabulary had a weak
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association with Reading span (criterion). However, there was a significant negative
association between age (predictor) and Reading span (criterion). The Venn diagram in
Figure 5.5 depicts the associations amongst these variables.

Vocabulary
.24
.16
Age
-.66
Reading
span

Figure 5.5. Venn diagrams illustrating the bivariate correlations between Reading span
(criterion), vocabulary (suppressor) and age (predictor).
When both age and vocabulary (predictors) were included in the multiple
regression analysis, the variance shared between them becomes redundant and was
therefore controlled. The outcome of this control, was that the association between
Reading span and both age and vocabulary increased (see Table 5.2; step 1, SR).
Therefore each predictor variable, (age and vocabulary in the current study), suppresses
variance in the other that is not relevant to the explanation of the criterion variable,
Reading span.
To the extent Z-simple span (predictor) accounted for the age-related variance in
Reading span, the unique contribution of age was reduced when Z-simple span was
included in the regression equation. The percentage of age-related variance accounted
for by Z-simple span variable was determined by subtracting the squared semi-partial
correlation for age when Z-simple span was included step 2 from the squared semi-
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partial correlation for age from step 1. This was then expressed as a percentage of the
total age-related variance in Reading span;
Percentage of age-related variance =

51.50 – 26.01

× 100

51.50
Z-simple span accounted for 49.30% of the age-related variance which constituted
51.50% of the total variance in Reading span. This technique was used in subsequent
chapters to calculate the associated age-related variance in different processes.
Discussion
The results of the current study replicate previous research showing age-related
declines in working memory (e.g., Bopp & Verhaeghen, 2005; McCabe & Hartman,
2003). Consistent with the age differences hypothesis, performance on both complex
and simple span tasks decreased as age increased, independent of verbal ability. The age
of onset for performance declines on the complex span and simple span measures was
approximately 45 years. However, for the complex span there were further age-related
declines evident at 58 years and 70 years and older.
The effects sizes for complex span (2p = .20) and simple span (p2 = .13) were
comparable in the McCabe and Hartman’s (2003) research. In the current study, when
all age groups were included, the effect size for complex span (p2 = .52) was larger
than for digit span (p2 = .14), word span (p2 = .27) and composite simple span (p2 =
.26). These findings concur with Bopp and Verhaeghen (2005) and provide stronger
support for the simultaneous storage and processing hypothesis derived from Carpenter
et al.’s (1994) model than for the storage hypothesis proposed by McCabe and Hartman.
The discrepant findings of the current study as compared to McCabe and
Hartman (2003) might stem from the age groups studied. McCabe and Hartman’s
(2003) research compared a younger (M = 20.10 years) and older group (M = 72.30
years), whereas five age groups were compared in the current study. Therefore a

Age-Related Changes in Cognition 99
supplementary analysis compared two age groups whose ages were most similar to
McCabe and Hartmans’ groups. The effect sizes for complex span (2p = .57) and word
span (2p = .42) were more comparable to each other, demonstrating that the relative
effect sizes for complex and simple span are sensitive to the age range compared.
However, the effect sizes in the current study were substantially larger than McCabe
and Hartman’s complex span (2p = .20) and simple span (p2 = .13).
These findings could also be interpreted in terms of the frontal lobe hypothesis of
cognitive ageing. The differential age effect sizes observed in the current study for
complex versus simple span might reflect the involvement of different regions within
the PFC. D’Esposito et al. (1999) proposed that the PFC might be functionally distinct,
with the ventrolateral regions involved in the maintenance of information in working
memory and the dorsolateral regions involved in active manipulation of information in
working memory. The Reading span task requires both maintenance (maintaining final
word) and manipulation loads (judging the sentences). Thus both the ventrolateral and
dorsolateral regions would be involved. However, simple span tasks require only
maintenance (maintain words and digits), which predominantly involves ventrolateral
regions. The larger effect size for Reading span might indicate that the dorsolateral
region is more vulnerable to age-related degeneration.
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CHAPTER 6.

EXPLAINING AGE-RELATED DECLINES IN WORKING
MEMORY

The evidence presented in the preceding chapters demonstrated age-related
declines in processing speed, short-term storage, executive attention, and inhibitory
control. Given that many of these cognitive functions are likely to be interdependent
and share similar neural substrates (e.g., PFC) they might explain age-related declines in
working memory. Working memory is a fundamental theoretical construct in cognitive
ageing and consequently essential to understanding age declines in overall cognitive
functioning (Park & Payer, 2006; Reuter-Lorenz & Sylvester, 2004). The current
chapter focused on exploring the extent to which age-related declines in processing
speed, attention, and inhibitory control can account for age-related decrements in
working memory.
Processing Speed and Age-related Declines in Working Memory
As detailed in Chapter 1, there is extensive research on the role of processing
speed on age differences in working memory (e.g., Salthouse, 1992, 1994, 1996;
Salthouse & Babcock, 1991; Salthouse & Meinz, 1995). Salthouse and colleagues’
research indicated that between 71% and 96% of the age-related variance in working
memory was accounted for by processing speed. Salthouse and Babcock showed that
storage capacity and coordination effectiveness also explained age-related declines in
working memory, however, processing speed accounted for most of the age-related
declines in working memory. A study by McCabe and Hartman (2003), detailed in
Chapter 5, showed that processing speed accounted for 79.20% of the age-related
variance in working memory and, together with storage capacity explained all the agerelated declines in complex span working memory tasks.
More recently, McCabe and Hartman (2008) investigated whether short-term
memory or two measures of processing speed (letter and pattern comparison tasks)
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explained the age-related variance in working memory and reasoning. Processing speed
accounted for some but not all the age-related variance in working memory. Inefficient
short-term memory processes essential for temporary storage of information and/or
attentional control were deemed more predictive of age differences in working memory
(McCabe & Hartman). Thus, despite evidence for generalised slowing, a multifactorial
explanation of cognitive changes in older adults might be more appropriate. Other
possible mediators of age-related declines in working memory have also been
investigated.
Executive Attention and Age-related Declines in Working Memory
Age-related reductions in attentional capacity (Milham et al., 2002) have been
proposed to underlie age-related declines in cognitive ability (Craik & Byrd, 1982) and
working memory tasks (Glisky, 2007). As discussed in Chapter 5, Engle (2002) and
colleagues (Kane et al., 2001; Kane & Engle, 2002) contend that variations in working
memory performance reflect differences in executive (controlled) attention.
Levitt et al. (2006) explored the behavioural relations between processing speed,
attentional capacity and age-related changes in memory. The participants were 100
adults aged from 18 to 88 years. Measures of episodic memory, working memory
(Listening span, Computational span), processing speed (letter and pattern comparison)
and attentional capacity (dual-task paradigm) were administered. Significant negative
correlations were observed between age and composite measures of working memory (r
= -.63) and processing speed (r = -.76). Results showed a gradual and consistent decline
in processing speed and working memory across each age decade. However, the
analyses based on age groups showed that attentional capacity remained relatively
stable between the ages of 18 to 39 years and 40 to 59 years but declined from
approximately 60 years. Levitt et al. found that both attentional capacity (10%) and
processing speed (17%) were independent mediators of age-related change in working
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memory. The findings were interpreted as evidence for an age sensitive component of
working memory that demands controlled attention, which is independent of processing
speed.
Inhibitory Control and Age-related Declines in Working Memory
Declines in inhibitory control are another possible explanation for age-related
declines in working memory. As outlined in Chapter 4, Hasher and Zacks (1988)
proposed that inhibitory mechanisms serve to limit access of irrelevant information into
working memory. Accordingly, reductions in the efficiency of these inhibitory
mechanisms potentially contribute to observed age-related declines in working memory.
However, the research findings on inhibitory control as a possible explanatory
factor of age-declines in working memory are mixed. For example, as documented in
Chapter 5 McCabe and Hartman (2003) found no evidence that failure to inhibit
irrelevant information (intrusion errors) accounted for the age-related differences in
working memory. In contrast, Bowles and Salthouse (2003) showed that approximately
half the age-related variance in working memory was explained by susceptibility to
proactive interference. They suggested that further research should investigate the
effects of other inhibitory mechanisms on working memory beyond proactive
interference.
More recently, Van Gerven, Van Boxtel, Meijer, Willems, and Jolles (2007)
investigated the role of inhibition and processing speed in age-related working memory
declines. Measures of both processing speed and interference were derived from
performance on the Stroop colour word test. Processing speed was calculated as the
averaged time for the neutral and congruent conditions. Interference was calculated by
subtracting the average time on the neutral and congruent conditions from the
incongruent condition. The verbal learning test was used as a measure of storage and the
self-paced auditory serial addition task was used as a measure of simultaneous storage
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and processing. The 213 participants ranged in age from 24 to 81 years. The results
showed that age-related declines in working memory were mediated by both, inhibition
and processing speed. However, the mediating role of inhibition in explaining agerelated declines in working memory was evident only in the serial addition task, which
required both storage and processing. Processing speed remained a stable mediator
between age and both measures of working memory. As both the processing speed and
inhibition measures were derived from the Stroop task, further research should include
separate measures of these constructs.
Borella, Carretti, and De Beni (2008) also investigated working memory and
inhibition in adults aged 20 to 86 years. Working memory was assessed using the jigsaw
puzzle test, Listening span and categorization working memory span test (CWMT).
Hayling sentence completion test, cognitive failure questionnaire, and intrusion errors
on the Listening span and on the CWMT were the measures of inhibition. Collectively
age and inhibition accounted for 71% of the variance in a Z-composite working memory
measure. Age accounted for a larger proportion of unique variance than inhibition, 28%
and 10% respectively. Additionally, 38% of the age-related variance in working
memory was shared with inhibition. The authors concluded that the association between
working memory and inhibition was mainly attributable to the shared age-related
variance in these constructs. However, this study did not include measures of processing
speed.
In summary, there appear to be multiple mediators and/or predictors of the
relation between age and working memory. As shown in Chapters 2 through 5, agerelated declines have been observed in processing speed, executive attention, inhibitory
mechanisms, and simple and complex span tasks of working memory. Therefore the
current study tested four hypotheses regarding these factors in explaining age-related
declines in working memory.
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Hypotheses
Processing speed (Salthouse, 1994). This hypothesis predicted that processing
speed (Z-processing speed) would mediate the relation between age and Reading span.
Executive attention (Engle, 2002; Levitt et al., 2006). This hypothesis predicted
that executive attention (Stroop interference scores) would mediate the relation between
age and Reading span.
Processing speed and storage (McCabe & Hartman, 2003). This hypothesis
predicted that together simple span measures (Z-simple span) and Z- processing speed
would account for the age-related decline in Reading span.
Inhibitory Control (Bowles & Salthouse, 2003). This hypothesis predicted that
inhibition during memory retrieval (Z-intrusions) would account for the age-related
declines in Reading span. The current study also investigated whether age-related
changes in response inhibition (Z-go/no-go efficiency) and task set-switching (Zcomposite switch) would account for age-related declines in Reading span.
Results and Discussion
Mediation Analyses
Using established guidelines (Baron & Kenny, 1986; Kenny, Kashy, & Bolger,
1998; Shrout & Bolger, 2002) these analyses investigated the possibility that a predictor
variable influences the criterion both directly as well as indirectly via a mediator. Figure
6.1 illustrates the general mediation model tested and shows that path C is the direct
pathway between age and Reading span after controlling for the suppressor variable,
vocabulary. Together, paths A and B represent the indirect path from age to Reading
span via processing speed and/or executive attention.
According to Baron and Kenny (1986), and Kenny et al. (1998) for a variable to
function as a mediator there are four necessary conditions. First, the predictor variable
must account for significant variance in the criterion (path C, in Figure 6.1 a). This
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shows that there is an effect that can be mediated. Second, the predictor must account
for variance in the hypothesized mediator (path A, Figure 6.1 b). Third, the mediator
variable must account for significant variation in the criterion variable (path B, Figure
6.1 b). Based on Kenny et al. (1998) this condition is fulfilled if the mediator explains
significant independent variance in the criterion. In the final condition (path C’, Figure
6.1 b), when the relations between the predictor and mediator, and between the mediator
and the criterion are accounted for, a previously significant relationship between the
predictor and criterion variables (path C - C’) is reduced to zero (complete mediation),
or is substantially reduced (partial mediation). Standardised beta coefficients are
examined to ascertain the extent to which the independent contribution of the predictor
is reduced. Finally, Sobel’s (1982) test 2 (using Preacher & Leonardelli’s, 2001,
interactive calculation tool) is applied to determine if this mediation is significantly
different from zero. Table 6.1 includes the zero-order correlations for the relevant
variables included in the analyses.

age
(Predictor)

C

Reading Span
(Criterion)

a) Direct pathway
age
(Predictor)

C’

A

Reading Span
(Criterion)
B

processing speed
executive attention
(Mediators)
b) Mediated pathway
Figure 6.1. An illustration of the mediation models tested (based on Baron & Kenny,
1986; Shrout & Bolger, 2002).
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Table 6.1
Zero-Order correlations and Age-Partialled Correlations (above diagonal) among Age, Vocabulary, Reading Span Z-Processing speed, ZSimple span, Stroop interference, Z-Go/no-go efficiency, Z-Composite Switch and Z-Intrusion Errors

1

2

3

4

5

6

7

8

9

.42***

.30**

.23*

.09

-.08

.10

.04

.40***

.38***

.22*

.01

-.10

-.06

.26**

.13

.02

-.22*

.04

.07

.01

-.07

.10

-.07

.05

-.04

.05

-.04

1. Age
2. Vocabulary

.24**

3. Reading span

-.66***

.16

4. Z-processing speed

-.62***

.07

.63***

5. Z-simple span

-.47***

.08

.56***

.47***

6. Stroop Interference

-.52***

-.04

.49***

.41***

.30**

7. Z-go/no-go efficiency

-.61***

-.12

.36***

.40***

.36***

8. Z-composite switch

.49***

.17

-.35***

-.39***

-.24*

-.17

-.20*

9. Z-intrusion errors

.49***

.04

-.33***

-.28**

-.22*

-.30**

-.25**

.18*

Mean

51.01

51.47

26.11

0

.000

-.16

0

0

0

SD

19.66

6.61

9.19

.86

.89

9.30

.70

.81

1

N

125

125

125

125

125

123

125

125

125

Note. *p < .05; **p < .01; ***p < .001.

.29**

.06
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Processing speed. These conditions were tested using hierarchical regression
analyses. In all subsequent hierarchical multiple regression analyses in this chapter, the
suppressor variable vocabulary was entered at step 1. The results for vocabulary are
presented in the regression summary tables but are not further detailed in text.
First, age accounted for 51.50% of the variance in Reading span (significant path
C), Fchange(1, 122) = 136.65, p < .001. Second, age accounted for 42.60% of the
variance in Z-processing speed, Fchange (1, 122) = 91.45, p < .001 (significant path A).
Third, Reading span was regressed on age and Z-processing speed and Z-processing
speed accounted for 4% unique variance in Reading span (significant path B), Fchange(1,
121) = 11.41, p =.001. The association between age and Reading span was reduced
from  = -.74 to  = -.56 (Path C’). The Sobel’s test (1982; Preacher & Leonardelli,
2001) indicated that Z-processing speed had a significant mediating effect on Reading
span, z = -3.18, p = .001. This represents partial mediation because the association
between age and Reading span (16.97%) remained significant after controlling for
processing speed (mediator). The hierarchical regression analysis is summarized in
Table 6.2.
Table 6.2
Summary of Hierarchical Regression Analysis for Processing speed Mediating the
Effect of Age on Reading Span Performance (N = 125)
Step

Variables

R2

B

B(SE)



1

Vocabulary

.025

.22

.12

.16

2

Vocabulary

.54***

.46

.09

.33***

-.35

.03

-.74***

.38

.09

.27***

Age

-.26

.04

-.56***

Z-processing speed

2.83

.84

.26***

Age
3

Vocabulary

.58***

F(3, 121) = 55.67, p < .001
Note. ** p < .01; ***p < .001.
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Age had both a direct effect, and an indirect effect via processing speed on
working memory. This result is somewhat consistent with numerous previous studies,
wherein the association between age and working memory was substantially reduced
after controlling for processing speed (e.g., McCabe & Hartman, 2003, 2008; Salthouse
& Babcock, 1991). Based on the processing speed theory the Reading span task would
involve both the limited-time and simultaneity mechanisms (Bopp & Verhaeghen,
2005). In the Reading span task, participants had a maximum of 10 seconds to read and
understand each sentence. If older adults were slower to read and process the sentences
this would leave less time to rehearse and remember the final words, thereby leading to
processing deficits. However, consistent with partial mediation, the direct association
between age and Reading span remained significant, suggesting that age-related
declines in processing speed do not fully explain the corresponding age-related
decrements in working memory.
Executive attention. The possibility that age influences Reading span both
directly as well as indirectly via executive attention was also investigated using the
aforementioned mediation techniques (Baron & Kenny, 1986; Kenny et al., 1998;
Shrout & Bolger, 2002). Figure 6.1 illustrates the general mediation model tested.
Again path C shows the direct pathway between age and Reading span after controlling
for the suppressor variable, vocabulary. Similarly, paths A and B together represent the
indirect path from age to Reading span via Stroop interference. Two participants did not
complete the Stroop task as explained in Chapter 2, therefore, the sample size for this
analysis was 123 participants.
The hierarchical regression analysis is summarized in Table 6.3. First, Reading
span was regressed on age and age accounted for 52.10% of the variance in Reading
span, Fchange (1, 120) = 136.91, p < .001 (significant path C). Second, age accounted for
27.90% of variance in Stroop interference Fchange (1, 120) = 46.09, p < .001 (significant
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path A). Third, Reading span was regressed on age and Stroop interference and Stroop
interference accounted for 1.82% of unique variance in Reading span, Fchange (1, 119) =
4.94, p = .03 (significant path B). The association between age and Reading span was
reduced from  = -.74 to  = -.66 (Path C’). Sobel’s test (1982; Preacher & Leonardelli,
2001) showed that Stroop interference significantly mediated the relationship between
age and Reading span, z = -2.08, p = .03. This represented partial mediation as the
association between age and Reading span (29.48%) remained significant after
controlling for executive attention (mediator).
Table 6.3
Summary of Hierarchical Regression Analysis for Executive Attention Mediating the
Effect of Age on Reading Span Performance (N = 123)
Step

Variables

R2

B

B(SE)



1

Vocabulary

.025

.21

.13

.15

2

Vocabulary

.54***

.45

.09

.33***

-.35

.03

-.74***

.43

.09

.31***

Age

-.31

.03

-.66***

Stroop interference

.16

.07

.16*

Age
3

Vocabulary

.561***

F(3, 121) = 50.77, p < .001
Note. * p < .05; ***p < .001.
Consistent with Levitt et al. (2006) there was some albeit limited evidence that
executive attention partially mediated age-related changes in working memory. A
possible explanation is that older adults have increased difficulty using executive
attention to maintain information in an active retrievable state, and this impairs their
performance on complex span tasks (Kane et al., 2001). The direct association between
age and Reading span again remained significant, suggesting that age-related declines in
working memory are dependent on factors, other than executive attention.
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Processing Speed and Storage
As shown in Table 6.1, superior Reading span performance was associated with
both faster processing speed and higher simple span scores. A hierarchical regression
analysis was conducted to investigate whether Z-processing speed and Z-simple span
explained the age-related decline in the criterion, Reading span. This analysis is
summarized in Table 6.4.
Table 6.4
Summary of Hierarchical Regression Analysis for Z-Processing speed and Z-Simple
Span Predicting Reading Span Performance (N= 125)
R2

Variables
Step
1

B(SE)
Vocabulary

.54***

.46

.09

.33***

-.35

.03

-.74***

.33

.09

.24***

Age

-.23

.04

-.49***

Z-processing speed

2.29

.83

.21**

Z-simple span

2.15

.70

.21**

Age
2



B

Vocabulary

.61***

F(4, 120) = 46.98, p < .001

Note. **p < .01; ***p < .001.
Age (51.50%) was a significant unique predictor of Reading span, after step 1.
At step 2, Z-simple span and Z-processing speed accounted for an additional 7.00% of
the variance in Reading span, Fchange(2, 120) = 10.79, p < .001. After step 2, the unique
contribution of age remained significant. Using the equation detailed in Chapter 5 (p.
99), the percentage of age-related variance accounted for by Z-processing speed and Zsimple span was calculated. Together they accounted for 77.28% of the age related
variance, which constituted 51.50% of the total variance, in Reading span.
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The findings partially supported the processing speed and storage hypothesis, in
that together they accounted for substantial amount of age-related variance in Reading
span. Whilst McCabe and Hartman (2003) showed that processing speed and storage
explained all the age-related declines on complex span tasks, age remained a unique
contributor to Reading span performance in the current research. Both storage and
processing speed also remained significant predictors of complex span performance
independent of age. As aforementioned, the Reading span task included a speeded
component (10 seconds timeout), and this might explain the association between the
two variables beyond age. Given that storage would have an essential role in any task
that involved both storage and processing, it seems logical that it would be a predictor
of complex span performance.
Inhibitory Control
As shown in Table 6.1, superior performance on the Reading span was
associated with smaller switch costs, fewer intrusion errors and higher go/no-go
efficiency. A hierarchical multiple regression analysis was conducted to investigate the
extent to which these different types of inhibitory control account for age-related
declines in working memory. This analysis is summarized in Table 6.5.
As in the previous analyses, at step 1 age accounted for 51.50% of the unique
variance in Reading span. Z-go/no-go efficiency, Z-composite switch and Z-intrusion
errors entered on step 2 and did not account for additional variance in Reading span,
Fchange(3, 119) = 1.61, p = .19. After step 2, the unique contribution of age (24.80%)
remained significant. Z-go/no-go efficiency, Z-composite switch and Z-intrusion
accounted for 51.84% of the age-related variance, which constituted 51.50% of the total
variance, in Reading span.
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Table 6.5
Summary of Hierarchical Regression Analysis for Z-Go/no-go efficiency, Z-Composite
Switch and Z-Intrusion Errors Predicting Reading Span Performance (N = 125)
Step
1

R2

Variables
Vocabulary

.54***

B(SE)



.46

.09

.33***

-.35

.03

-.74***

.48

.09

.35***

Age

-.35

.04

-.75***

Z-go/no-go efficiency

-.72

.71

-.08

-1.41

.76

-.12

.37

.92

.03

Age
2

B

Vocabulary

.558***

Z-composite switch
Z-intrusion errors

F(5, 119) = 30.07, p < .001
Note. ***p < .001.
Contrary to the prediction intrusion errors did not make a significant unique
contribution to working memory. In line with Borella et al. (2008) the significant
associations observed between the measures of inhibitory control and Reading span
appears to reflect common age-related variance, rather than age-independent variance.
Quasi-partial correlations. It is possible for variables with substantial unique
variance to be similar in terms of the overlap in their age-related variance (Salthouse,
1994, p. 419). To further investigate the age-related variance shared between each of the
three measures of inhibitory control (Z-go/no-go efficiency, Z-composite switch, Zintrusion errors) and working memory, three separate analyses were conducted using the
quasi-partial correlation method (Salthouse). The Venn diagram in Figure 6.2 depicts
the relations amongst variables, with each other and with age (Salthouse).
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Working Memory

Inhibitory Control
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f

b
c
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Age
Figure 6.2. The Venn diagram illustrates the relevant regions of variance in working
memory, inhibitory control and age. The total of each circle is equivalent to one,
therefore, the overlapping regions represent shared variance (Salthouse, 1994).
In general, the degree of dependence between working memory and inhibitory
control corresponds to the square of the correlation between them, which is denoted as
the ratio of (a + b) over region (a + b + c + e) when working memory is the reference or
as the ratio of the region (a + b) over region (a + b + d + f) when inhibitory control is
the reference (Salthouse, 1994; p. 414). The age-related variance in working memory
corresponds to the region (b + c), and the age-related variance in inhibitory control
corresponds to the region (b + d). For the current study, the aim was to determine the
proportions of age-related variance in each of the measures of inhibitory control that
were shared with working memory (i.e., b / [b + d]) or b / [b + c]).
Response inhibition. The analysis showed .34 of the age-related variance in Zgo/no-go efficiency was shared with the age-related variance in Reading span. This
corresponds to (b / [b + d]) in Figure 6.3. Of the age-related variance in Reading span
.29 was shared with the age-related variance in Z-go/no-go efficiency (b / [b + c]).
Task-set switching. This analysis showed that .68 of the age-related variance in
Z-composite switch was shared with the age-related variance in Reading span (b / [b+
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d]). Of the age-related variance in Reading span .26 was shared with the age-related
variance in Z-composite switch (b / [b + c]).
Inhibition in memory retrieval. This analysis showed that .46 of the age-related
variance in Z-intrusion errors was shared with the age-related variance in Reading span
(b / [b+ d]). Of the age-related variance in Reading span .25 was shared with the agerelated variance in total intrusion errors (b / [b + c]).
The corresponding values for the age-independent variance (a / [a + f]) or (a / [a
+ e]) were negligible at .005, .01, and .000 for Z-go/no-go efficiency, Z-composite
switch, and Z-intrusion errors, respectively. Thus the significant zero-order correlation
between Reading span and each of the three measures of inhibitory control reflects
common age-related variance rather than age-independent variance. This finding further
substantiates Borella et al.’s (2008) contention that the relation between working
memory and inhibitory control is mainly associated with age. Aside from the overlap in
age-related variance, there was significant amounts of age-related variance that were
unique to Reading span (region c) and each of the inhibitory mechanisms, Z-go/no-go
efficiency, Z-composite switch and Z-intrusion errors (region d). That is, there is some
independence between age-related declines in working memory and inhibitory
mechanisms.
Dedifferentiation
To investigate the dedifferentiation interpretation the sample was divided into
three age groups (see Chapter 4, p. 97). As shown in Table 6.6, the different pattern of
correlations for the younger, middle and older groups were observed. There was an
increasing correlation between both processing speed and Stroop interference, and
working memory across the younger, middle and older groups. A significant correlation
between processing speed and Reading span emerged in the middle age group and
increased for the oldest age group. This pattern of correlations was also observed
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between Stroop interference and Reading span. These findings are consistent with the
dedifferentiation of processing speed and working memory, and executive attention and
working memory with increased age.
Significant correlations were observed between simple storage and working
memory for the youngest and oldest age groups but not the middle age group. As
aforementioned, storage is a component of the Reading span, thus, these associations
seem logical. The absence of a correlation for the middle age group was an unexpected
finding. However, overall there was no evidence for the dedifferentiation of simple
storage and working memory with increased age.
Table 6.6
Summary of Correlation between Reading Span, Processing speed, Executive Attention,
Storage and Inhibitory Control for Younger, Middle and Older Age Groups (N = 125)
Younger

Middle

Older

Z-processing speed

.28

.32*

.57***

Stroop Interference

.17

.35*

.43**

Z-simple span

.49**

.23

.43**

Z-go/no-go efficiency

-.13

.04

.10

Z-composite switch

.01

.09

-.20

Z-intrusion errors

-.29

.10

-.14

n

40

40

45

Note. *p < .05; **p < .01; ***p < .001.
The association between Reading span and each of the inhibitory control
measures were non-significant, for the younger, middle and older age groups.
Therefore there is no evidence for the dedifferentiation interpretation of inhibitory
control and working memory with increased age.
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Supplementary Analysis
Given that age remained significant in all the above regression analyses, a
supplementary hierarchical regression analysis was conducted to investigate whether Zprocessing speed, Z-simple span, Stroop interference and the inhibitory control
variables together explained all the age-related variance in Reading span. The Stroop
task was included in this analysis, so the sample size for this analysis was N = 123. This
analysis is summarized in Table 6.7.
Table 6.7
Summary of Hierarchical Regression Analysis for Z-processing speed, Z-simple Span
and Stroop Interference and Inhibitory Control Predicting Reading Span Performance
(N= 123)
R2

Variables

B

B(SE)



Step
1

Vocabulary

.54***

.45

.09

.33***

-.35

.03

-.74***

.30

.09

.22**

Age

-.19

.04

-.42***

Z-processing speed

2.35

.82

.22**

Z-simple span

2.14

.69

.21**

Stroop Interference

.13

.07

.13

Z-go/no-go efficiency

-.86

.65

-.09

Z-composite switch

-.66

.73

-.06

Z-intrusion errors

.47

.85

.04

Age
2

Vocabulary

.641***

F(8, 114) = 25.47, p < .001

Note. **p < .01; ***p < .001.
After step 1, age accounted for 52.10% of unique variance in Reading span. At
step 2, the six predictors together accounted for an additional 9.80% of the variance in
Reading span, Fchange(6, 114) = 5.19, p < .001.After step 2, the unique contributions of
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age (6.76%), Z-processing speed (1.99%) and Z-simple span (3.17%) remained
significant. The six predictors accounted for 87.55% of the of age related variance,
which constituted 52.10% of the total variance, in Reading span. Thus, the findings of
the current research were in line with McCabe and Hartman’s (2003) suggestion that
age-related difference in working memory can be attributed to several sources. However
in contrast to this previous research age remained a significant unique predictor of
working memory.
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CHAPTER 7. RELATIONAL COMPLEXITY AND COGNITIVE AGEING
Relational processing is involved in numerous ‘higher order cognitive activities’
including planning, analogies and reasoning (Halford et al., 1998). Relational
processing can be distinguished from processing based on associations since it involves
a type of flexibility known as omnidirectional access, it is symbolic, it is effortful and
allows transfer to tasks with the same underlying structure (Halford et al.). Relational
Complexity theory (Halford et al.), described next, provides a domain-general approach
to defining cognitive complexity. The literature pertaining to both younger and older
adults on relational processing tasks will be reviewed. The methodology and empirical
finding, for three relational processing tasks will then be described and discussed.
Relational complexity refers to the number of entities or arguments related in a
single decision (Halford et al. 1998). Each argument corresponds to a dimension. The
number of dimensions corresponds to the number of interacting variables that constrain
responses or decisions. Relational processing is quantified based on a metric of
relational complexity (Halford et al.). Unary relations have a single argument as in class
membership, dog (fido). Binary relations have two arguments as in larger-than
(elephant, mouse). Ternary relations have three arguments as in arithmetic-addition (2,
3, 5). Quaternary relations such as proportion have four interacting components (2/3 =
6/9), and quinary relations entail five interacting components as in r(v, w, x, y, z).
Relational Complexity theory focuses on processing load as distinct from
storage load. Processing load increases with the complexity of relations to be processed.
Accordingly, quinary relations impose a higher load than quaternary relations, which
impose a higher load than ternary relations, and so forth (Andrews, Birney, & Halford,
2006). Performance deteriorates when processing capacity limitations are exceeded
(Halford et al., 1998). On average, younger adults can process quaternary relations. This
corresponds to relating four variables in a single cognitive representation. Under
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optimal conditions some can process quinary relations (Halford, Baker, McCredden, &
Bain, 2005). Andrews et al. further substantiated this limitation in the domain of
sentence comprehension.
Halford et al. (1998) proposed two mechanisms, conceptual chunking and
segmentation, whereby the complexity of concepts and consequently their processing
loads can be reduced. Conceptual chunking involves the recoding of concepts into fewer
dimensions. For example, velocity defined as velocity = distance/time entails a ternary
relation but can be recoded into a unary relation if velocity is indicated by the position
of a pointer on a dial. Conceptual chunking reduces processing load but at the cost of a
temporary loss of the representation of the relations that make up the concept. If
velocity is represented as a unary relation, changes in velocity as a function of time
and/or distance cannot be computed (Halford et al.). Complexity can also be reduced
through the segmentation of tasks into less complex steps, which can be processed
serially (Halford et al.). Such serial strategies can be taught, or segmentation can be
facilitated by environmental manipulations. Therefore, both conceptual chunking and
segmentation strategies can reduce processing load by reducing the number of
dimensions that must be processed in parallel. However, chunking and segmentation
strategies cannot be applied if relations between chunked or segmented variables must
be used in making a decision (Halford et al.). This means that tasks that are experienced
as difficult are often structured in a way that resists decomposition (Andrews &
Halford, 2002).
Andrews and Halford (2002) conducted two experiments to investigate the
validity of the relational complexity metric applied to cognitive development in children
aged 3 to 8 years. They performed complexity analyses of tasks in six domains
(transitivity, hierarchical classification, class inclusion, cardinality, relative-clause
sentences comprehension, and hypothesis testing). These analyses indicated that the
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tasks were ternary-relational. Lower level binary-relational items were also designed for
each domain. Relational complexity was manipulated while other factors were tightly
controlled. Though the binary- and ternary-relational items were superficially similar
they differed in the relational complexity of the underlying cognitive processes. The
results supported this, in that, ternary-relational items were more difficult than the
binary-relational items. Therefore the relational complexity approach to defining
cognitive complexity was applicable to different content domains (Andrews & Halford).
The relational complexity manipulation was also sensitive to age-related
changes in children. Binary-relational items were passed earlier than ternary-relational
items. The median age of attainment for ternary-relational items was 5 years (Andrews
& Halford, 2002). Additionally, the significant correlations found between the items at
the same level of complexity were consistent with the existence of a domain general
relational processing capacity.
Relational complexity has been applied to other areas including mathematics,
education (English & Halford, 1995) and air traffic control (Boag, Neal, Loft, &
Halford, 2006). It has also been used to investigate adults’ reasoning (Birney & Halford,
2002; Birney, Halford, & Andrews, 2006) and sentence comprehension (Andrews et al.,
2006). Three tasks developed in this earlier research were used to assess relational
processing in the current research. A fourth task, class reasoning will be described in
Chapter 8. Two relevant studies will be summarized in the following section.
Relational Processing in Young Adult Samples
Birney and Halford (2002) applied the relational complexity metric to the
knight-knave task. This task is both deductive and suppositional. It requires the
participants to reason about statements made by knights who always tell the truth and
knaves who always lie. Younger adults received either a pen and paper version or a
computerised version of the task, which consisted of five ternary-relational and five
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quaternary-relational test problems. Consistent with Relational Complexity theory, the
results showed more errors and longer response latencies for items with higher
estimated complexity (quaternary) than items with lower estimated complexity
(ternary), regardless of the presentation format.
The relational complexity metric has also been applied to the domain of sentence
comprehension (Andrews et al., 2006). Empirical evidence indicates that object-relative
sentences are more difficult to understand than the corresponding subject-relative
sentences (e.g., Caplan, Alpert, & Waters, 1998, Fodor & Garrett, 1967; Ford, 1983;
King & Just, 1991; Traxler, Williams, Blozis, & Morris, 2005). Example sentences are
shown in Table 7.1. Sentence comprehension involves meaning interpretation, that is,
assigning nouns to their thematic roles of the verbs in order to determine Who did what
to whom (Caplan & Waters, 1999). The relational complexity analysis focuses on the
noun-verb relations entailed in assigning thematic roles (Andrews et al.). It was
proposed that role assignments are more likely to be made in the same decision in
object-relative sentences than in subject-relative sentences. Sentence complexity
corresponds to the number of role assignments that must be made in the same decision.
Across three studies, young adults read 3-, 4- and 5-role, object- and subject-extracted
sentences similar to those presented in Table 7.1 and responded to end-of-sentence
comprehension questions (Andrews et al., 2006). Working memory was assessed using
the Reading span task (Experiments 1 & 2) and forward and backward digits span
(Experiment 3). Relational processing was assessed using the n-term task (Experiments
1 & 2) and Latin square task (Experiment 3). These two tasks were used in the current
research, therefore, a brief description of each is provided here.
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Table 7.1
Examples of Object- and Subject-Relative Sentences with 2-, 3-, 4-, and 5-Roles of
Complexity
Roles

Form

2

Object

Sally saw the plane that the bus damaged

Subject

Sally saw the bus that damaged the plane

Object

The duck that the monkey touched walked

Subject

The monkey touched the duck that walked

Object

The artist that the waiter warned the chef about talked

Subject

The waiter warned the chef about the artist that talked

Object

The clown that the teacher that the actor liked watched laughed.

Subject

The actor liked the teacher that watched the clown that laughed

3

4

5

Example sentence

The n-term task is an extended version of a transitive inference task (Andrews et
al.). Transitive inferences have the form “if a R b and b R c then a R c,” where R is a
transitive relation and a, b and c are the elements related. Transitive inferences are made
by constructing an ordered array of the elements a R b R c (Trabasso, 1975). Following
the construction of the array, the relation between a and c is apparent. This process
involves integrating two binary relations, R(a, b) and R(b, c) into an ordered triple R(a,
b, c). Halford et al. (1998) demonstrated that the 3-term transitive inference task is
ternary relational and cannot be reduced to two binary relations. Maybery, Bain, and
Halford (1986) demonstrated that integration of the premises is the component of
transitive inferences that imposes the highest processing load.
The n-term task requires participants to construct an ordered series of three, four
and five elements, based on premise relations. Examples of premises and correct
sequences are shown in Figure 7.1. Premise information is shown on the left, completed
sequences in the centre and the level of complexity on the right.
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Premises

Correct sequences

Complexity level

T<P
P>V

P >V >T

Ternary-relational

T<V
B>A
A<F

F > B > A > X

Quaternary-relational

D > G > N > Q > L

Quinary-relational

F>B
X<A
N<G
D>G
N>Q
L<Q
G>L

Figure 7.1. Example items at three levels of complexity in n-term task. Premise
information is shown on the left, completed sequences in the centre and the level of
complexity is shown on the right.
According to the relational complexity approach, integrating two binary
relations into an ordered triple to assign the elements to three slots is equivalent to a
ternary relation. Therefore assigning elements to four or five slots approximates the
complexity of a quaternary or quinary relation, respectively, provided the premises are
processed in the same decision. Three modifications were included to minimise the
likelihood of segmentation. These were (1) including an additional redundant premise
specifying the relation between to nonadjacent elements in the final sequence; (2)
including a mixture of less than (<) and greater than (>) relations; and (3) presenting
premises in a random spatial order.
The Latin Square task was developed to assess the impact of relational
complexity on adult cognition (Birney et al., 2006). In a typical problem an incomplete
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4 × 4 matrix is presented, as shown on the left side of Figure 7.2. The participants’ task
is to determine which of four response options should fill a target cell (indicated with a
?) so that the conditions of the Latin square are satisfied, namely that only one of the
four possible elements occurs in each row and column of the matrix. The relational
complexity manipulation is based on an increasingly complex instantiation of this rule
(Birney, et al.). The simplest binary-relational items require application of this rule in a
single row or column (Figure 7.2A). Ternary-relational items require integration of
information from both a row and column (Figure 7.2B), and quaternary-relational items
require integration of elements across multiple rows and columns (Figure 7.2C; Birney
et al.).
A Problem Square

Option

Completed Square

Option

Completed Square

Option

Completed Square

?

B

Problem Square

?

C Problem Square

?
Figure 7.2. Example items at three levels of complexity in the Latin Square Task with
problem squares on the left, response options in the middle, and completed square on
the right. Integration in a single dimension (A), integration in two intersecting
dimensions (B) and integration in multiple dimensions (C). Completed squares were not
presented to participants. Participants chose one option to fill the target cell “?”.
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Items at three levels of relational complexity were included in the n-term
(ternary, quaternary, quinary) and Latin square tasks (binary, ternary, quaternary).
Storage demands were minimised therefore the tasks impose computational load rather
than storage load.
Andrews et al.’s (2006) results showed that the relational processing tasks
predicted comprehension of object-relative sentences both before and after controlling
for comprehension of subject-relative sentences. The greater difficulty of objectextracted sentences was likely due to their greater complexity (Andrews et al.). This
greater complexity in object-extracted sentences occurs because they are very difficult
to segment. Tasks that entail processing complex relations, such as the n-term and Latin
square captured this additional complexity. Performance on the working memory
measures also predicted comprehension of object-extracted sentences. However, after
controlling for comprehension of subject-extracted sentences the contributions of
working memory were no longer significant. Hence individual differences in relational
processing better explained the comprehension of object-extracted sentences than did
individual differences in working memory.
Relational Processing in Ageing Adults
Whereas Relational Complexity theory has been applied to cognitive
development during childhood (e.g., Andrews & Halford, 2002) and individual
differences in young adulthood (e.g., Andrews, 2010; Andrews et al., 2006; Birney et
al., 2006; Birney & Halford, 2002), it has not been widely applied to cognitive ageing.
To my knowledge there are just three published studies which will be summarised next.
Viskontas et al. (2004) compared the ability of younger (M = 19.80 years),
middle aged (M = 49.90 years) and older (M = 75.10 years) adults to integrate multiple
relations and to inhibit irrelevant stimuli. This study used an adapted version of the
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People Pieces Analogy task (Sternberg, 1977). The adaptation allowed for systematic
variation of the number of relations, and the need for inhibition of irrelevant
information while maintaining a constant level of visual complexity. The items varied in
relational complexity, but short-term storage load was minimised, because premise
information was continuously available. All groups made more errors at the higher
complexity levels. The older group was significantly less accurate than the younger and
middle-aged groups at all levels of complexity. Response times indicated no significant
differences between the middle-aged and older adults, however both these groups were
significantly slower than their younger counterparts. A significant Age group x
Complexity interaction revealed an increase in response time as complexity increased,
but this increase was more pronounced for the middle-aged and older groups. The
accuracy and response time data showed that older adults had difficulty with relational
integration even at the lower levels of complexity. The middle-aged adults were able to
integrate relations but they required more time to do so (Viskontas et al., 2004).
Moreover, older adults demonstrated greater difficulty inhibiting irrelevant information
at higher levels of complexity.
Viskontas et al. (2005) compared inductive reasoning in younger (M = 19.80
years), middle-aged (M = 49.40 years) and older adults (M = 74.90 years). A version of
Raven’s Progressive Matrices task, which allowed for manipulation of relational
complexity was utilised. The results showed that older adults demonstrated particular
difficulty at higher levels of complexity. In a second experiment they compared younger
(M = 19.70 years), middle-aged (M = 50.80 years) and older adults (M = 76.70years) on
a transitive inference task that included a relational complexity manipulation (Viskontas
et al.). The accuracy of middle-aged adults was comparable to younger adults at lower
levels of complexity. However, this was not the case at the higher level of complexity,
where accuracy of the middle-aged adults was comparable to the older adults. Hence
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age-related difficulties were more apparent in solving reasoning problems that require
integration of multiple relations (Viskontas et al.). This was attributed to the increasing
demands on central executive processes in working memory.
Andrews and Todd (2008) conducted two studies investigating the role of
relational complexity and working memory in age-related declines on relative clause
sentence comprehension. Object- and subject-cleft sentences were used in Experiment
1. Examples of the object- and subject-relative sentences used in Experiment 2 are
shown in Table 7.1. The subject-extracted sentences involve the same semantic content
as the object-extracted sentences and are identical in length, but the word order of
subject-extracted sentences makes them easier to segment. Relational processing was
assessed using the previously described n-term premise integration task shown in Figure
7.1. Working memory was assessed using the Reading span task (Daneman &
Carpenter, 1980), described in Chapter 5.
Participants’ ages ranged between 20 to 88 years. The results indicated that
object-cleft and object-relative sentences were significantly more difficult than
comparable subject-cleft and subject-relative sentences. This is consistent with previous
findings and with the relational complexity analysis (Andrews et al., 2006). The greater
difficulty of the object-extracted sentences was attributed to the higher complexity of
the noun-verb relations in these sentences, which are especially difficult to segment.
Age-related declines were evident in both object- and subject- extracted sentences.
However, older adults were more susceptible to the higher loads imposed by objectextracted sentences. Age-related declines were observed on the Reading span task, (r =
-.50, N = 133) and also on the n-term task, (r = -.50, N = 133). Multiple regression
analyses showed that after controlling for comprehension of subject-extracted sentences,
the n-term premise integration task accounted for age-related and age-independent
variance in comprehension of object-extracted sentences whereas Reading span
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accounted for age-related variance only. The findings suggest that both n-term and
Reading span tap processes that are required for comprehension of object-extracted
sentences. Moreover, relational processing (n-term) and simultaneous storage and
computation (Reading span) are partly independent. Both are vulnerable to age-related
decline, however, relational processing declined earlier than capacity for simultaneous
storage and processing.
These studies (Andrews & Todd, 2008; Viskontas et al., 2005; Viskontas et al.,
2004) provide initial evidence that the capacity to process complex relations declines
with increasing age. The current study provided a more comprehensive test of this
hypothesis. This was undertaken using three tasks (n-term, sentence comprehension,
Latin Square), which have previously been analysed using Relational Complexity
theory. A fourth task, class reasoning was also included and will be described in
Chapter 8.
Frontal Lobe involvement in Relational Complexity.
It has been proposed that relational processing is supported by the PFC (Robin
& Holyoak, 1995). For example, a neurological study comparing individuals with
prefrontal damage, those with lesions in the temporal cortex and unimpaired controls
investigated the processing of relations in both inductive and deductive reasoning tasks
(Waltz et al., 1999). Those with prefrontal damage exhibited a deficit in the integration
of two binary relations compared with those with temporal damage and controls.
However, there were no significant differences between groups in processing one
relation at a time. The study suggested that the integration of relations is a specific
source of cognitive complexity, which requires an intact PFC, and more specifically the
DLPFC. Likewise, Christoff et al.’s (2001) fMRI research supported the involvement of
the PFC (particularly DLPFC) in relational integration. A further neurological study
comparing individuals with Alzheimer’s disease (M = 74.50 years) and normally ageing
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controls (M = 75.30 years) also indicated that the integration of two relations is
mediated by the PFC (Waltz et al., 2004).
Kroger et al.’s (2002) fMRI research aimed to identify specific brain areas
associated with relational complexity, distinct from other factors that increase task
difficulty. A matrices task was used which included manipulations of relational
complexity and presence of distractors. Relational reasoning recruited a cortical
network encompassing several anterior and posterior areas. Increases in relational
complexity yielded stronger activation of the left anterior DLPFC (BA9, BA46, BA10).
Although increasing the number of distractors also led to DLPFC activation, it was less
left lateralized and restricted to the more posterior parts of the DLPFC.
Goel (2007) reviewed five recent PET and fMRI studies of explicit transitive
inference. The n-term task included in the current study is an extended version of a
transitive inference task (Andrews et al., 2006). While the activation patterns varied as a
function of task variables (e.g., stimulus modality) all five studies reported increased
activation relative to baseline in the DLPFC (BA9, BA46 or both regions). One of these
fMRI studies (Fangmeier, Knauff, Ruff, & Sloutsky, 2006) found that premise
integration activated additional areas, namely, the middle frontal gyrus (BA 10) and
anterior cingulate (BA 32), as compared with premise encoding.
Brain imaging studies utilising both PET and fMRI technologies have shown
that comprehension of object-relative clause sentences, similar to those presented in
Table 7.1, is associated with greater rCBF in Broca’s area (Caplan, Alpert & Waters,
1998, 1999; Stromswold, Caplan, Alpert & Raunch, 1996). In addition, homologous
regions in the right hemisphere and bilateral DLPFC (Just, Carpenter, Keller, Eddy, &
Thulborn, 1996) have been linked to comprehension of such sentences.
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Hypotheses
Complexity effects. Based on previous research, significant complexity effects
were expected on the n-term (Andrews et al., 2006), sentence comprehension (Andrews
& Halford, 1999) and Latin Square tasks (Birney, 2002). Items with higher estimated
complexity were expected to be more difficult than items with lower complexity.
Age-related differences. Based on previous research (Andrews & Todd, 2008) it
was predicted that age-related declines would be observed on the Sentence
Comprehension and n-term tasks. Relational Complexity theory predicts that similar
age-related declines would also be observed on the Latin Square task.
Relational processing. Previous research (Andrews et al., 2006; Andrews and
Todd, 2008) suggests that comprehension of object-relative sentences, the n-term and
Latin square tasks all require processing of complex relations. Therefore it was
predicted that performance on each of these tasks would be predicted by the remaining
two tasks. Age-related and age-independent variance was examined.
Method
Sentence Comprehension
Stimuli. Two sets of 48 sentences were used. In each set there was 8 instances of
each sentence form (object-relative, subject-relative), at each number of roles (2, 3, 4).
A full list of each set of sentences is included in Appendix G. Semantic constraints
between the nouns and verbs within sentences were minimised to ensure that
comprehension relied heavily on structural information. Examples are shown in Table
7.1. The semantic content was matched across the sets such that the content appeared in
object-relative form in one set and subject-relative in the other. The subject-relatives
served as controls for the number of role assignments per sentence, sentence length and
content. Comprehension questions, each referring to a single-noun verb relation were
generated for each sentence. As shown in Appendix G, there were two, five and six
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possible questions for the 2-, 3- and 4-role sentences, respectively. For example, for the
3-role sentences shown in Table 7.1 the five questions were; Who touched? Who
walked? Who was touched? What did the duck do? What did the monkey do? The
questions for each sentence were randomly selected for each participant from the
available options.
Procedure. The instructions were presented on the computer screen and the
experimenter elaborated when required. The six sentence types were intermixed and
presented one at a time in a different random order for each participant. Sentences were
displayed in red Times Roman lettering (font size 24) on a grey background. The
participants were required to read each sentence carefully at their own pace (several
times if necessary) and press the spacebar when they were ready to continue. At this
point the screen was refreshed and a single comprehension question was presented. The
participants were then required to type a single word response. An alternate response
format was offered to older participants. The experimenter typed the participant’s
spoken response to the comprehension questions. Each participant received one of the
two 48-item sets, which were administered equally often in each age group. The
dependent measure was comprehension accuracy (% correct).
N-term Task
Stimuli. Items at three levels of complexity were drawn from an existing pool
(Andrews et al., 2006). An example of an item at each level of complexity is presented
in Figure 7.1. There was a set of premises for each item. The premises consisted of a
pair of alphabetical letters related either by a > or < sign (e.g., T < P indicates that T is
less than P). Ternary items had 3 premise pairs, quaternary items had 4 premise pairs
and quinary items had 5 premise pairs.
Procedure. The instructions were presented on the computer screen and the
experimenter provided elaboration when required. The screen was divided into two
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sections by a white vertical line approximately 8 centimetres from the left edge. Premise
relations were displayed in white upper case letters (Times Roman, 24 font) on a grey
background in the left section of the screen in a randomly determined vertical order for
each participant. The participants’ task was to mentally combine the premise relations to
construct a descending sequence of letters of length n, and to enter the sequence using
the keyboard. This was a self-paced procedure. At the outset of each item the left-most
box was highlighted in white. The first letter typed appeared in red in the highlighted
box. It remained in view momentarily before being replaced by an asterisk. Subsequent
boxes were highlighted only when a valid letter was typed in the preceding box. Thus
during construction of the sequence a maximum of one letter was visible in the response
boxes at any one time. When n letters had been entered the entire sequence was
displayed. Participants were advised to construct the entire sequence mentally before
beginning to type because they were unable to reorder the letters once they had been
entered. Ten items were included for 3-term and 4-term complexity levels, and seven
items for 5-term complexity level, yielding a maximum score of 27. In the alternate
response mode the experimenter typed the letter sequence spoken by the participant.
The 3-term items were presented first followed by the 4-term and 5-term items,
respectively. A discontinue rule was employed. Participants were required to complete
all 3-term items. However, for the 4-term and 5-term items testing was terminated if
responses to 4 consecutive or 4 out of 5 consecutive items were incorrect. Items not
completed were counted as errors. This rule is analogous with that of WAIS-III
(Wechsler, 1997) Matrix reasoning task. The dependent measure was accuracy (%
correct).
Latin-Square Task
Stimuli. In each problem an incomplete 4 x 4 matrix was presented. The task was
to determine which of four response options should fill a target cell so that the Latin

Age-Related Changes in Cognition 133
Square rule was satisfied. The rule was: Each element occurs once and only once in
each row and column of the matrix. Example items are presented in Figure 7.2.
Procedure. Four practice trials of increasing complexity were presented. The
first was a trivial example using a single row with three cells of which only two were
already filled. The second problem used an incomplete 3 × 3 matrix. The third and
fourth practice problems were based on an incomplete 4 × 4 matrix and were ternaryrelational and quaternary-relational problems, respectively. Detailed feedback using row
and column labels was provided for all responses to the practice problems.
The test phase consisted of 24 items (8-items at each complexity level: binaryternary-, quaternary-relational) presented in a different random order to each participant.
Of the eight items at each level of complexity, four were 1-step items and four were 2step items. The incomplete Latin Square was presented on the left-hand side of the
screen. The response options were presented on the right. These are shown in the centre
of Figure 7.2. The completed square was not provided in the test phase. The response
options were the four elements in the Latin Square. The participants indicated which
element should fill the target cell by clicking on one option. The participants were
instructed to work through the problems as quickly as possible, maintaining accuracy
and to do all working in their heads. No feedback was provided for test items. In the
alternate response option, the participant pointed to the response option, and the
experimenter entered this response. The dependent measure was accuracy (% correct).
Results
Sentence Comprehension
A 3 Role (2-, 3-, 4-) × 2 Sentence Form (subject, object) × 5 Age group mixed
ANOVA was conducted to investigate complexity and age effects in sentence
comprehension. Role and sentence form were the within-subjects variables and age
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group was the between-subjects variable. The dependent measure was comprehension
accuracy (% correct).
The results indicated a significant effect of age group, F(4, 120) = 16.34, p <
.001, ηp2= .35. The mean sentence comprehension and standard errors for in each age
group are presented in Table 7.2.
Contrast analyses revealed that there were no significant differences between the
18 to 30 years, 31 to 44 years and 45 to 57 years groups, therefore these groups were
combined. The 58 to 69 years performed significantly more poorly than the combined
younger group (p = .03); and the 70 years and older group performed significantly more
poorly than the 58 to 69 years group (p = .002) on the sentence comprehension task.
Table 7.2
Mean Percentage Comprehension Accuracy and Standard Error for each Age Group (N
= 125)
Age Group

Mean (%)

Standard Error

18 – 30 years

87.19

1.66

31 – 44 years

87.41

2.01

45 – 57 years

83.41

1.75

58 – 69 years

79.62

2.65

70 plus years

66.98

2.87

The main effects of role, F(2, 240) = 53.72, p < .001, ηp2 = .31, and sentence
form, F(1, 120) = 134.37, p < .001, ηp2 = .53 were modified by a significant two-way
Role × Sentence Form interaction, F(2, 240) = 14.93, p < .001, ηp2 = .11. This
interaction is presented in Figure 7.3.
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Figure 7.3. Mean comprehension accuracy (SE) for the Roles × Sentence form
interaction (N = 125).
Simple effects analysis revealed that role was significant for subject-relatives,
F(2, 248) = 18.08, p < .001, ηp2 = .13 and for object-relatives, F(2, 248) = 45.60, p <
.001, ηp2 = .27. The contrast analyses showed that for subject-relatives comprehension
accuracy was significantly higher for 3-role than the 2-role sentences (p < .001) and for
3-role than the 4-role sentences (p < .001). For the object-relatives, comprehension
accuracy was significantly higher for 2-role (p < .001) and 3-role (p < .001) than the 4role sentences. There was no significant difference in comprehension between 2-role
and 3-role object-relative sentences (p = .36). No other significant effects were
observed.
Single sample t-tests were used to compare the mean comprehension accuracy of
each age group and sentence type to chance level. To determine chance level it was
necessary to establish how many comprehension questions required noun responses and
verb responses. The questions for 2-role sentences all required noun responses. Fifty
percent of the questions for the 3- and 4-role sentences required noun responses and the
remainder required verb responses. It was assumed that participants who guessed would
select randomly from the nouns or the verbs in the sentence. If so, chance levels for
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questions requiring a noun response (verb response) would depend on the numbers of
nouns (verbs) in the sentence (see Table 7.1). Chance levels were calculated separately
for the 2-role, 3-role and 4-role sentences. Chance levels were 4 out of 8 (50%) for 3role sentences, and 3.32 out of 8 (41.5%) for 4-role sentences.
As shown in Table 7.1, 2-role sentences contained 3 nouns. The words Sally saw
or John saw were common to all 2-role sentences. The load imposed by the initial
portion of the 2-role sentences was expected to be minimal. They provided a context for
the constituents of interest (i.e., object of the main clause and the relative clause;
Andrews & Halford, 2002). All questions related to this latter part of the sentence,
which contained two nouns and one verb. Chance corresponds to 4 out of 8 (50%),
because there were two nouns that were relevant.
All age groups comprehended the 2-role and 3-role subject-relative and objectrelatives sentences at levels that were significantly above chance. This was also the case
for the 4-role subject-relatives (all p’s < .001). However, for the 4-role object-relative
sentences, the 70 years and older group mean comprehension accuracy was not
significantly above chance (p = .26). All the other age groups performed significantly
above chance on the 4-role object-relative sentences (all p’s < .001).
Comprehension accuracy of individual adults was also evaluated against chance.
According to the binomial tables, individual scores of 7 or more out of 8 are
significantly above chance (p < .05) on the 2- and 3-role object- and subject-relative
sentences. Individual scores of 6 or more out of 8 are significantly above chance (p <
.05) on the 4-role object- and subject-relative sentences. The frequencies in each age
group with above chance comprehension are presented in Table 7.3.
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Table 7.3
Frequency of Adults in Each Age group Performing above Chance Levels on 2-, 3-, and 4-Role Object- and Subject Relative Sentences (N
= 125)
2-Role Sentences
Age Group

18 to 30 years

3-Role Sentence

4-Role Sentences

Object

Subject

Object

Subject

Object

Subject

Pass

Pass

Pass

Pass

Pass

Pass

21

21

18

26

18

25

15

20

15

21

13

21

16

21

14

24

12

25

12

17

11

22

9

20

10

10

6

16

6

16

(n = 27)
31 to 44 years
(n = 22)
45 to 57 years
(n = 26)
58 to 69 years
(n = 23)
70 + years
(n = 27)
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As shown in Table 7.3, for the 2-role object-relatives, 50% of adults aged 70
years and older performed above chance. The corresponding percentages in the other
age groups ranged from 52% to 77%. For the 3-role object relatives, less than 50% of
adults aged from 58 to 69 years and 70 years and older performed significantly above
chance. The corresponding percentages for the other age groups ranged from 54% to
68%. For the 4-role object relatives, less than 50% of adults aged from 45 to 57 years,
58 to 69 years and 70 years and older performed significantly above chance. The
corresponding percentages for adults aged from 18 to 30 years and 31 to 44 years were
67% and 59%, respectively. For the corresponding 3-role and 4-role subject-relatives,
the majority of adults in each age group performed significantly above chance. This was
also the case of the 2-role subject relatives, with the exception of the 70 years and older
group.
N-term
It should be noted that, based on the discontinue rule for the n-term task, a
number of participants in each age group received a score of zero on the 5-term items.
There were three participants in the 18 to 30 years group; four participants in the 31 to
44 years group; six participants in the 44 to 57 years group; eight participants in the 58
to 69 years group; and 22 participants in the 70 years and older group.
A 3 Complexity (3-term, 4-term, 5-term) × 5 Age Group mixed ANOVA was
conducted to investigate the complexity and age effects on the n-term. Complexity was
a within-subjects variable and age group a between-subjects variable. The dependent
measure was accuracy (% correct). There was a significant main effect of complexity,
F(2, 213) = 82.65, p < .001, ηp2 = .41. The means and standard errors are presented in
Table 7.4. Contrast analyses revealed significantly higher accuracy for the 3-term items
than the 4-term items (p < .001) and significantly higher accuracy for the 4-term than
the 5-term items (p < .001).
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Table 7.4
Mean Percentage N-Term Accuracy and Standard Error for 3-Term, 4-Term and 5Term Items (N = 125)
Complexity

Mean (%)

Standard Error

3-term

75.06

1.92

4-term

57.90

2.79

5-term

45.19

3.12

A significant main effect of age group was also observed, F(4, 120) = 16.41, p <
.001, ηp2 = .35. The means and standard errors for each age group on the n-term task are
presented in Table 7.5. Contrast analyses revealed no significant difference between the
18 to 30 years and 31 to 44 years groups, therefore they were combined (p = .53). The
45 to 57 years group performed significantly more poorly than this combined younger
group (p = .006). There was no significant difference between the 45 to 57 years and the
58 to 69 years groups (p = .46), however, the 70 years and older group (p < .001)
performed significantly more poorly than these groups combined. There were no other
significant effects.
Table 7.5
Mean Percentage N-Term Accuracy and Standard Error for each Age Group (N = 125)
Age Group

Mean (%)

Standard Error

18 – 30 years

79.54

4.92

31 – 44 years

74.57

5.45

45 – 57 years

60.35

5.01

58 – 69 years

54.26

5.33

70 plus years

28.20

4.92
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Latin square
A 3 Complexity (binary, ternary, quaternary) × 2 Step (1-step, 2-step) × Age
group mixed ANOVA was conducted to investigate complexity and age effects on the
Latin square. Complexity and step were the within-subjects variables and age group was
a between-subjects variable. The dependent measure was accuracy (% correct).
A significant main effect of complexity, F(2, 219) = 262.97, p < .001, ηp2 = .69
was observed. The mean Latin square scores and standard errors at each level of
complexity are presented in Table 7.6. Contrast analyses revealed that accuracy was
higher for the binary-relational items than the ternary-relational items (p < .001), and
significantly higher accuracy for the ternary-relational items than the quaternaryrelational items (p < .001).
Table 7.6
Mean Percentage Latin Square Accuracy and Standard Error for Binary-, Ternary- and
Quaternary-Relational Items (N = 125)
Complexity

Mean (%)

Standard Error

Binary

90.99

1.05

Ternary

81.26

1.37

Quaternary

46.23

2.28

Significant main effects of step, F(1, 120) = 139.72, p < .001, ηp2= .54 and age
group, F(4, 120) = 7.03, p < .001, ηp2 = .19 was also observed. The main effects of step
and age group were modified by a significant two-way Step × Age Group interaction,
F(4, 120) = 2.75, p = .03, ηp2 = .08. The mean accuracy and standard errors for the
interaction are presented in Figure 7.4.
As the complexity and age group effects were of equal interest the interaction
was analysed both ways. Simple effects analysis showed each age group performed
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significantly more poorly on the 2-step than 1-step items: 18 to 30 years (p < .001, ηp2 =
.18); 31 to 44 years (p = .008, ηp2 = .06); 45 to 57 years (p < .001, ηp2 = .20); 58 to 69
years (p < .001, ηp2 = .21); and the 70 plus years (p < .001, ηp2 = .34). Comparison of
the effect sizes suggests that the significant interaction might stem from a larger
difference in accuracy between the 1-step and 2-step Latin square items for the 70 plus
years group.
This interaction was also partitioned according to step. For 1-step items, the
simple effect of age group was significant, F(4, 120) = 2.67, p = .04, ηp2 = .08. Contrast
analyses revealed there were no significant differences between the 18 to 30 years, 31 to
44 years, 45 to 57 years and 58 to 69 years groups (all p’s > .05), however, the 70 years
and older group performed significantly more poorly than the combined younger group
(p = .003).

100

Mean accuracy (correct %)

90
80
70

1-step
2-step

60
50

40
18-30

31-44

45-57

58-69

70+

Age group (years)

Figure 7.4. Mean accuracy (SE) for the Step × Age group interaction (N = 125).
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For 2-step items the simple effect of age group was significant, F(4, 120) = 8.68,
p < .001, ηp2 = .22. Contrast analyses revealed no significant difference between the 18
to 30 years and 31 to 44 years groups (p = .30), therefore these groups were combined.
The 45 to 57 years group performed significantly more poorly than this combined
younger group (p = .01). There was no significant difference between the 45 to 57 years
and 58 to 69 years groups (p = .70), however, the 70 years and older group performed
significantly more poorly than this combined group (p < .001). Thus, the significant
interaction might stem from an earlier age of onset of decline on the 2-step items (from
45 years) than the 1-step items (from 70 years).
Single sample t-tests were conducted to determine whether accuracy on 1-step
and 2-step binary, ternary and quaternary Latin square items exceeded the level
expected based on chance alone. As there were four possible response options, it was
assumed participants who guessed would choose the correct response 25% of the trials.
Therefore, the chance baseline was 1 correct out of 4. On the 1-step and 2-step binaryrelational and ternary-relational items, all age groups performed significantly above
chance (all p’s < .001). On the 1-step quaternary items, all age groups performed
significantly above chance with one exception. The mean for the 70 years and older
group was above chance level according to the one-tailed test only (p = .03). For the 2step quaternary items, the 18 to 30 years (p = .001) and 31 to 44 years (p = .02)
performed significantly above chance but the 45 to 57 years (p = .27), 58 to 69 years (p
= .06), and 70 years and older (p = .70) groups’ mean accuracy did not.
Latin square accuracy of individual adults was also evaluated against chance.
According to the binomial tables, individual scores of 3 or more out of 4 are
significantly above chance (p < .05) for all item types. Table 7.7 shows the frequencies
in each age group with above chance Latin square accuracy.

Age-Related Changes in Cognition 143

Table 7.7
Frequency of Adults in Each Age group Performing above Chance Levels on 1-step and 2-step Binary-, Ternary- and QuaternaryRelational Items on the Latin Square Task (N = 125)
Binary-relational
Age Group

18 to 30 years

Ternary-relational

Quaternary-relational

1-step

2-step

1-step

2-step

1-step

2-step

Pass

Pass

Pass

Pass

Pass

Pass

27

26

27

19

14

7

21

21

18

20

13

7

26

25

24

19

13

4

23

17

19

13

12

6

27

20

21

13

7

1

(n = 27)
31 to 44 years
(n = 22)
45 to 57 years
(n = 26)
58 to 69 years
(n = 23)
70 + years
(n = 27)
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For 1-step and 2-step binary relational items, the majority of adults in each age
group performed significantly above chance. This was also the case for the 1-step
ternary-relational items, although the percentages were generally lower than for 1-step
binary-relational items. For the 2-step ternary-relational items, less than 50% of adults
aged 70 years and older performed significantly above chance. The corresponding
percentages in the other age groups ranged from 57% to 91%. For the 1-step quaternaryrelational items, just 26% of adults aged 70 years and older performed significantly
above chance. The corresponding percentages for each age group ranged from 50% to
59%. For the 2-step quaternary-relational items between 3% and 26% of adults in each
age group performed significantly above chance.
Correlations
Total scores. Significant positive correlations were observed within each task at
each level of complexity for the n-term (r’s = .63 to .85), Latin square (r’s = .23 to .38),
and object-relative (r’s = .52 to .62) and subject-relative items (r’s = .36 to .53). The
absence of negative correlations allowed total scores for each task to be computed.
Table 7.8 shows the means, standard deviations, and the zero-order correlations among
age, the control measures (vocabulary, education), total scores for the n-term and Latin
square tasks and comprehension accuracy (% correct) on object- and subject-relative
sentences. Significant age-related declines were observed for n-term, Latin square,
object-relatives and subject-relatives. The age partialled correlations demonstrated
significant positive associations between the three relational processing measures, nterm, Latin square and object-relatives.
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Table 7.8
Zero-Order (below diagonal) and Age-Partialled Correlations (above diagonal) among Age, Vocabulary, Education, N-Term, Latin
Square and Comprehension of Object- and Subject-Relative Sentences
1

2

3

4

5

6

7

1. Age
2. Vocabulary

.24**

3. Education

-.09

.39**

4. N-term (% accuracy)

-.60***

.04

.29**

5. Latin square (% accuracy)

-.42***

.15

.32***

.59***

6. Object-relative (% correct)

-.46***

.26**

.36***

.55***

.48***

7. Subject-relative (% correct)

-.40***

.18*

.24**

.27**

.26**

Mean

51.01

51.47

13.90

60.62

72.57

73.70

87.67

SD

19.66

6.61

3.93

30.74

13.98

17.99

13.32

Note. *p < .05; **p < .01; ***p < .001.

.42***

.23*

.28**

.43***

.31**

.30**

.31***

.36***

.23**

.47***

.39***

.05

.36***

.11
.36***

.47***
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Regression Analyses
Predicting sentence comprehension. In these analyses, comprehension of objectrelative sentences was the criterion variable. Comprehension of subject-relatives was
entered at step 1 in order to control for variance in comprehension of object-relatives
that is shared with subject-relatives. Vocabulary and education were also included as
control variables at step 1 because of their significant positive correlation with the
criterion (see Table 7.8). Age was entered at step 2. At step 3, n-term and Latin square
were entered first individually and then together.
Table 7.9 summarises the analyses in which comprehension of object-relative
sentences was the criterion. At step 1, the control variables accounted for 29.80% of the
variance in comprehension of object-relatives, Fchange (3, 121) = 17.09, p < .001. When
age was entered at step 2, a further 13% of the variance was explained, Fchange(1, 120) =
27.18, p < .001. After step 2, the unique contribution of vocabulary (4.60%), education
(2.40%) and comprehension of subject-relative sentences (3.60%) remained significant.
Thus there was a significant age-related decline in comprehension of object-relatives
that was independent of subject-relatives, vocabulary and education.
The relational processing hypothesis was tested by entering n-term scores at step
3. N-term scores accounted for an additional 5.60% of unique variance in
comprehension of object-relatives, Fchange(1, 119) = 12.91, p < .001. After step 3, the
unique contributions of vocabulary (3.30%), comprehension of subject-relative
sentences (4.70%) and age (2.50%) remained significant. N-term accounted for 80.80%
of the age-related variance, which constituted 13% of the total variance in
comprehension of object-relative sentences, after controlling for variance associated
with vocabulary, education and subject-relatives.
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Table 7.9
Summary of Hierarchical Regression Analyses for the Variables Predicting
Comprehension of Object-Relative Sentences (N = 125)
Analysis/Step
1

1

2

R2

Variables



B

B(SE)

.27

.22

.10

Education

1.03

.39

.23**

Subject-relatives

.54

.11

.40***

.68

.22

.25**

Education

.79

.35

.17*

Subject-relatives

.30

.11

.22**

Age

-.39

.07

-.42***

.59

.21

.22**

Education

.51

.35

.11

Subject-relatives

.32

.10

.23**

Age

-.21

.09

-.23*

N-term

.18

.05

.31***

.58

.22

.22**

Education

.58

.35

.13

Subject-relatives

.30

.11

.22**

Age

-.30

.08

-.33***

Latin square

.29

.10

.22**

.55

.21

.20*

Education

.44

.35

.10

Subject-relatives

.31

.10

.23**

Age

-.19

.09

-.20*

N-term

.15

.06

.26**

Latin square

.16

.11

.13

Vocabulary

.298***

Vocabulary

.427***

F(4, 120) = 22.38, p < .001
2

3

Vocabulary

.483***

F(5, 119) = 22.27, p < .001
3

3

Vocabulary

.461***

F(5, 119) = 20.36, p < .001
4

3

Vocabulary

.493***

F(6, 118) = 19.11, p < .001

Note. *p < .05; **p < .01; ***p < .001
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The relational processing hypothesis was also tested by entering Latin square
scores instead of n-term at step 3. Latin square scores accounted for an additional 3.40%
of unique variance in comprehension of object-relatives, Fchange(1, 119) = 7.47, p = .007.
After step 3, the unique contribution of vocabulary (3.3%), comprehension of subjectrelative sentences (3.60%) and age (6.60%) remained significant. Latin square
accounted for 49.20% of the age-related variance, which constituted 13% of the total
variance in comprehension of object- relative sentences, after controlling for the
variance associated with vocabulary, education and subject-relatives.
Both n-term and Latin square scores were entered together on step 3. Together
n-term and Latin square scores accounted for an additional 6.6% of variance in
comprehension of object-relatives, Fchange(2, 118) = 7.63, p = .001. After step 3, the
unique contributions of vocabulary (2.90%), comprehension of subject-relative
sentences (4%), age (2%) and n-term (3.20%) remained significant. N-term and Latin
square together accounted for 84.62% of the age-related variance, which constituted
13% of the total variance in comprehension of object-relative sentences, after
controlling for the variance associated with vocabulary, education and subject-relatives.
This is higher than the age-related variance accounted for by either variable alone, and
shows that the age-related variance accounted for by n-term and Latin square did not
completely overlap. Additionally, n-term but not Latin square accounted for
independent variance in object-relatives.
Predicting n-term. In these analyses, n-term was the criterion variable.
Education was included as a control variable and entered at step 1 because of its
significant positive correlation with the criterion (see Table 7.8). Age was entered at
step 2. At step 3, Latin square and comprehension of object-relative sentences were first
entered individually and then together.
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Table 7.10 summarises the analyses in which n-term is the criterion. At step 1,
education accounted for 8.20% of the variance in n-term, Fchange (1, 123) = 11.03, p =
.001. When age was entered at step 2, a further 33.10% of the variance in n-term was
explained, Fchange(1, 122) = 68.71, p < .001. After step 2, the unique contribution of
education (5.60%) remained significant.
Table 7.10
Summary of Hierarchical Regression Analyses for the Variables Predicting N-Term (N
= 125)
R2

Analysis/Step Variables
1

.413***



B

B(SE)

2.24

.68

.29**

1

Education

2

Education

1.86

.56

.24**

Age

-.90

.11

-.58***

1.04

.53

.14

Age

-.68

.11

- .44***

Latin square

.80

.16

.36***

.55

.56

.15*

Age

-.71

.12

-.45***

Object-relatives

.50

.14

.29***

.65

.54

.08

Age

-.58

.11

-.37***

Latin square

.68

.17

.31***

Object-relatives

.34

.13

.20*

F(2, 122) = 42.90, p < .001
2

3

Education

.512***

F(3, 121) = 42.26, p < .001
3

3

Education

.470***

F(3, 121) = 35.78, p < .001
4

3

Education

.537***

F(4, 120) = 34.75, p < .001
Note. *p < .05; **p < .01; ***p < .001.
The relational processing hypothesis was tested by entering Latin square scores
on step 3. Latin square accounted for an additional 9.90% of unique variance in n-term,
Fchange(1, 121) = 24.47, p < .001. After step 3, the unique contribution of age (15.60%)
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remained significant. Latin square accounted for 52.87% of the age-related variance,
which constituted 33.10% of the total variance in n-term, after controlling for the
variance associated with education.
The relational processing hypothesis was also tested by entering comprehension
of object-relatives instead of Latin square at step 3. Comprehension of object-relatives
accounted for an additional 5.70% of unique variance in n-term, Fchange(1, 121) = 13.04,
p < .001. After step 3, the unique contributions of education (1.80%), age (15.80%) and
comprehension of object-relatives (5.70%) remained significant. Comprehension of
object-relatives accounted for 52.27% of the age-related variance, which constituted
33.10% of the total variance in n-term, after controlling for the variance associated with
education.
Both Latin square scores and comprehension of object-relatives were entered
together on step 3. Together they accounted for an additional 12.40% of variance in nterm, Fchange(2, 120) = 16.03, p < .001. After step 3, the unique contributions of age
(9.80%), Latin square (6.66%) and comprehension of object-relatives (2.37%) remained
significant. Together, Latin square and comprehension of object-relative sentences
accounted for 70.39% of the age-related variance, which constituted 33.10% of the total
variance in n-term, after controlling for the variance in education. This is higher than the
age-related variance accounted for by either variable alone, and shows that the agerelated variance accounted for by Latin square and comprehension of object-relative
sentences did not completely overlap.
Predicting Latin square. In these analyses, Latin square was the criterion
variable. Education was included as a control variable and entered at step 1 because of
its significant positive correlation with the criterion (see Table 7.8). Age was entered at
step 2. At step 3, n-term and comprehension of object-relative sentences were first
entered individually and then together.
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Table 7.11 summarises the analyses in which Latin square was the criterion. At
step 1, education accounted for 10.30% of the variance in Latin square, Fchange (1, 123)
= 14.08, p < .001. When age was entered at step 2, a further 15.10% of the variance in
Latin square was explained, Fchange(1, 122) = 24.78, p < .001. After step 2, the unique
contribution of education (8.20%) remained significant.
Table 7.11
Summary of Hierarchical regression Analyses for the Variables Predicting Latin
Square (N = 125)
Analysis/Step

Variables

R2

B

B(SE)

1

1

Education

.103***

1.14

.30

.32***

2

Education

.245***

1.02

.28

.29***

-.28

.06

-.39***

.63

.27

.18*

Age

-.09

.06

-.12

N-term

.21

.04

.46***

.69

.29

.19**

Age

-.19

.06

-.26**

Object-relatives

.23

.07

.29**

.48

.28

.14

Age

-.06

.07

-.08

N-term

.18

.04

.40***

Object-relatives

.13

.07

.17

Age



F(2, 122) = 20.79, p < .001
2

3

Education

.380***

F(3, 121) = 24.68, p < .001
3

3

Education

.311***

F(3, 121) = 18.25, p < .001
4

3

Education

.398***

F(4, 120) = 19.84, p < .001
Note. *p < .05; **p < .01; ***p < .001.
The relational processing hypothesis was tested by entering n-term scores at step
3. N-term scores accounted for an additional 12.50% of variance in Latin square,
Fchange(1, 121) = 24.47, p < .001. After step 3, the unique contributions of education
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(2.90%) and n-term (12.50%) remained significant. N-term accounted for all of the agerelated variance, which constituted 15.10% of the total variance in Latin square, after
controlling for the variance associated with education.
The relational processing hypothesis was also tested by entering comprehension
of object-relatives instead of n-term at step 3. Comprehension of object-relatives
accounted for an additional 5.7% of variance in Latin square, Fchange(1, 121) = 10.06, p
< .001. After step 3, the unique contributions of education (3.20%), age (5.40%) and
comprehension of object-relatives (5.70%) remained significant. Comprehension of
object-relative sentences accounted for 64.24% of age-related variance, which
constituted 15.10% of the total variance in Latin square, after controlling for the
variance associated with education.
Both n-term scores and comprehension of object-relatives were entered together
on step 3. Together they accounted for an additional 14.40% of variance, Fchange(2, 120)
= 14.34, p < .001. After step 3, the unique contribution of n-term (8.60%) remained
significant. N-term and comprehension of object relative sentences accounted for all of
the age-related variance, which constituted 15.10% of the total variance in Latin square,
after controlling for the variance associated with education.
Discussion
The findings support the complexity hypothesis for all three tasks. Items with
higher estimated complexity were more difficult than items with lower estimated
complexity. First, object-relative sentences, in which two or three nouns had to be
assigned to their thematic roles of the verb(s) in the same decision, respectively, were
easier to comprehend than those than those requiring four roles assignments in the same
decision. Second, in the n-term task, integrating two premises into an ordered triple
(ternary-relational) was easier than integrating three premises (quaternary-relational),
which was easier than integrating four premises (quinary-relational). Third, in the Latin
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square task, binary-relational problems, which required application of the rule to a
single row or column, were easier than ternary-relational problems, which required
consideration of elements in both the row and column that intersected the target cell.
Quaternary-relational problems, which required integration of elements across multiple
rows and columns, were the most difficult. These findings are consistent with the
relational complexity approach in that, items of higher complexity were more difficult
than comparable items of lower complexity (Halford et al., 1998).
The findings for each of the relational processing tasks also provided further
evidence that older adults have increased difficulty processing complex relations. Older
adults experienced greater difficulty processing complex relations even at lower levels
of complexity. First, the age of onset of decline on sentence comprehension was 58
years with a further decline from 70 years for both subject- and object-relative
sentences. The pass-fail scores based on the binomial distributions showed that the
majority of adults aged 58 to 69 years experienced difficulty at the ternary- and
quaternary-relational levels. Adults aged 70 years and older experienced difficulty at
binary-, ternary- and quaternary-relational levels. Consistent with previous research
(Andrews & Todd, 2008; Obler et al., 1991), these age-related declines remained after
controlling for verbal ability, education and subject-relative comprehension (see
analysis 1 in Table 7.9). Thus, as age increases, adults become more susceptible to the
higher loads imposed by object-relative sentences.
Second, age-related declines were observed on the n-term task at all levels of
complexity. Complexity is ternary-relational for the 3-term items, quaternary-relational
for the 4-term items and possibly quinary for the 5-term items. The age of onset of
decline was 45 years with a further decline from 70 years (see Table 7.4). Regarding the
most complex quinary-relational 5-term items, 81% of adults in the 70 years and older
group received a score of zero. The percentages of zero scores in the four younger age
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groups ranged from 11% to 35%. The findings of the current research are similar to
Viskontas et al. (2005), who showed impaired performance for middle-aged adults
(50.80 years) on transitive inference items of similar complexity to the current study.
These age-related declines in n-term performance remained after controlling for
education (see analysis 1 in Table 7.10).
Finally, there were age-related declines on the Latin square task. This was a new
finding because the Latin square task has not been used previously with an ageing
sample. The age of onset of the decline was 70 years for the 1-step items and 45 years
with a further decline at 70 years, for the 2-step items (see Figure 7.4). This suggests
that as age increased adults were appreciably less accurate on 2-step items than their
younger counterparts.
Regarding complexity, the analyses based on individuals showed a high level of
performance (in relation to chance) on the 1-step binary-relational items. Almost all
participants performed significantly above chance. The percentages succeeding were
slightly lower on the ternary-relational 1-step items. This was most evident in the 70
years and older group where 78% performed above chance. The percentages performing
above chance on quaternary-relational 1-step items were much lower. In the four
younger age groups, the percentages ranged between 50% and 59%, consistent with a
quaternary-relational limit for adults (Halford et al., 2005). Although the majority of
adults aged less than 70 years performed significantly above chance on the 1-step
quaternary relational problems, this was not the case for the 2-step quaternary-relational
processing items, which were very difficult for all age groups.
Two-step items entailed processing of two relational items at the same level of
complexity in succession. This increase in the number of processing steps is associated
with increased item difficulty (Birney et al., 2006). If working memory load accrued on
2-step items, this might explain the age differences in performance of these items. This
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age-related decline in Latin square remained after controlling for education (see analysis
1 in Table 7.11). Consequently, age-related declines in processing complex relations
were evident across relation processing tasks regardless of verbal ability and education
level.
The relational processing hypothesis was supported by the cross task results.
Consistent with previous research (Andrews et al., 2006) the regression analyses
showed that comprehension of object-relative sentences, n-term task and the Latin
square task explained age-related and age-independent variance in one another.
Therefore, not only do older adults have increased difficulty processing complex
relations, but these difficulties appear to stem from a common underlying process. The
greater predictive power of the n-term might reflect the different ranges of complexity
included. Both object-relatives and Latin square included items ranging from binary- to
quaternary-relational, whereas the n-term included items ranging from ternary- to
quinary-relational (Andrews et al.).
In summary, the findings provide evidence of age-related declines in relational
processing. Given the established link between the PFC, specifically the DLPFC (e.g.,
Christoff, et al., 2001; Goel, 2007), and relational processing these findings might
reflect age-related degeneration of the PFC. Accordingly, this pattern of age-related
declines in relational processing would be consistent with the frontal lobe hypothesis of
cognitive ageing.
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CHAPTER 8. CLASS REASONING, RELATIONAL COMPLEXITY AND
COGNITIVE AGEING.
Relational complexity analysis, described in Chapter 7, has also been applied to
class reasoning, specifically sub-class comparison and class inclusion (e.g., Halford,
1993; Andrews & Halford, 2002). This chapter will describe these and three additional
class reasoning types; double complementation, vicariant inclusion and law of duality
(Müller, Sokol, & Overton, 1999). These items will also be analysed in terms of
relational complexity. The limited literature on adult age-related declines in class
reasoning tasks will be reviewed. The methodology and empirical findings of the
current study, pertaining to class reasoning, will then be described and discussed.
Class Reasoning
The ability to make inferences based on categories is a fundamental cognitive
process. However, the ability to relate classes hierarchically greatly enhances an
individual's inferential capabilities (Markman & Callanan, 1984). For example,
classification hierarchies provide the basis for numerical inferences. If we understand
the inclusion relation between a superordinate class, B (e.g., animals) and two
subclasses A (e.g., fish), A’ (e.g., birds), we can infer that the superordinate class
necessarily has more members than either of the subclasses, assuming both subclasses
are nonempty (i.e., there are more animals than birds; there are more animals than fish).
Class inclusion tasks are used to assess this understanding in children. This task
utilises items in which pictures of two different subclasses (e.g., 9 bananas, 7 apples)
belonging to the same superordinate class (e.g., fruit) are presented. A class inclusion
question is asked which compares the larger subclass to its superordinate class (e.g., Are
there more bananas or more fruit?). According to Piaget’s theory, success on the class
inclusion task hinges on the child’s ability to perform two operations, one requiring the
addition of classes (e.g., bananas + apples = fruit) and the other requiring the subtraction
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of classes (e.g., bananas = fruit – apples). Class inclusion therefore requires
conservation of the whole whilst preserving the identity of the parts. That is, children
must be able to conserve the superordinate class (fruit) while maintaining each of the
subclasses (bananas, apples; Winer, 1980).
Class Inclusion and Complexity
Halford (1993) analysed the relational complexity of class inclusion and
subclass comparison. Figure 8.1 shows the relevant classes. Recognition that there are
fruits that are not bananas is necessary for correct responses to class inclusion questions
that compare the superordinate class and the major subclass (i.e., Are there more
bananas or more fruit?). Class inclusion is ternary-relational because it requires
recognition of the relations between three classes, B, A, A’ (i.e., fruit, bananas, and
apples). Subclass comparison (i.e., Are there more bananas or more apples?) is binaryrelational because it involves the relation between two classes, A and A’ (i.e., bananas
and apples). There is no need to consider the superordinate class.

Fruit
B

Included in

Included in

Bananas
A

Apples
A’
Complement of

Figure 8.1. Classes involved in sub-class comparisons and class inclusion.
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Consistent with relational complexity predictions, Andrews and Halford’s
(2002) results showed that class inclusion was indeed more difficult than subclass
comparison for children aged from 3 to 8 years. Class inclusion scores correlated
positively with performance on other ternary-relational tasks. All tasks loaded on the
same factor and were mastered at a similar age (5 to 6 years).
Müller, et al. (1999) extended the range of class reasoning items and tested
hypotheses derived from Piagetian theory about the relative order of difficulty of these
items for children aged 7 to 13 years (first-, third-, and fifth-graders). Subclass
comparison and class inclusion items similar to those described above were presented
along with three additional item types: double complementation; variant inclusion; and
law of duality. Examples of a stimulus set and question for each type are presented in
Table 8.1.
According to Müller, et al., (1999) double complementation and vicariant
inclusion involve vicariance operations. These indicate that thinking about
hierarchically related classes has become more flexible and mobile. Vicariance
operations allow children to understand double complementation. That is, class B can
be partitioned in various ways, which leave class B invariant (i.e., A1 + A1’ = A2 + A2’
= B). Thus flowers can be divided into roses and non-roses, or daisies and non-daisies.
The different divisions are complementary substitutions of the same whole. Double
complementation was assessed by presenting red, green, yellow, and blue clay balls
with questions such as “Are there more balls that are not yellow or more balls that are
not blue?”
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Table 8.1
Example Stimuli and Questions for Each Item Type
Item Type

Displays

Example Questions

Sub-class Comparison

Fruit; 9 bananas, 7 apples

Are there more apples or more bananas?

Class Inclusion

As for Sub-class Comparison

Are there more fruit or more apples?
Are there more fruit or more bananas?

Class Inclusion: Wider

No pictures

In the whole world, are there more bananas or more fruit?

Double Complementation

Balls; 6 red, 3 yellow, 2 blue, 2 green

Are there more balls that are not yellow or more balls that are not blue?

Vicariant Inclusion

As for Double Complementation

Are there more balls that are red or more balls that are not green?

Law of Duality

Fruit; 9 bananas, 6 apples,

Are there more things that are not bananas or more things that are not fruit?

Frame of Reference

1 cherry, 1 lemon; 1 tree, 1 flower
Law of Duality: Wider

As for Law of Duality

Frame of Reference

In the whole world, are there more things that are not bananas or more
things that are not fruit?

Law of Duality

No pictures

Are there more things that are not eagles or more things that are not birds?

Law of Duality: Wider

No pictures

In the whole world, are there more things that are not eagles or more things

Frame of Reference

that are not birds?
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Vicariant inclusion incorporates double complementation. It is the understanding
that each primary class (A1) is included in the complement of the other
primary class (A2’). Thus, the class roses is included in non-daisies, therefore the class
non-daisies is more numerous than the class roses. Müller, et al. (1999) assessed
vicariant inclusion using the same displays of clay balls used for double
complementation with questions such as, “Are there more balls that are red or more
balls that are not green?”
Law of Duality involves understanding that the complement A’ of a subclass (A)
is larger than the complement B’ of its superordinate class (B). Thus the class of nonroses is larger than the class of non-flowers. According to Müller, et al. (1999) this
involves nesting a class inclusion relation (A + A’ = B) into a higher order class
inclusion relation (B + B’ = C). The stimulus sets for the Law of Duality items were
four subclasses of fruit (bananas, apples, cherry, lemon) and two subclasses of plants
(tree, flower). An example question was, “Are there more things that are not bananas or
more things that are not fruit?”
Prior to the presentation of the double complementation, vicariant inclusion and
law of duality questions the children in Müller et al.’s (1999) research were asked to
identify the members of the relevant complementary sets (e.g., not fruit, not bananas). In
recognition of the possibility that children’s responses might reflect the use of empirical
strategies involving counting of the sets, rather than conceptual understanding, class
inclusion and law of duality comprehension were also assessed using wider reference
questions (Müller et al.), for example “In the whole world, are there more things that are
not bananas or more things that are not fruit?” No stimulus displays accompanied the
wider reference questions therefore empirical strategies would be less likely. Scoring of
all items was based on a judgement-plus-justification criterion. Results of a Rasch
analysis indicated the presence of a single underlying dimension and the following
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order of increasing difficulty: subclass comparison (least difficult); class inclusion;
double complementation; vicariant inclusion; law of duality (most difficult). This
ordering was consistent in most respects with predictions derived from Piagetian theory
(Müller et al.).
Reasoning and Ageing
There is limited research addressing adult age differences in class reasoning
using tasks similar to those described above. A study by Denny and Cornelius (1975)
investigated younger (M = 34.53 years) and older adults’ (M = 73.19 years)
performance on Piagetian class inclusion and multiple classification tasks. The younger
group performed better than the older group on the class inclusion task. This might
reflect older adults increased difficulty with ternary-relational processing.
Pennequin and Fontaine (2000) conducted a training study, which included 68
adults aged 60 years and older. The pre-test included three class inclusion tasks. The
materials consisted of plastic chips and pictures of flowers and animals. Participants
were required to compare the number of elements in class B to those in class A, a subset
of class B. Adults aged 60 to 74 years (74.70% correct) performed better than those
aged 75 to 90 years (51.50% correct). However, older adults with higher education
levels (12 years and above) did not demonstrate impaired class inclusion performance
(95% correct). The concrete materials were deemed unsuitable for investigating class
inclusion reasoning in older adults with 12 or more years of education. Five new verbal
tasks were developed whereby the classes had to be inferred from the information in the
problem statement (e.g., “father’s family” defined as the class containing all children
with a blood relation to the father; Pennequin & Fontaine). For these items, performance
was poorer (relative to concrete class reasoning) for educated participants aged 75 to 90
years (38.50% correct) and 60 to 74 years (62.20% correct).
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As aforementioned, there is limited research specific to age-related declines in
class reasoning. However, age effects in deductive reasoning have been extensively
investigated using categorical syllogisms. Categorical syllogisms are deductive
arguments with two premises and a conclusion (Gilinsky & Judd, 1994). Four basic
statements are used to construct categorical syllogisms: the universal affirmative (all A
are B), the universal negative (no A are B), the particular affirmative (some A are B),
and the particular negative (some A are not B). These statements resemble the relational
expressions used in the class reasoning tasks.
According to Johnson-Laird, Byrne, and Tabossi (1989) reasoning involves
construction of mental models of premises. Inferences and conclusions are evaluated
against these models (Johnson-Laird, 1983). In this approach, complexity is expressed
in terms of the number of mental models that must be constructed to support valid
inferences.
Gilinsky and Judd (1994) investigated age differences in syllogistic reasoning.
Adults from eight age decades participated: 19 to 29 years, 30 to 39 years, 40 to 49
years, 50 to 59 years, 60 to 69 years, 70 to 79 years, 80 to 89 years and 90 to 96 years.
The categorical syllogisms varied in complexity (one-model versus three-model),
validity (valid versus invalid) and believability (believable versus unbelievable).
Participants were required to evaluate some of syllogisms as valid or invalid, and to
construct conclusions for other syllogisms. Reasoning (evaluation and construction)
declined systematically with age and was poorest for those aged 90 years and over.
Accuracy remained stable across the lifespan when beliefs were consistent with logic.
However, accuracy declined sharply with age when beliefs were in conflict with logic
(Gilinsky & Judd). Older adults were significantly less accurate on three-model than
one-model problems and this was more evident when conclusions were constructed than
evaluated, however, both were significant. Working memory and vocabulary accounted
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for some but not all the age-related declines in reasoning (Gilinsky & Judd). The 3model syllogisms also involved increased syntactic complexity associated with
negation. Thus it is possible that older adults might have experienced increased
difficulty with statements framed in the negative.
Fisk and Sharp (2002) also investigated syllogistic reasoning in younger (M = 24
years) and older (M = 66 years) adults. The research included one-model, no valid
conclusion and three-model syllogisms taken from Johnson-Laird (1983). Older adults
made significantly fewer correct inferences (M = 29.44%) than their younger
counterparts (M = 42.03%). Performance was best on one-model (M = 53.35%),
followed by no valid conclusion (M = 38.48%), and the poorest on three-model
problems (M = 15.40%). The magnitude of the age difference did not differ across the
three problem types (Fisk & Sharp), suggesting that the older adults were poorer at
syllogistic reasoning regardless of difficulty.
The class reasoning items described in Table 8.1 and used by Müller et al.
(1999) were included in the current study to examine whether reasoning in this domain
declines during adulthood. As noted above, subclass comparison and class inclusion
have already been analysed and involve binary and ternary relations, respectively
(Andrews & Halford, 2002). A preliminary analysis of the relational complexity of
double complementation, vicariant inclusion and law of duality is provided next.
Complexity Analyses
The complexity analysis assumed that participants understood the notion of
complementary classes. This seems warranted given that in the procedure used by
Müller, et al. (1999) the participants first identified these classes. A further assumption
was that participants used conceptual strategies whereby they considered the relations
between classes, rather than purely empirical strategies in which they enumerated the
sets referred to in the question and then compared the counts. Such strategies are likely
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to be more error-prone than conceptual strategies especially when the hierarchies
included many subclasses of objects to be counted. In the current study, participants’
verbal justifications of their responses were also examined for evidence of empirical
strategies. Another way to detect whether conceptual strategies were used was to
include some items for which no displays were presented, and questions with wider
reference (Müller, et al.). Empirical strategies would not be possible if no concrete
stimuli were available.
Double complementation (henceforth DComp) and vicariant inclusion (VIncl)
are based on hierarchies depicting a superordinate class (B), which could be partitioned
in at least two ways to yield four classes (A1, A1', A2, A2'). These partitionings are
depicted in Figure 8.2. However, it is worth noting that there are more than two possible
partitionings. As explained below, neither DComp nor VIncl requires that the five
classes (B, A1, A1', A2, A2') be considered in the same decision, therefore complexity
does not approach the quinary-relational level.
In DComp, the complementary class resulting from one partitioning (A1') is
compared with the complementary class resulting from an alternative partitioning (A2').
In the example described in Figure 8.2, these are the classes not-blue and not-yellow. A
key insight is to realise that the class not-blue includes red, green, and yellow balls and
that the class not-yellow includes red, green and blue balls. Therefore if the class yellow
is more numerous than the class blue, the correct response is not-blue. If class blue is
more numerous than the class yellow, then the correct response is not-yellow.
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Balls
B
Included in

Included in

Blue
A1

Not-blue
A1’
Complement of

Included in

Yellow
A2

Included in

Complement of

Not-Yellow
A2’

Figure 8.2. The hierarchies involved in double complementation and vicariant
inclusion. The superordinate class balls (B) could be partitioned in at least two ways to
yield four classes blue and not-blue (A1, A1'), and yellow and not-yellow (A2, A2').
Task complexity is ternary-relational given that the most complex step involves
filling three slots in the inclusion relation corresponding to each partitioning. These
ternary relations are depicted in Figure 8.3. That is, for one partitioning the
superordinate class, not-blue includes subclass yellow and a chunked subclass
containing red and green. For the other partitioning the superordinate class not-yellow
includes subclass blue and the same chunked subclass red and green. Thus DComp is
ternary-relational. It is equivalent in complexity to class inclusion, but it involves
multiple steps therefore a working memory load would accrue. Complexity might be
reduced binary-relational by using empirical counting strategies in which the classes
not-yellow and not-blue are identified in the display, enumerated and the cardinal values
compared directly.

166 Age-Related Changes in Cognition

Not-Blue
A1’

Included in

Not-Yellow
A2’

Included in

Red/Green
A

Yellow
A2
Complement of

Included in

Included in

Red/Green
A

Blue
A1
Complement of

Figure 8.3. An example of a class comparisons involved in double complementation. The class not-blue (A1’) includes red and green (A),
and yellow (A2) and that the class not-yellow (A2’) includes red and green (A), and blue balls (A1).
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However, empirical strategies would impose a high working memory load
because the cardinal value of the first class would need to be kept in mind while the
second class is being counted. There might also be errors associated with keeping
track of already-counted and the still-to-be-counted elements. Therefore, errors on
double complementation could be due either to the processing demands imposed by
ternary-relational processing or by the working memory demands imposed by
simultaneous storage and processing.
In VIncl, the numerosity of a subclass resulting from one partitioning (A1) is
compared with the complementary class resulting from the alternative partitioning
(A2’). In the example described in Figure 8.2, these were the classes blue and notyellow. The key insight is to realise that the hierarchy can be reconceptualised as an
inclusion hierarchy in which the superordinate class is not-yellow, which includes one
subclass (blue) and one other subclass, not-blue (green and red are chunked). This is
presented diagrammatically in Figure 8.4. This would allow the participant to realise
that the superordinate class not-yellow is necessarily more numerous than the subclass,
blue. Estimated complexity is therefore ternary-relational. Empirical counting of the
identified classes was possible, but as noted for DComp a working memory load
would accrue due to the need to maintain the numerosity of one class while counting
the other and keeping track of which elements have been counted.
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Not-Yellow
B

Included in

Included in

Blue
A

Red/Green
A1
Complement of

Figure 8.4. An example of a class comparison involved in vicariant inclusion. This
demonstrates the re-conceptualisation of not-yellow as a superordinate class (B), with
one subclass, blue (A) and the other subclass, not-blue (A1; red and green are chunked).
Law of duality (LoD) as described in Table 8.1 was also based on hierarchies
involving five classes. This is illustrated in Figure 8.5. In this case, one inclusion
hierarchy (A + A’ = B) is nested under a higher order class inclusion relation (B + B’=
C). The LoD questions compare complementary subclasses at different levels in the
hierarchy, that is A’ and B’. For the hierarchy involving subclasses bananas and notbananas included in fruit, and fruit and not-fruit included in a higher order class, (e.g.,
plants), the LoD question would be “Are there more things that are not bananas or more
things that are not fruit?”
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Plants
C

Included in

Included in

Fruit
B

Not Fruit
B’
Complement of

Included in

Included in

Fruit/NotBananas
A’

Bananas
A

Complement of

Figure 8.5. The hierarchies involved in law of duality. This hierarchy shows the
subclasses bananas (A) and not-bananas (A’) included in fruit (B), and fruit (B) and notfruit (B’) included in a higher order class, plants (C).
The key insight involves realising that the hierarchy could be reconceptualised as
a superordinate class, not-bananas with one subclass, not-fruit and a second subclass,
fruits other than bananas. This is illustrated in Figure 8.6. Therefore the superordinate
class (not-bananas) is necessarily more numerous than the subclass (not-fruit). LoD is
ternary-relational and could be reconceptualised as a superordinate class, not-bananas
with one subclass, not-fruit and a second subclass, fruits other than bananas.
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Not-Bananas
B

Included in

Included in

Fruit/NotBananas
A1

Not-Fruit
A
Complement of

Figure 8.6. An example of a class comparison involved in law of duality. This
demonstrates the re-conceptualisation of not-bananas (B) as a superordinate class, with
one subclass, not-fruit (A) and a second subclass, fruits other than bananas (A1).
Thus DComp, VIncl and LoD are comparable in their relational complexity to
one another, and to class inclusion. They differ from class inclusion in terms of the
displays presented. The class inclusion displays depicted a single inclusion hierarchy
with one superordinate class and two subclasses. Subclass comparison and class
inclusion questions related directly to this hierarchy.
The hierarchies used for DComp, VIncl, and LoD included more classes and
elements. Use of the strategies described above required participants to mentally select
and recombine the classes to form the hierarchy that was most relevant to the particular
question posed. Hence the DComp, VIncl and LoD questions should provide a more
sensitive test of the ability to construct ternary-relational representations in the class
reasoning domain.
Hypotheses
Relative difficulty. Based on Müller et al.’s (1999) findings the expected order of
difficulty would be: (1) sub-class comparison (easiest), (2) class inclusion, (3) DComp,
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(4) VIncl and (5) LoD (most difficult). Based on relational complexity analysis subclass comparison should be easiest because it is binary-relational. All other items are
ternary-relational, however as noted above, Dcomp, VIncl and LoD are likely to be
more difficult than class inclusion because they involve multiple steps and they require
participants to mentally select and recombine the classes to form the hierarchy most
relevant to the question posed.
Age differences. Based on Pennequin and Fontaine (2000) it was predicted that
age differences would be more pronounced in the DComp, VIncl, and LoD items, which
require more flexible understanding (Müller, et al., 1999) than class inclusion.
Relational complexity. As detailed previously, one possible source of difficulty
was the relational complexity of class reasoning. It was predicted that performance on
ternary-relational items of the relational processing tasks described in Chapter 7 would
account for significant age-related and age-independent variance in a composite
measure based on class reasoning items.
Working memory. As detailed previously, the second possible source of
difficulty was working memory load. It was predicted that Reading span would account
for significant age-related and age-independent variance in a composite measure based
on class reasoning items.
Strategies. In Müller et al.’s (1999) study, response accuracy was based on
participants’ judgements and their verbal justifications. They recognised the possibility
that participants might use either empirical or conceptual strategies and their criteria for
correct justifications encompassed both strategies. The current study used Müller et al.’s
scoring method for response accuracy. The verbal justifications were used for an
additional purpose, namely, to establish the extent to which participants used empirical
and logical strategies. It was predicted that empirical strategies would be more error
prone than logical strategies.
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Method
General Procedure
Each participant was interviewed individually. The sessions were audio-taped,
unless the participants preferred not to be recorded. The experimenter also transcribed
the participant’s spoken responses verbatim on to the response sheet during the session.
An example of the response sheet is presented in Appendix H. The picture stimuli were
presented in groups (i.e., all apples together, all bananas together). The presentation of
the four item types and the order of the questions within each item type were
counterbalanced to yield 16 different orders of presentation, which were used with
approximately equal frequency in each age group. However, the wider frame of
reference question for each hierarchy was always presented last.
Stimuli and procedures
Subclass comparison and class inclusion. The four stimulus sets are described in
Table 8.2. Pictures of the objects were depicted on separate cards. There were 12 picture
cards in birds and furniture displays and 15 picture cards in the fruit and vehicles
displays.
Table 8.2
Composition of Stimulus sets used in the Class Reasoning Task
Superordinate class

Major Subclass

Minor Subclass

1

Birds

7 eagles

5 sparrows

2

Furniture

7 tables

5 chairs

3

Fruit

9 apples

6 bananas

4

Vehicles

9 cars

6 planes
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The procedure for class inclusion and subclass comparison will be demonstrated
using the bird hierarchy. The experimenter asked the participants to identify all the
eagles, all the sparrows, and all the birds. Participants were then asked four questions
about each stimulus set. (1) Subclass comparison; “Are there more eagles or more
sparrows?” (2) Class inclusion major comparison: “Are there are more
birds or more eagles?” (3) Class inclusion minor comparison: “Are there more birds or
more sparrows?” (4) A final question was asked to widen the frame of reference after
the pictures were removed “In the whole world, are there more eagles or more birds”.
For one of the four hierarchies (selected at random) the participants were asked to
justify their responses to all four questions.
Responses were scored in accordance to Müller et al (1999). Correct
justifications for class inclusion included: acknowledgement that all objects belong to
the superordinate class, for example “Bananas and apples are fruit”; a subclass is just
one component of the superordinate class, for example “Sparrows are just one kind of
bird” or “There are lots of birds other than sparrows”; reference to the two sets
combined as being more than one of the sets for example, “Sparrows and eagles are
more than the sparrows” or referring to specific numerosities for example, “Seven
sparrows plus five sparrows are more than seven sparrows” (Müller et al., 1999).
Scoring was based on the number of correct judgements across the four stimulus
displays for each question type, minus incorrect justifications. This yielded maximum
scores of 4 for each of the sub-class comparison, class inclusion major and class
inclusion minor items.
Double complementation and vicariant inclusion. Two stimulus sets were used
for this task and are described in Table 8.3. The geometric shapes were cut from
cardboard that was coloured red, green, yellow, or blue (circles) or from neutral
coloured cardboard (shapes). There were 13 shapes of varying sizes for each hierarchy.
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Table 8.3
Composition of Stimulus Sets used for Double Complementation and Vicariant
Inclusion Items
Hierarchy
Circles

red (2 large, 2 medium, 2 small); green (2 large);
yellow (1 large, 1 medium, 1 small); blue (1 large, 1 small)

Other Shapes

squares (2 large, 2 medium, 2 small); crosses (2 large);
triangles (1 large, 1 medium, 1 small); diamonds (1 large, 1 small)

The procedure for DComp and VIncl will be demonstrated using the circles
hierarchy. The experimenter asked the participants to identify the circles that were red,
yellow, green and blue, and the complementary classes, not green, not blue and not
yellow. Participants were then asked one Dcomp and two VIncl questions about the
display. (1) Dcomp; “Are there more circles that are not yellow or more circles that are
not blue?” (2) VIncl; “Are there more circles that are red or more circles that are not
green?” (3) VIncl; “Are there more circles that are yellow or more circles that are not
blue?” For one of the two hierarchies the participants were asked to justify their
responses.
Correct justifications of VIncl responses involved the acknowledgment that the
primary class is included in the complement of another primary class, or when counting
demonstrated an implicit understanding of this fact. With regard to the DComp
questions, correct justifications included: reference to the count of not-blue and notyellow circles; reference to the fact that more remain when blue ones are removed than
when the yellow ones are removed; and reference to the fact that there are more yellow
than blue ones therefore the not-yellow are less than the not-blue (Müller et al., 1999).
Scoring was based on the number of correct judgements across the two stimulus
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displays, corrected for justification accuracy. This yielded a maximum score of 2 for
Dcomp and 4 for VIncl.
Law of duality. The four stimulus sets are described in Table 8.4. The fruit and
vehicles stimulus sets used in the class inclusion task were reused for LoD, with extra
picture cards added as shown in Table 8.4. For the remaining two items, birds and
furniture, no picture cards were provided.
Table 8.4
Composition of the Stimulus Sets used for Law of Duality
Hierarchy
Fruit

9 bananas; 6 apples; 1 cherry; 1 lemon; 1 flower; 1 tree

Vehicles

9 cars; 6 planes; 1 helicopter; 1 motorcycle; 1 dishwasher; 1 microwave

Birds

No pictures

Furniture

No pictures

The LoD picture procedure will be demonstrated using the fruit stimulus set.
Participants were asked to identify all the things that were not fruit and all the things
that were not bananas. Participants were then asked (1) LoD; “Are there more things
that are not bananas or more things that are not fruit?” The second question was
Similar but involved a wider frame of reference and (2) “In the whole world are there
more things that are not fruit or more things that are not bananas?” Participants were
required to justify their responses for either the fruit item or the vehicle item, whichever
was presented first. The LoD no picture procedure was identical to the picture procedure
except there were no pictures. However, participants were required to justify their
responses for both LoD no picture items.
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Correct justifications were as follows: (a) subtracting the objects belonging to
the complement of the included class leaves more objects than subtracting the objects
belonging to the complement of the including class and (b) listing classes that are part
of the complement of the included class but not part of the complement of the
including class (e.g., “There are more things that are not eagles because not eagles
includes all the other birds that would not be included with the things that are not
birds” (Müller et al., 1999). Scoring was based on the number of correct judgements
for the picture sets, and the no picture sets, including wider frame of reference,
corrected for justification accuracy. This yielded a maximum score of 4 for LoD
pictures and 4 for LoD no pictures. A LoD total score (out of 8) was also calculated.
Results
Correct responses were converted to percentages in order to compare across
item types. In line with Müller et al.’s (1999) research the data were analysed using
percentage of correctly justified judgments as the dependent variables. Table 8.5
shows the mean (SD) percentages for each age group on sub-class comparison, class
inclusion major comparison, class inclusion minor comparison, DComp, VIncl and
LoD. All age groups performed perfectly on sub-class comparison and class inclusion
major and minor items. Therefore, these variables were not examined further. All
individuals in the 18 to 30 years group performed perfectly on the DComp items. To
avoid zero variance for these cells, the 18 to 30 years and 31 to 44 years groups were
combined for the following analyses.
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Table 8.5
Mean (SD) Percentage Correctly Justified Judgments for Each Age Group on the Sub-Class Comparison, Class Inclusion, Double
Complementation, Vicariant Inclusion and Law of Duality Items (N = 125)

Age

Sub-class

Class-inclusion

Class-inclusion

Double

Vicariant

Law of

Group

Comparison

Major

Minor

Complementation

Inclusion

Duality

18 to 30

100

100

100

100

90.74

85.19

years

(0.00)

(0.00)

(0.00)

(0.00)

(20.97)

(21.66)

31 to 44

100

100

100

88.64

81.82

81.82

years

(0.00)

(0.00)

(0.00)

(30.60)

(35.51)

(26.37)

45 to 57

100

100

100

82.69

67.31

68.27

years

(0.00)

(0.00)

(0.00)

(31.44)

(39.22)

(32.64)

58 to 69

100

100

100

80.43

58.70

64.67

years

(0.00)

(0.00)

(0.00)

(36.12)

(40.32)

(35.88)

70 plus

100

100

100

51.85

43.52

43.52

years

(0.00)

(0.00)

(0.00)

(46.99)

(42.51)

(33.32)
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A 3 Type (DComp, VIncl, LoD total) × 4 Age group (18 to 44 years, 45 to 57
years, 58 to 69 years, 70 plus years) mixed ANOVA was conducted. The dependent
variable was percentage of correctly justified judgements. Extreme scores were
identified because of close to ceiling performance of the 18 to 44 years, and 45 to 57
years age groups on the DComp items, and for the 18 to 44 years age group on both the
VIncl and LoD total items. However, all data points were retained in the final analysis.
2

A significant main effect of item type, F(2, 242) = 11.90, p < .001, ηp = .09 was
observed. The means and standard errors are presented in Table 8.6. Contrast analyses
revealed significantly higher accuracy on the DComp items than the VIncl items (p <
.001) and LoD items (p < .001). There was no significant difference between VIncl and
LoD items (p = .78).
Table 8.6
Mean Percentage (SE) of Correctly Justified Judgements for Double Complementation,
Vicariant Inclusion and Law of Duality Items (N = 125)
Item

Mean (%)

Standard Error

Double Complementation

77.46

3.08

Vicariant inclusion

64.06

3.40

Law of Duality Total

65.03

2.82

A significant between groups effect of age was also observed, F(3, 121) = 14.15,
p < .001, ηp2 = .26. The means and standard errors for each age group are presented in
Table 8.7. Contrast analyses revealed that the 45 to 57 years group performed
significantly more poorly than the 18 to 44 years group (p = .02). There was no
significant difference between the 45 to 57 years and 58 to 69 years groups (p = .56).
However, the 70 years and older group performed significantly more poorly than these
groups combined (p = .006). There were no other significant effects.
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Table 8.7
Mean Percentage (SE) of Correctly Justified Judgements within Each Age Group (N =
125)
Age group

Mean (%)

Standard Error

18 to 44 years

88.43

3.91

45 to 57 years

72.75

5.37

58 to 69 years

67.94

5.71

70 plus years

46.30

5.27

Law of duality
The percentage of correct judgment plus justification responses for LoD items
were analysed using a 2 LoD presentation type (picture, no picture) × 4 Age group (18
to 44 years, 45 to 57 years, 58 to 69 years, 70 plus years) mixed ANOVA. Extreme
scores were identified and investigated. These scores were extreme because of close to
ceiling performance of the 18 to 44 years, 45 to 57 years and 58 to 69 years age groups
on the picture items and for the 18 to 44 years age group on the no picture items.
However, all scores were retained in the final analysis.
A significant between groups effect of age was observed, F(3, 121) = 10.04, p <
.001, ηp2= .20. The means and standard errors for each age group are presented in Table
8.8. Contrast analyses revealed that the 45 to 57 years group performed significantly
more poorly than the 18 to 44 years group (p = .04). There was no significant difference
between the 45 to 57 years and 58 to 69 years groups (p = .72). However, the 70 years
and older group performed significantly more poorly than these groups combined (p =
.006). There were no other significant effects.
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Table 8.8
Mean Percentage (SE) of Correctly Justified Judgements for Law of Duality Items for
Each Age Group (N= 125)

Age group

Mean (%)

Standard Error

18 to 44 years

83.67

4.32

45 to 57 years

68.27

5.93

58 to 69 years

64.67

6.31

70 plus years

43.52

5.82

Correlations
Associations between class reasoning items. Correlation analyses were
conducted to examine the strength of associations between DComp, VIncl and LoD
(total) items. The zero-order (below diagonal) and age-partialled correlations (above
diagonal) are presented in Table 8.9. As with the previous analyses, correlations were
based on correctly justified responses. Significant positive associations were
observed between the three class reasoning item types. Age was significantly and
negatively associated with DComp, VIncl and LoD (total) items.
Composite score. As there were no significant negative correlations observed
between the class reasoning items, a composite score was calculated by averaging the
Z-scores for the DComp, VIncl and LoD items (Z-Class reasoning). As shown in
Table 8.9, there was a significant age-related decline in Z-class reasoning.
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Table 8.9
Zero-Order (below diagonal) and Age-Partialled (above diagonal) Correlations among Double Complementation, Vicariant Inclusion,
Law of Duality, Z-Class Reasoning Z-Binary, Z-Ternary, Z-Quaternary and Reading Span

1

2

3

4

5

.65***

.43***

.85***

.41***

6

7

8

.44***

.48**

.25**

.84***

.25**

.28**

.18*

.75***

.18*

.31**

.22*

.36***

.43***

.27**

.66***

.31***

1. Age
2. Double Complementation

-.46***

3. Vicariant Inclusion

-.44***

.72***

4. Law of Duality

-.48***

.55***

.53***

5. Z-class reasoning

-.54***

.89***

.88***

.81***

6. Z-ternary

-.53***

.57***

.42***

.39***

.54***

7. Z-quaternary

-.52***

.60***

.44***

.48***

.59***

.75***

8. Reading Span

-.66***

.47***

.41***

.46***

.52***

.55***

Mean

51.01

80.40

68.20

68.30

0.00

0.00

0.00

26.11

SD

19.66

36.42

39.70

33.51

.86

.71

.76

9.19

N

125

125

125

125

125

125

125

125

Note. *p < .05; **p < .01; ***p < .001.

.45***
.63***
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Relational complexity and class reasoning. Composite ternary-relational and
quaternary-relational scores were calculated based on three relational processing tasks;
sentence comprehension, n-term and Latin square. The Latin square task, described in
chapter 7, entails 1-step and 2-step items. Two-step items involve an increased number
of processing steps, which in turn increases the item difficulty (Birney et al., 2006). A
purer measure of relational processing would include only 1-step Latin square items.
The ternary-relational (Z-ternary) composite was the average of Z-scores for
comprehension of 3-role object-relatives, ternary-relational Latin square (1-step), and nterm items. The quaternary-relational (Z-quaternary) composite was the average of Zscores for comprehension of 4-role object-relatives, quaternary-relational Latin square
(1-step) and n-term items.
The zero-order correlations are presented below the diagonal in Table 8.9.
Higher scores on Z-class reasoning were associated with higher scores on Z-ternary and
Z-quaternary composite scores. Increased age was associated with lower scores on Zclass reasoning, Z-ternary and Z-quaternary composite scores, respectively. The agepartialled correlations are shown above the diagonal in Table 8.9. Associations between
Z-class reasoning, Z-ternary and Z-quaternary remained significant when age was
partialled.
Working memory and class reasoning. Reading span was included as the
measure of working memory. The zero-order correlations presented below the diagonal
in Table 8.9 show a significant positive association between Z-class reasoning and
Reading span. Better performance on the Reading span was associated with higher Zclass reasoning scores. This association remained significant after age was partialled, as
shown above the diagonal in Table 8.9
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Regression Analyses
A hierarchical multiple regression analysis was conducted to investigate the
extent to which age-related and age-independent variance in Z-class reasoning was
accounted for by relational processing (Z-ternary) and Reading span. Education (r = .27,
p =.001) was included as a control variable due to its significant positive correlation
with the criterion.
Table 8.10 summarises this and subsequent analyses. In this analysis, education
was entered on step 1 and accounted for 7% of the variance in Z-class reasoning,
Fchange(1, 123) = 9.25, p = .003. When age was entered at step 2, an additional 26.70%
of variance in Z-class reasoning was explained, Fchange(1, 122) = 49.17, p < .001. After
step 2, the unique contribution of education (4.80%) remained significant. Z-ternary was
entered on step 3, and added an additional 5.30% of variance, Fchange(1, 121) = 10.45, p
= .002. After step 3, the unique contribution of age (9.73%) remained significant. Zternary accounted for 63.56% of the age-related variance, which constituted 26.70% of
total variance in Z-class reasoning, after controlling for the variance associated with
education.
Reading span entered on step 3 explained an additional 3.60% of variance,
Fchange(1, 121) = 10.45, p = .002 in Z-class reasoning. After step 3, the unique
contribution of education (3.35%) and age (7.02%) remained significant. Reading span
accounted for 73.70% of the age-related variance, which constituted 26.70% of the total
variance in Z-class reasoning, after controlling for the variance associated with
education.
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Table 8.10
Summary of Hierarchical Regression Analyses for the Variables Predicting Z-Class
Reasoning (N= 125)

1



Variables

R2

1

Education

.070**

.06

.02

.27**

2

Education

.337***

.05

.02

.22**

-.02

.003

-.52***

.03

.02

.11

Age

-.02

.004

-.37***

Z-ternary

.36

.11

.30**

.04

.02

.19*

Age

-.02

.004

-.35***

Reading Span

.02

.009

.26**

.02

.02

.10

Age

-.01

.004

-.27**

Z-ternary

.30

.11

.25**

Reading Span

.02

.009

.19

.02

.02

.08

Age

-.01

.004

-.26**

Z-ternary

.11

.13

.09

Reading Span

.01

.01

.10

Z-quaternary

.33

.13

.29**

Analysis/Step

Age
3

Education

B

.390***

B(SE)

F(3, 121) = 25.77, p < .001
2

3

Education

.373***

F(3, 121) = 23.98, p < .001
3

3

Education

.408***

F(4, 120) = 20.64, p < .001
4

4

Education

.439***

F(5, 119) = 18.61, p < .001

Note. * p < .05; **p < .01; *** p < .001.

Z-ternary and Reading span entered together on step 3 explained an additional
7% of variance, Fchange(1, 120) = 7.14, p = .001. After step 3, the unique contribution of
age (3.94%) and Z-ternary (3.46%) remained significant. Z- ternary and Reading span
together accounted for 85.24% of the age-related variance, which constituted 26.70% of
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the total variance in Z-class reasoning, after controlling for the variance associated with
education. This is higher than the age-related variance accounted for by either variable
alone, and shows that the age-related variance accounted for by relational processing
and working memory did not completely overlap.
Z-quaternary was entered on step 4 to investigate whether it accounted for
additional age-related and age-independent variance in Z-class reasoning, beyond
ternary relational-processing and working memory. Steps 1 through 3 were the same as
the previous analysis. Z-quaternary accounted for an additional 3.10% of the variance in
Z-class reasoning, Fchange(1, 119) = 6.61, p = .01. After step 3, the unique contribution
of age (3.57%) remained significant. Z-quaternary subsumed the variance previously
associated with Z-ternary and Reading span. Together, Z-ternary, Reading span and Zquaternary accounted for 86.63% of the age-related variance, which constituted 26.70%
of the total variance in Z-class reasoning, after controlling for the variance associated
with education.
Empirical versus Logical Strategies
Participants’ correct justifications were further examined for evidence of
empirical and logical strategies on the sub-class, class inclusion, DComp, VIncl and
LoD (picture only) items. Empirical strategies were based on counting of the sets,
whereas logical strategies were based on conceptual understanding. LoD (no picture)
items were not included in the analyses because empirical strategies could not be
applied in this condition. Only correct justifications were classified, therefore, the
sample size is smaller in some cases.
As can be seen in Table 8.11, more participants applied a logical than empirical
strategy for both class inclusion major and minor items. However, the majority of
participants applied an empirical strategy for Dcomp and VIncl (Q1, Q2) items.
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Table 8.11
Frequency of Empirical (E) and Logical (L) Strategies used for Correct judgments on Class Inclusion Major, Class Inclusion Minor, Class
Inclusion, Double Complementation, Vicariant inclusion and Law of Duality within Each Age Group

Age
Group

Class Inclusion
Major

Class Inclusion
Minor

Double
Complementation

Vicariant
Inclusion
Q1

Vicariant
Inclusion
Q2

Law of
Duality
Picture

Law of Duality
Wider Reference
Picture

E

L

E

L

E

L

E

L

E

L

E

L

E

L

18-44

14

35

16

33

44

3

26

15

41

7

23

23

16

27

45-57

7

19

6

20

22

0

9

5

19

3

9

14

5

15

58-69

11

12

11

12

19

0

13

2

14

2

8

10

7

11

70 +

11

16

11

16

15

0

8

3

12

2

14

8

9

7

Total

43

82

44

81

100

3

56

25

86

14

54

55

37

60

34.40

65.60

35.20

64.80

97.08

2.92

69.14

30.86

86.00

14.00

49.54

50.56

38.14

61.86

Percentages
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Five participants provided responses for the LoD (picture only) items that
could not be classified as either empirical or logical, therefore, these participants
were excluded from the analysis of these items. For LoD (picture only) items,
approximately equal numbers of participants applied empirical and logical strategies.
However, for the LoD wider reference (picture only) items more participants applied
a logical strategy. Sub-class comparison items and class inclusion wider frame of
reference items were not included in Table 8.11 because 100% of participants
applied empirical and logical strategies, respectively, for these items.
Items on which judgments were incorrect were also examined for evidence
of strategies. There were no errors for the class inclusion items, however there were
for DComp, VIncl and LoD items. As shown in Table 8.12, errors were
predominately associated to empirical strategies.
The empirical and logical correctly justified judgments were summed across
item type: class inclusion (major, minor), DComp, VIncl (Q1, Q2) and the two LoD
items. This provided an empirical and logical score for each participant (maximum
score 7). A positive association was observed between age and empirical strategy (r
= .27, p = .002). This pattern suggests that older adults seem more likely to apply
an empirical strategy.
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Table 8.12
Frequency of Empirical (E) and Logical (L) Strategies used on Judgment Errors for Double Complementation (DComp), Vicariant
Inclusion (VIncl) and Law of Duality (LoD) within Each Age Group

Age

Double

Vicariant Inclusion

Vicariant inclusion

Law of

Law of Duality

Group

Complementation

Q1

Q2

Duality

Wider reference

E

L

E

L

E

L

E

L

E

L

18 to 44

2

0

8

0

1

0

0

1

2

2

45 to 57

4

0

12

0

4

0

1

0

4

0

58 to 69

4

0

8

0

7

0

3

1

3

1

70 plus

12

0

16

0

13

0

4

1

10

1

Total

22

0

44

0

25

0

8

3

19

4

Percentages

100

0

100

0

100

0

72.73

27.27

82.61

17.39
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Discussion
The current study investigated class reasoning performance in adults using subclass comparison, class inclusion, DComp, VIncl and LoD items used in previous
research with children (Müller, et al., 1999). All adults in the current study performed
perfectly on the sub-class comparison and class inclusion. However, accuracy was
significantly lower on DComp, VIncl and LoD (see Table 8.5) than sub-class
comparison and class inclusion. More specifically, when these three types were
compared, accuracy was lower on the VIncl and LoD than on the DComp items (see
Table 8.6). Contrary to the findings of Müller et al. who found that LoD was more
difficult than VIncl, in the current study, there was no difference between VIncl and
LoD items. In this adult sample the relative order of difficulty was as follows: (1) subclass comparison and class inclusion; (2) DComp and (3) VIncl and LoD.
The results of the sub-class comparisons and class inclusion major and minor
items indicated no significant age differences in this type of class reasoning. This is
consistent with the pre-test results of Pennequin and Fontaine (2000) who demonstrated
that adults with 12 or more years of education achieved 95% accuracy on similar tasks.
In contrast, the results of the current study showed there were significant age differences
on DComp, VIncl and LoD items (see Table 8.7; Table 8.10). The age of onset of
decline on these items was from 45 years with a further decline from 70 years. These
declines remained after controlling for education (see Table 8.10). These results might
reflect older adults increased difficulty with flexible and mobile thinking (Müller, et al.,
1999).
The results provide support for the use of both relational processing and working
memory in performance of DComp, VIncl and LoD class reasoning items. First,
working memory and ternary-relational processing each explained age-related decline in
class reasoning performance (Table 8.10). The role of working memory is consistent
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with Gilinsky and Judd’s, (1994) results who demonstrated that working memory
accounted for some of the age-related variance in syllogistic reasoning. Additionally,
consistent with the evidence presented in Chapter 7, older adults have increased
difficulty processing the three interacting components involved in ternary-relations.
However, there was no evidence of age differences on traditional Piagetian class
inclusion items which also entail ternary relations (Halford, 1993). This might reflect
the use of external representations of the concrete stimuli depicting a single inclusion
hierarchy in the class inclusion items.
Second, ternary-relational processing and to a lesser extent simultaneous
computation and storage in working memory, explained age-independent variance in
class reasoning. The unique contribution of ternary-relational processing remained
significant both before and after entering working memory. However, the unique
contribution of working memory was significant only when entered without relational
processing (Table 8.10, analyses 1, 2 & 3). Thus Dcomp, VIncl and LoD class
reasoning items most likely required participants to mentally select and recombine the
classes to form the hierarchy that was most relevant, therefore, providing a more
sensitive test of the ability to construct ternary-relational representations than the
traditional class inclusion task.
The addition of quaternary-relational processing rendered both ternary-relational
processing and working memory non-significant. Based on Relational Complexity
theory, quaternary relations impose a higher load than ternary relations (Andrews et al.,
2006) therefore success on the former subsumes the latter. Therefore quaternaryrelational processing might capture the greater difficulty of Dcomp, VIncl, and LoD
class reasoning items, beyond ternary-relational processing and working memory
because these items require more flexible and mobile thinking.
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This research also examined participants’ verbal justifications to establish the
extent to which participants used empirical and logical strategies. The pattern of
findings suggests that empirical strategies are more prone to error than logical strategies
(see Table 8.12). Additionally, there was some correlational evidence to suggest that
older adults tended to more readily use empirical strategies rather than logical strategies.
One interpretation is that older adults might default to empirical strategies because they
experience difficulty with problems that require them to mentally reconstruct ternaryrelational representations. However, as empirical strategies impose other demands (i.e.,
working memory) this might make older adults more vulnerable to error.
In summary, the findings of the current research provide evidence of age-related
declines in three types of class reasoning, Dcomp, VIncl and LoD. The composite
measure of class reasoning will be included in the ternary composite measure in
subsequent analyses.
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CHAPTER 9. EXPLAINING AGE-RELATED DECLINES IN RELATIONAL
PROCESSING
The evidence presented in Chapters 7 and 8 demonstrated age-related declines in
multiple measures of relational processing. This chapter will focus on examining the
extent to which processing speed, executive attention, inhibitory control, and working
memory (Hasher & Zacks, 1988; Park, 1999; Salthouse, 1992, 1996) account for agerelated and age-independent variance in relational processing.
Composite binary-relational (Z-binary), ternary-relational (Z-ternary) and
quaternary-relational (Z-quaternary) scores were computed based on four relational
processing tasks; sentence comprehension, n-term, Latin square and class reasoning.
The Z-binary composite was comprised of the average for comprehension of 2-role
object-relatives and binary-relational Latin square (1-step) Z-scores. The Z-ternary
composite was recomputed to include the average of Z-scores for class reasoning,
comprehension of 3-role object-relatives, ternary-relational Latin square (1-step) and nterm. The Z-quaternary composite were as described in Chapter 8, that is, the average of
Z-scores for comprehension of 4-role object-relatives, quaternary-relational Latin square
(1-step) and n-term. Only the n-term task included quinary-relational items and as a
discontinue rule was employed on this task (see Chapter 7) a composite score was not
calculated at this level of complexity.
Hypotheses
Age differences. Based on the evidence presented in Chapters 7 and 8 older
adults were expected to perform more poorly at each level of complexity, namely, Zbinary, Z-ternary and Z-quaternary than their younger counterparts.
Working memory. Based on previous research, (Andrews & Todd, 2008) it was
predicted that there would be significant positive associations observed between each of
the relational complexity composite measures (Z-binary, Z-ternary, Z-quaternary) and
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Reading span. It was also predicted that Reading span would account for age-related in
composite relational processing scores.
Processing speed, executive attention and inhibitory control. No previous
research has investigated the links between relational processing, processing speed,
executive attention, and inhibitory control. Therefore no specific predictions can be
made regarding the extent to which these variables account for age-related and ageindependent variance in relational processing.
Results and Discussion
Age Differences
Initially a 3 Complexity (Z-binary, Z-ternary, Z-quaternary) × Age Group mixed
ANOVA was conducted. A significant main effect of age group was observed, F(4,
120) = 14.81, p < .001, ηp2= .33. The mean relational complexity composite score and
standard errors for each age group are presented in Table 9.1.
Table 9.1
Mean (SE) Relational Complexity Composite Score for each age Group (N = 125)

Age group

Mean

Standard Error

18 to 30 years

.408

.055

31 to 44 years

.230

.140

45 to 57 years

.031

.101

58 to 69 years

.001

.096

-.626

.122

70 year plus

Contrast analyses revealed no significant difference between the 18 to 30 years
and 31 to 44 years groups (p = .25), therefore these groups were combined. The 45 to 57
years groups performed significantly more poorly than this combined younger group (p
= .03). There was no significant difference between the 45 to 57 years and 58 to 69
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years groups (p = .84). The 70 years and older group performed significantly more
poorly than these groups combined (p < .001). There was no significant main effect of
complexity, p = .99 and no significant two-way Complexity × Age Group interaction, p
= .12. Complexity was significant in Chapter 7 and not here because Z-scores were used
in this analysis.
To investigate the age of onset at each level of complexity (Z-binary, Z-ternary
and Z-quaternary) three one-way ANOVAs were conducted. Age group was the
between-subjects variable and Z-binary, Z-ternary and Z-quaternary were the dependent
measures, respectively. The mean Z-binary, Z-ternary and Z-quaternary composite
scores and standard errors for each age group are presented in Figure 9.1.
.60

Z-binary
Z-ternary
Z-quaternary

Composite Z-scores

.40
.20
.00
-.20
-.40
-.60
-.80
-1.00
18-30

31-44

45-57

58-69

70+

Age group (years)
Figure 9.1. Mean (SE) on z-binary, z-ternary and z-quaternary composite scores for each
age group (N = 125).
A significant main effect of age group was observed for Z-binary, F(4, 120) =
4.63, p = .002, ηp2= .13. Contrast analyses revealed no significant differences between
the 18 to 30 years, 31 to 44 years, 45 to 57 years and 58 to 69 years groups, therefore
these groups were combined. The 70 years and older group performed significantly
more poorly than this combined younger group (p < .001).
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A significant main effect of age group was observed for Z-ternary, F(4, 120) =
17.16, p = .002, ηp2= .36. Contrast analyses revealed no significant difference between
the 18 to 30 years and 31 to 44 years groups (p = .24), therefore these groups were
combined. The 45 to 57 years groups performed significantly more poorly than this
combined younger group (p = .008). There was no significant difference between the 45
to 57 years and 58 to 69 years groups (p = .46), however the 70 years and older
performed significantly more poorly than these groups combined (p < .001).
A significant main effect of age group was observed for Z-quaternary, F(4, 120)
= 12.89, p = .002, ηp2= .30. Contrast analyses revealed no significant difference between
the 18 to 30 years and 31 to 44 years groups (p = .76), therefore they were combined.
The 45 to 57 years group performed significantly more poorly than this combined
younger group (p = .04). There was no significant difference between the 45 to 57 years
and 58 to 69 years groups (p = .98), however the 70 years and older group performed
significantly more poorly than these groups combined (p < .001).
Thus binary-relational processing remained relatively unaffected prior to age 70
years. In contrast, declines in ternary- and quaternary-relational were evident from 45
years of age with a further decline from 70 years of age.
Correlations
The means, standard deviations, zero order (below diagonal) and age-partialled
(above diagonal) correlations are presented in Table 9.2. As expected, there were
significant age-related declines in Z-binary, Z-ternary and Z-quaternary composites,
especially at the ternary- and quaternary relational levels of complexity. Higher Reading
span scores, faster processing speed and less interference were associated with higher
relational processing composite scores. Fewer intrusion errors, higher go/no-go
efficiency and smaller switch costs were associated with higher relational processing
composite scores.
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Table 9.2
Zero-Order (below diagonal) and Age-Partialled correlations among Age, Z-binary, Z-Ternary, Z-Quaternary, Reading Span Z-Processing
speed, Stroop interference, Z-Intrusion Errors, Z-Composite Switch and Z-Go/no-go Efficiency
1

2

3

4

5

.17

.43***

.36***

.45***

6

7

8

9

10

11

.15

.28**

.09

.004

.000

.003

.44***

.34***

.34***

.20*

.09

.08

-.06

.69***

.34***

.39***

.22*

.04

.004

-.10

.43***

.37***

.27**

.03

-.04

-.13

.40***

.22

-.06

-.10

.01

.13

.04

-.22*

.02

-.04

.05

-.07

.05

.06

1. Age
2. Education

-.09

3. Z-binary

-.35***

.20*

4. Z-ternary

-.58***

.40***

.55***

5. Z-quaternary

-.52***

.36***

.54***

.78***

6. Reading span

-.66***

.19*

.47***

.60***

.63***

7. Z-processing speed

-.62***

.25**

.46**

.60***

.55***

.63***

8. Stroop interference

-.52***

.12*

.35***

.46***

.47***

.49***

.41***

9. Z-go/no-go efficiency

-.61***

.05

.27**

.38***

.33***

.36***

.40**

10. Z-composite switch

.40***

-.06

-.08

-.24**

-.25**

-.35***

-.39**

-.17

-.20*

11. Z-intrusion errors

.49***

-.05

-.23**

-.36***

-.36***

-.33***

-.28***

-.30**

-.25**

.18*

Mean

51.01

13.90

0

0

0

26.11

0

-.16

0

0

0

SD

19.66

3.93

.75

.68

.76

9.19

.86

9.30

1

.81

.70

N

125

125

125

125

125

125

125

123

125

125

125

.29**

-.04

Note. *p < .05; **p < .01; ***p < .001.
Higher scores on Z-processing speed means faster processing speed; Higher scores on Stroop interference means less interferences; Higher scores
on Z-go/no-go efficiency mean greater efficiency; Higher scores on Z-composite switch cost and Z-intrusion errors means poorer task-set switching
performance and greater proactive interference.
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When age was partialled, significant positive correlations remained between Reading
span and Z-processing speed, and each of the relational-processing composites (Zbinary, Z-ternary, Z-quaternary). There was also a significant positive correlation
between Stroop interference scores and both Z-ternary and Z-quaternary relational
processing.
Regression Analyses
To investigate whether working memory, processing speed, executive attention,
and inhibitory control explained the age-related and age-independent variance in
relational processing a series of hierarchical regression analyses was conducted. As
indicated in Chapter 3 (p. 41), the sample size for the analyses involving Stroop
interference was reduced to 123 because two participants did not complete the task due
to colour blindness.
Control variables. Education significantly correlated with each of the relational
processing composite scores (see Table 9.2) and was therefore included as a control
measure. In order to investigate the greater complexity of ternary-relational compared to
binary-relational processing, Z-binary was included as a control variable in the analysis
when Z-ternary was the criterion. Similarly, in the analysis with Z-quaternary as the
criterion, Z-binary and Z-ternary were included as control variables. The inclusion of Zbinary and Z-ternary as control variables means that Z-quaternary (criterion) reflects the
added complexity of quaternary-relational items.
Predicting binary-relational processing. Table 9.3 summarises the analyses in
which the criterion was the binary-relational composite (Z-binary). Education (2.79%)
and age (11.10%) each explained significant unique variance in Z-binary when entered
on step 1. Thus there was a significant age-related decline in binary-relational
processing that was independent of education.
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Table 9.3
Summary of Hierarchical Regression Analyses for the Variables Predicting Z-Binary (N
= 125)
Analysis/Step
1

1

R2

Variables
Education

.150***

Age

B

SE B



.03

.12

.17*

-.01

.003

-.33 ***

F(2, 122) = 10.73, p < .001
2

2

Education

.239***

.02

.02

.11

-.003

.004

-.07

.03

.01

.40***

.02

.02

.10

-.005

.004

-.12

.32

.09

.36**

.03

.02

.14

-.009

.004

-.23*

.02

.008

.21*

.03

.02

.17*

Age

-.01

.004

-.24*

Z-intrusion errors

-.08

.10

-.08

Z-go/no-go efficiency

.07

.08

.10

.01

.02

.06

Age

.002

.004

.06

Reading span

.02

.01

.26*

Z-processing speed

.23

.10

.27*

Stroop interference

.01

.01

.13

Age
Reading span

F(3, 121) = 12.67, p < .001
3

2

Education

.225***

Age
Z-processing speed

F(3, 121) = 11.70, p < .001
4

2

Education

.179***

Age
Stroop Interference

F(3, 119) = 8.66, p < .001
5

2

Education

.160***

F(4, 120) = 5.71, p < .001
6

2

Education

.282***

F(5, 117) = 9.21, p < .001

Note. *p < .05; **p < .01; ***p < .001.
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Reading span was entered on step 2 and accounted for an additional 8.9% of
variance in Z-binary, Fchange(1, 120) = 14.23, p < .001. The unique contributions of
education and age were no longer significant. Reading span accounted for all of the agerelated variance, which constituted 11.10% of the total variance in Z-binary, after
controlling for the variance associated with education.
Z-processing speed was entered on step 2 and accounted for an additional 7.5%
of variance in Z-binary, Fchange(1, 121) = 11.75, p = .001. The unique contributions of
education and age were no longer significant. Z-processing speed accounted for all of
the age-related variance, which constituted 11.10% of the total variance in Z-binary,
after controlling for the variance associated with education.
Stroop interference was entered on step 2 and accounted for an additional 3.10%
of variance in Z-binary, Fchange(1, 119) = 4.55, p = .04. After step 2, the unique
contribution of age (3.84%) remained significant. Stroop interference accounted for
65.41% the age-related variance, which constituted 11.10% of the total variance in Zbinary, after controlling for the variance associated with education.
Z-intrusion errors and Z-go/no-go efficiency were entered on step 2 and did not
account for additional variance in Z-binary, Fchange(3, 120) = .73, p = .48. After step 2,
the unique contribution of education (2.79%) and age (2.82%) remained significant. Zintrusion errors and Z-go/no-go efficiency accounted for 74.59% the age-related
variance, which constituted 11.10% of the total variance in Z-binary, after controlling
for the variance associated with education. Therefore the significant associations
between these measures of inhibitory control and binary-relational processing appear to
reflect common age-related variance, rather than age-independent variance.
A supplementary analysis was conducted with Reading span, Z-processing
speed, and Stroop interference entered on step 2. Together they accounted for an
additional 13.5% of variance in Z-binary, Fchange(3, 117) = 7.31, p < .001. Reading span
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(3.13%) and Z-processing speed (3.42%) continued to make a significant unique
contribution to Z-binary after step 2. Together these three variables accounted for all the
age-related variance, which constituted 11.10% of the total variance in Z-binary, after
controlling for the variance associated with education.
These findings demonstrate that both working memory and processing speed
account for age-independent and age-related variance in binary-relational processing.
However, the contribution of Stroop interference to explaining age-independent
variance appears to reflect shared variance with working memory and processing speed
(see analyses 4 & 6, Table 9.3).
As described in Chapter 7, relational processing tasks attempt to minimise
storage demands and focus on processing load (Halford et al., 1998). Thus, the
association between binary-relational processing and working memory might reflect the
computational component of working memory rather than the storage component. There
was some evidence for this explanation. In a further analysis, in which, the composite
measure of simple span (Z-simple span) and complex span (Reading span) were entered
together on step 2, only complex span ( = .32; p = .005) made a significant unique
contribution to Z-binary.
The age-related association between binary-relational processing and processing
speed is consistent with an abundance of previous research that demonstrates agerelated declines in cognition are to some extent attributable to the generalised slowing
(e.g., Salthouse, 1996). However, the explanation of the age-independent association is
less clear. Binary-relational processing involves two arguments and is less complex than
ternary- and quaternary processing (Halford et al., 1998). Therefore this association
might stem from some shared aspects of lower level relational processing and
processing speed.
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Predicting ternary-relational processing. Table 9.4 summarises the analyses in
which the criterion was ternary-relational processing (Z-ternary). Education (8.58%), age
(16.81%) and Z-binary (9.73%) each explained significant unique variance in Z-ternary
when entered on step 1. This analysis provided evidence of a significant age-related decline
in ternary-relational processing independent of education and binary-relational processing.
Reading span was entered on step 2 and accounted for an additional 1.70% of
variance in Z-ternary, Fchange(1, 120) = 6.72, p = .03. After step 2, the unique contributions
of education (7.56%), age (6.30%) and Z-binary (6.45%) also remained significant.
Reading span accounted for 62.50% of the age-related variance, which constituted 16.81%
of the total variance in Z-ternary, after controlling for the variance associated with
education and Z-binary.
Z-processing speed was entered on step 2 and accounted for an additional 1.90%
of variance in Z-ternary, Fchange(1, 120) = 5.44, p = .02. After step 2, the unique
contributions of education (6.71%), Z-binary (6.60%) and age (7.02%) also remained
significant. Z-processing speed accounted for 58.21% of the age-related variance, which
constituted 16.81% of the total variance in Z-ternary, after controlling for the variance
associated with education and Z-binary.
Stroop interference was entered on step 2 and did not account for additional
variance in Z-ternary, Fchange(1, 118) = 2.37, p = .13. After step 2, the unique
contributions of education (8.12%), age (10.43%) and Z-binary (8.41%) remained
significant. The addition of Stroop interference accounted for 37.95% of the age-related
variance, which constituted 16.81% of the total variance in Z-ternary, after controlling
for the variance associated with education and Z-binary. The significant association
between Stroop interference (see Table 9.2) and ternary-relational processing appears to
reflect common variance shared with education, age and Z-binary, rather than
independent variance.
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Table 9.4
Summary of Hierarchical Regression Analyses for the Variables Predicting Z-Ternary
(N = 125)
R2

Analysis/Step Variables
1

1

Education
Age
Z-binary

2

2

Education
Age
Z-binary
Reading span

3

2

Education
Age

4

2

5

2

6

.564***

B

B(SE)



.05
-.02
.31

.01
.002
.06

.30***
-.44***
.34***

.01
.003
.06
.006

.28***
-.34***
.29***
.18*

.01
.003

.27***
-.34***

.06
.06

.29***
.19*

.01
.003
.06
.005

.27***
-.38***
.35***
.12

.01

.30***

.003
.06
.76
.06
.05

-.39***
.34***
-.07
-.02
.02

.01
.003

.26***
-.28**

.06
.006

.27***
.14

.07

.15

F(3, 121) = 52.41, p < .001
.581***
.05
-.01
.26
.01
F(4, 120) = 41.68, p < .001
.583***
.05
-.01

Z-binary
.26
Z-processing speed
.15
F(4, 120) = 4.96, p < .001
Education
.573***
.05
Age
-.01
Z-binary
.31
Stroop interference
.01
F(4, 120) = 39.16, p < .001
Education
.569***
.05
Age
-.01
Z-binary
.30
Z-intrusion errors
-.07
Z-switch cost
-.02
Z-go/no-go efficiency
.01
F(6, 118) = 25.97, p < .001
2 Education
.592***
.05
Age
-.01
Z-binary
Reading span

.24
.01

Z-processing speed
.12
F(5, 119) = 34.53, p < .001
Note. *p < .05; **p < .01; ***p < .001.
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Z-intrusion errors, Z-composite switch and Z-go/no-go efficiency were entered
on step 2 and did not account for unique variance in Z-ternary, Fchange(3, 118) = .41, p =
.75. After step 2, the unique contributions of education (8.53%), Z-binary (9.36%) and
age (6.45%) remained significant. The addition of Z- intrusion errors, Z-composite
switch and Z-go/no-go efficiency did account for 61.61% of the age-related variance,
which constituted 16.81% of the total variance in Z-ternary, after controlling for the
variance associated with education and Z-binary. The significant associations between
inhibitory control and ternary-relational processing appear to reflect common agerelated variance, rather than age-independent variance (see Table 9.2, age-partialled
correlations).
A supplementary analysis was conducted with Reading span and Z-processing
speed entered on step 2. Together these variables accounted for an additional 2.8% of
variance in Z-ternary, Fchange(2, 119) = 4.03, p =.02. After step 2, the unique
contributions of education (6.35%), age (3.88%) and Z-binary (5.11%) remained
significant. Together the predictors accounted for 76.92% of the age-related variance,
which constituted 16.81% of the total variance in Z-ternary, after controlling for the
variance associated with education and Z-binary.
Individually working memory accounted for 62.50% and processing speed
accounted for 58.21% of the age-related variance in ternary-relational processing. These
percentages were less than the 76.92% of variance accounted for by both variables,
therefore the age-related variance in ternary-relational processing accounted for by
working memory and processing speed was not completely overlapping.
The proportion of age-related variance accounted for by each of these predictors
individually varied as complexity increased from binary- to ternary-relational
processing. The amount of age-related variance explained in binary-relational
processing ranged from 65.41% to 100%. In contrast, only 37.95% to 62.50% of the
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age-related variance was explained in ternary-relational processing. Whereas reductions
in working memory capacity and slower processing speed fully accounted for the agerelated decline in binary-relational processing, they did not fully account for the agerelated decline (76.92%) in the capacity to process the greater complexity of ternaryrelational as compared to binary-relational items.
Predicting Z-quaternary. Table 9.5 summarises the analyses in which the
criterion variable was quaternary-relational processing (Z-quaternary). Education, age,
Z-binary and Z-ternary were entered at step 1. Z-binary (1.74%) and Z- ternary (15.84%)
explained significant unique variance in Z-quaternary. The inclusion of Z-binary and Zternary as control variables reduced the age-related variance in quaternary-relational
processing to a non-significant level (p = .98). Binary- and ternary-relational items are
components of quaternary-relational items, therefore older adults’ poorer performance
at the lower binary- and ternary-relational levels of complexity accounted for the agerelated variance in processing the more complex quaternary relations. This finding
appears to be consistent with the results in Chapter 7 and 8, which showed age-related
declines at lower level relational processing.
Reading span was entered on step 2 and accounted for an additional 2.3% of
variance in Z-quaternary, Fchange(1, 119) = 9.23, p = .003. After step 2, the unique
contribution of Z-ternary (12.89%) remained significant. The significant contribution of
Reading span might reflect the computational rather than the storage component of
working memory. In a supplementary analysis when Z-simple span and Reading span
were entered together at step 2, only Reading span ( = .27; p = .001) and Z-ternary ( =
.57; p < .001) made a significant unique contribution to Z-quaternary.
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Table 9.5
Summary of Hierarchical regression Analyses for the Variables Predicting ZQuaternary (N = 125)
Analysis/Step
1

1

R2

B

SE B

Education
Z-binary
Z-ternary

.640***

.02
.16
.67

.01
.07
.09

.07
.16*
.60***

.003

-.11

.01

.07

.07
.09
.003
.01

.11
.56***
.002
.23*

.01
.06
.10
.003
.07

.07
.15*
.59***
-.08
.07

.01
.07

.07
.14*

Z-ternary
.65
Age
-.003
Stroop interference
.01
F(5, 119) = 43.08, p < .001
Education
.647***
.01
Z-binary
.17
Z-ternary
.66
Age
-.002

.09
.003
.005

.59***
-.07
.11

.01
.06
.09
.003

.08
.16*
.59***
-.06

Z-intrusion errors
-.07
Z-composite switch
-.06
Z-go/no-go
-.01
efficiency
F(7, 117) = 30.61, p < .001

.07
.06
.05

-.07
-.06
-.01

Age
2

2

3

2

4

2

5

2



Variables

-.004
F(4, 120) = 53.44, p < .001
Education
.01
.666***
Z-binary
.12
Z-ternary
.62
Age
-.005
Reading span
.02
F(5, 119) = 47.54, p < .001
Education
.643***
.01
Z-binary
.15
Z-ternary
.66
Age
-.003
Z-processing speed
.06
F(5, 119) = 42.84, p < .001
Education
.648***
.01
Z-binary
.14

Note. *p < .05; **p < .01; ***p < .001.
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When Z-processing speed, Stroop interference, and, Z-intrusion errors, Zcomposite switch and Z-go/no-go efficiency, were each entered on step 2 they did not
account for unique variance in Z-quaternary. The significant associations of both
processing speed and Stroop interference with quaternary-relational processing (see
Table 9.1) appear to reflect variance shared with the education, age and performance on
less complex binary- and ternary-relational items. The significant associations between
inhibitory control and quaternary-relational processing were most likely common agerelated variance, rather than age-independent variance (see Table 9.2, age-partialled
correlations).
The proportion of age-independent variance in relational processing accounted
for by each of the predictors varied across complexity levels. Only working memory
predicted age-independent variance at each complexity level. Previous research has
established link between relational processing and the central executive (Halford et al.,
2007). Therefore tasks that require more effortful processing such as relational
processing tasks place higher demands on working memory, especially for older adults
(Viskontas et al., 2005). However, consistent with relational processing theory, binaryrelational processing remained a significant unique predictor of ternary-relational
processing, and binary- and ternary-relational processing also remained significant
unique predictors of quaternary-relational processing, respectively. Moreover,
individual differences in the efficiency of less complex binary- or ternary-relational
processing were better predictors of relational processing at higher complexity levels
than working memory (see Tables 9.5, analysis 2).
Processing speed and executive attention (Stroop interference) each accounted
for significant unique variance in binary-relational processing. However, only
processing speed was significant in ternary-relational processing. Neither processing
speed nor executive attention were significant predictors of quaternary-relational
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processing. This pattern of findings suggests that the speed with which information is
processed and the use of executive attentional resources have roles at lower levels of
complexity. However, binary- and ternary-relational processing remain the best
predictors of quaternary-relational processing.
Dedifferentiation
As detailed in previous chapters, to investigate the dedifferentiation
interpretation the sample was divided into three age groups. As shown in Table 9.6,
different pattern of correlations for the younger, middle and older groups were
observed. There was an increasing correlation between working memory and relational
processing across the younger, middle and older groups. The absence of an association
between working memory and relational processing in younger adults is consistent with
previous research (Andrews et al., 2006). A significant correlation between working
memory and relational processing emerges first in the middle age group where the
association reaches significance for quaternary-relational but not binary- or ternaryrelational processing. In the oldest age range the correlation was significant at all
complexity levels. This pattern is consistent with dedifferentiation of working memory
(complex span) and relational processing with increased age. Regarding
dedifferentiation of processing speed and relational processing, a significant correlation
was observed between processing speed and binary-, ternary- and quaternary-relational
processing only for the oldest age group. This pattern of findings might to some extent
reflect dedifferentiation of processing speed and relational processing for older adults.
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Table 9.6
Summary of Correlation between Relational-Processing and Reading Span, Z-Processing speed, Stroop interference, Z-Intrusion
Errors, Z-Composite Switch and Z-Go/no-go Efficiency for Younger, Middle and Older Age Groups

Younger
Z-binary

Middle

Z-ternary Z-Quaternary

Older

Z-binary

Z-ternary

Z-Quaternary

Z-binary

Z-ternary Z-Quaternary

Reading span

.09

.24

.29

.31

.30

.43**

.53***

.49**

.59***

Z-processing speed

.15

.09

.15

.20

.26

.16

.60***

.62***

.64***

Stroop interference

.08

.09

.15

.26

.30

.40*

.13

.36*

.42**

Z-intrusion errors

.20

-.08

-.30

-.20

-.36*

-.23

-.03

-.02

-.12

Z-composite switch

.32*

.41**

.33*

.13

-.06

-.10

-.02

-.05

-.11

-.13

-.20

-.03

.13

.05

.28

.17

.28

Z-go/no-go efficiency

-.08

N

Note. *p < .05; **p < .01; ***p < .001.

40

40

45
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Regarding dedifferentiation of executive attention and relational processing, a
significant correlation between executive attention and relational processing was first
observed for the middle age group at the quaternary-relational processing level. For the
oldest group, the correlation was significant at both ternary- and quaternary-relational
processing. This pattern is consistent with dedifferentiation of executive attention and
ternary- and quaternary-relational processing with increased age.
Based on the dedifferentiation interpretation, correlations of increasing strength
should also have been observed between the three types of inhibitory control and
relational processing. This was not the case in the current research. As shown in Table
9.6, a significant association was observed between task-set switching and relational
processing at each level of complexity for the younger group only. The task-set
switching task included in the current study was based on the DCCS (Zelazo & Frye,
1998) and the switching component of the task is considered ternary-relational
(Andrews et al., 2003). However, this does not explain the lack of association for the
middle and older age groups.
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CHAPTER 10. EXPLAINING AGE-RELATED DECLINES IN FRONTAL
LOBE TASKS
The evidence presented in chapters 3 through 8 demonstrated age-related
declines in processes associated to the PFC namely, executive attention, inhibitory
control, working memory and relational processing. The current chapter will focus on
whether these processes account for age-related variance in two well established
measures of frontal functioning; fluid intelligence indexed by Matrix reasoning
(Wechsler, 1997) and performance on the TOL indexed by the TOL4 (Shum et al.,
2000).
Tower of London (TOL).
As discussed in Chapter 1 and 2, there are numerous versions of tower tasks.
The current research included the TOL4 (Shum et al., 2000) which had not previously
been used with an older sample. Such tower tasks involve multiple processes and might
be sensitive to frontal lobe functioning because of their association with working
memory (e.g., Goldman-Rakic, 1998), inhibition (Goel & Grafman, 1995) or a
combination of both these processes (Roberts & Pennington, 1996). For example,
research of a young adult sample (M = 20.27 years) showed that working memory and
inhibition accounted for 55% of the variance in performance on the TOL-revised
(Welch, Satterlee-Cartmell, & Stine, 1999). In contrast, a study which included a similar
adult sample (M = 18.84 years) found that only fluid intelligence (Matrix reasoning)
accounted for significant variance in the TOL (Zook, Davalos, DeLosh, & Davis, 2004).
Phillips, Gilhooly, Logie, Della Sala, and Wynn (2003) included both younger
(18 to 30 years) and older adults (60 to 76 years) in their study on TOL performance.
They showed that younger adults’ performance on the TOL was highly dependent on
executive components of working memory, whereas older adults tended to rely on all
the components of working memory. More recently Phillips and colleagues’ (Phillips,
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Kliegel, & Martin, 2006) demonstrated that age-related performance decrements in TOL
were also explained by processing speed. The participants were 78 younger (M = 24.80
years) and older (M = 69.5 years) adults. Education and processing speed explained
83% of the age-related variance in TOL. Both these variables also explained ageindependent variance in TOL performance. The Stroop task did not account for any
additional variance. In line with previous research (Phillips et al., 2003), it was
suggested that the age-related declines on the TOL might reflect general cognitive
declines (e.g., generalised slowing) rather than a specific executive deficit.
Fluid Intelligence
Age-related declines have been demonstrated in multiple measures of fluid
intelligence including Cattell and Cattell’s Culture Fair Test (Cattell & Cattell, 1973),
Raven’s Progressive Matrices (Raven, Court & Raven, 1985) and the Matrix reasoning
subtest from the WAIS-III (Wechsler, 1997), which was utilised in the current study. As
detailed, in Chapter 1, fluid intelligence has been linked to the PFC (e.g., Duncan, 1995;
Duncan et al., 1995). However recently, Tranel, Manzel, and Anderson (2008) found no
evidence that individuals with damage to either the DLPFC or ventromedial PFC were
significantly more impaired on Matrix reasoning than a matched control group.
However the analysis was based on age-corrected scaled scores and the raw scores
might have provided a different pattern of findings.
Schretlen et al. (2000) investigated age-related declines in crystallised and fluid
intelligence in a study, which included adults aged between 20 to 92 years. The results
showed an age-related decline in fluid (r = .56), but not crystallised abilities (r = .06).
Processing speed and working memory explained approximately 97% of the age-related
variance in fluid intelligence and processing speed remained a significant unique
predictor. Frontal/executive functioning (WCST) explained 55% of the age-related
variance in fluid intelligence, for the most part independent of processing speed. They
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concluded that both processing speed and frontal/executive functioning were important
in understanding age-related declines in fluid intelligence.
Bugg et al. (2006) also investigated the roles of processing speed and frontal
function in explaining age-related declines in fluid intelligence in participants aged 20
to 89 years. Age-related declines were evident for both fluid intelligence measures;
WAIS (Wechsler, 1999) block design (r = -.51) and Matrix reasoning (r = -.59).
Processing speed accounted for 38% and tasks of frontal function (WCST, TOL)
accounted for 39% of the age-related variance in Matrix reasoning, respectively. When
included together, the variance attributable to these age-related declines in Matrix
reasoning was not totally shared. Consistent with Schretlen et al. (2000) processing
speed and frontal function independently contributed to age-related declines in fluid
intelligence. However, as age remained significant in Bugg et al., it seems likely that
other factors need to be considered.
Chen and Li (2006) investigated the role of working memory updating and
processing speed in explaining age-related declines in fluid intelligence. The study
included 142 adults aged between 18 to 85 years. The results showed age-related
declines on the two fluid intelligence measures, Raven’s Advanced Progressive
Matrices (r = -.59) and Cattell’s Culture Fair Scale (r = -.59); the processing speed
measures, perceptual/motor speed, (r = -.70,), and working memory updating tasks (r’s
= -.50 to - .70). Age-related increases were also evident on the reaction time (r’s = .62
to .79), and inspection time (r’s = .40 to .68) processing speed measures.
Structural equation modelling showed that working memory updating and not
processing speed mediated age-related declines in fluid intelligence (Chen & Li, 2006).
Additionally there was evidence that the type of processing speed measure employed
affected the results. The more complex speeded tasks (perceptual/motor speed)
accounted for more age-related variance in fluid intelligence than simple speed
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measures (inspection time). It was suggested that some measures of processing speed
might rely on executive or working memory resources. Thus, the speed mediation of
age-related declines in fluid intelligence evidenced in previous research might be due in
part, to the executive component of the speed measure (Chen & Li).
There is also some evidence of an association between age-related decline in
inhibition and fluid intelligence. In an early review, Dempster (1991) identified
inhibition as an essential construct in understanding intelligence. In line with this
suggestion, Salthouse et al.’s (2003) research found a significant correlation between
inhibition and fluid intelligence in adults aged from 18 to 84 years. Shilling, Chewynd
and Rabbitt (2002) contended that performance on tests of fluid intelligence explained
age-related declines in inhibition. In contrast, Friedman et al. (2006) found no such
association between inhibition and intelligence in a sample of young adults.
Given that higher order cognitive functioning involves interactions between and
within the dynamic interconnected networks of the frontal lobes (Fuster, 2008) it is
likely that a combination of these processes might better explain the observed agerelated declines in TOL and fluid intelligence than any one measure. As reported in
chapter 2, older adults performed more poorly than younger adults on the TOL4 (see
Table 2.7) and Matrix reasoning tasks (see Figure 2.3). This chapter will examine which
of the constructs included in the current research best account for the age-related and
age-independent variance in the TOL4 and Matrix reasoning.
Results and Discussion
Correlations
There was a weak but significant positive correlation between Matrix reasoning
and TOL4 (r = .31, p < .001), which remained after age was partialled (r = .20, p < .05).
Higher scores on TOL4 were associated with higher scores on Matrix reasoning. The
means, standard deviations, zero order and age-partialled correlations for TOL4, Matrix
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reasoning scores and the predictor variables are presented in Table 10.1. The
associations among the predictor variables were previously presented in Table 9.1.
Table 10.1
Zero-Order and Age-Partialled Correlations between the Predictor Variables and
Tower of London 4 (TOL4) and Matrix Reasoning
TOL4

Age-partialled
TOL4

Matrix
reasoning

Age-partialled
Matrix
reasoning

Age

-.29**

-.52***

Education

.30**

.28**

.25**

.24**

Vocabulary

.11

.19*

.06

.22**

Reading span

.27**

.11

.50***

.25**

Z-processing speed

.31***

.18*

.39***

.11

Stroop interference

.16

.02

.33***

.08

Z-go/no-go efficiency

.12

-.08

.25**

-.08

Z-composite switch

-.04

.10

-.23*

-.02

Z-intrusion errors

-.24**

-.12

-.28**

-.04

Z-binary

.15

.06

.27**

.11

Z-ternary

.40***

.27**

.44***

.23**

Z-quaternary

.36***

.26**

.42**

.21*

Mean

77.74

66.00

SD

8.47

19.85

N

124

125

Note. *p < .05; **p < .01; ***p < .001.
Significant age-related declines were observed for both TOL4 and Matrix
reasoning. This is consistent with the ANOVA analyses in chapter 2, which showed that
older adults performed more poorly on both TOL4 (see Table 2.7) and Matrix reasoning
(see Figure 2.3). In general, the correlations involving Matrix reasoning were stronger
than those involving TOL4. All the measures were significantly correlated with Matrix
reasoning, but not the TOL4 (see Table 10.1). Higher scores on both TOL4 and Matrix
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reasoning were associated with more years of education, faster processing speed, fewer
intrusion errors, higher Reading span scores, and higher scores on ternary and
quaternary-relational processing. Additionally for Matrix reasoning, higher scores were
associated with less Stroop interference, greater go/no-go efficiency, smaller switch
costs and higher scores on binary relational-processing. The correlations between
TOL4, education, Z-processing speed, Z-ternary and Z-quaternary; and between Matrix
reasoning, education, Reading span, Z-ternary and Z-Quaternary remained significant
after age was partialled out.
Predicting Tower of London (TOL4)
In order to investigate whether processing speed, executive attention, inhibitory
control, working memory and relational processing explained the age-related variance
in TOL4 and Matrix reasoning scores, a series of hierarchical regression analyses was
conducted. In the analyses predicting TOL4 the sample size was reduced to 124 because
one participant did not attempt this task. As previously mentioned, in the analyses
including Stroop interference the sample size was reduced to123 because two
participants did not complete the task due to colour blindness. Education and
vocabulary were included as control variables. Stroop Interference, Z-go/no-go
efficiency, Z-composite switch, and Z-binary did not correlate with TOL4, and therefore
were not included as predictor variables in the relevant analyses.
Predicting Tower of London 4 (TOL4). The analyses in which the criterion was
TOL4 total scores are summarised in Table 10.2. Education, vocabulary and age were
entered on the first step. The unique contribution of education (4.58%) and age (7.34%)
remained significant. Therefore there was a significant age-related decline in TOL4
independent of education and verbal abilities.
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Table 10.2
Summary of Hierarchical regression Analyses for the Variables Predicting
Tower of London 4 Raw Scores (N= 124)
Analysis/Step
1

1

B

SE B



.51

.20

.24*

.21

Vocabulary

.11

.12

.09

.08

Age

-.12

.04

-.28**

-.27

.51

.20

.24*

.21

Vocabulary

.08

.14

.07

.05

Age

-.11

.06

-.25**

-.16

Reading Span

.05

.12

.05

.03

.48

.20

.22*

.20

Vocabulary

.08

.13

.06

.05

Age

-.09

.05

-.20*

-.15

Z-processing speed

1.24

1.11

.13

.09

.51

.20

.24*

.21

Vocabulary

.10

.12

.07

.07

Age

-.10

.04

-.22*

-.19

Z-intrusion errors

1.45

1.16

-.12

-.11

.34

.21

.16

.14

Vocabulary

.07

.12

.06

.05

Age

-.07

.04

-.16

-.13

Z-ternary

2.88

1.29

.24*

-.19

.34

.21

.17

.13

Vocabulary

.06

.13

.04

.04

Age

-.06

.05

-.14

-.11

Z-ternary

2.40

1.58

.20

.12

Z-quaternary

.77

1.48

.07

.04

R2

Variables
Education

.160***

SR

F(3, 120) = 7.63, p < .001
2

2

Education

.161***

F(4, 119) = 5.72, p < .001
3

2

Education

.169***

F(4, 119) = 6.05, p < .001
4

2

Education

.171***

F(4, 119) = 6.14, p < .001
5

2

Education

.194***

F(4, 119) = 7.17, p < .001
6

3

Education

.196***

F(4, 119) = 5.76, p < .001
Note. *p < .05; **p < .01; SR = semi-partial correlation
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Z-ternary was entered on step 2 and accounted for an additional 3.40% of
variance, Fchange(1, 120) = 5.58, p = .02. After step 2, education and age were rendered
non-significant. Z-ternary accounted for 78.34% of the age-related variance, which
constituted 7.34% of the total variance in TOL4 scores, after controlling for the variance
associated with education and verbal abilities. Ternary-relational processing accounted
for both age-related and age-independent variance in TOL4.
Z-quaternary entered on Step 3, did not account for additional variance in TOL4
(p = .60), however rendered Z-ternary non-significant. Together relational processing
accounted for 84.74% of the age-related variance, which constituted 7.34% of the total
variance in TOL4 scores, after controlling for the variance associated with education
and verbal abilities. Relational processing appears to account for more variance in
TOL4 than the other predictors. This finding is consistent with Halford et al.’s (1998)
view that performance on tower tasks involves relational processing (see correlations in
Table 10.1).
Dedifferentiation and TOL4
As shown in Table 10.3, the strength of the correlations between each of the
predictors and TOL4 does not increase systematically with age, with one exception. A
significant correlation between relational processing and TOL4 emerged only for the
oldest group at the ternary- and quaternary-relational processing levels. This pattern is
consistent with dedifferentiation at higher levels of relational processing.
Predicting Matrix Reasoning
These analyses in which the criterion was Matrix reasoning are summarised in
Table 10.4 in. Education, vocabulary and age were entered on the first step. The unique
contribution of age (25.30%) remained significant.
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Table 10.3
Summary of Correlation among TOL4 and Vocabulary, Z-Processing Speed, Stroop
interference, Z-Go/no-go Efficiency, Composite Switch, Z-Intrusion Errors, Reading
Span, Z-Binary, Z-ternary and Z-Quaternary for Younger, Middle and Older Age
Groups
Younger

Middle

Vocabulary

.33*

.19

.07

Z-processing speed

.12

.17

.25

Stroop interference

.13

-.09

.16

Z-go/no-go efficiency

-.30

-.04

.19

Z-composite switch

.10

.08

.13

Z-intrusion errors

-.02

-.27

-.11

Reading span

.17

.12

.12

Z-binary

.27

.07

.003

Z-ternary

.36*

.26

.35**

Z-quaternary

.26

.12

.40**

40

40

45

n

Older

Note. *p < .05; **p < .01; ***p < .001.
The addition of the Z-processing speed, Stroop interference, inhibitory control
and relational processing (individually and together) on step 2 did not account for
significant additional variance in Matrix reasoning. The significant associations
between these predictors and Matrix reasoning (see Table 10.1) appears to reflect shared
variance with age, education and verbal abilities rather than age-independent variance.
After step 2, age remained significant in all analyses.
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Table 10.4
Summary of Hierarchical Regression Analyses for the Variables Predicting Matrix
Reasoning (N = 125)
Analysis/Step
1
1

2

2

3

2

4

2

5

2

6

2

Variables
Education
Vocabulary
Age

R2
.315***

B
.77
.37
-.53

F(3, 121) = 18.55, p < .001
Education
.315***
.75
Vocabulary
.35
Age
-.52
Z-processing speed
.56
F(4, 120) = 13.82, p < .001
Education
.317***
.78
Vocabulary
.36
Age
-.50
Stroop interference
.11
F(4, 118) = 13.72, p < .001
Education
.315***
.75
Vocabulary
.38
Age
-.57
Z-go/no-go efficiency
-1.90
Z-switch cost
-.65
Z-intrusion errors
-.70
F(6, 118) = 17.52, p < .001
Education
.339***
.77
Vocabulary
.13
Age
-.36
Reading span
.50
F(4, 120) = 15.40, p < .001
Education
.328***
.51
Vocabulary
.30
Age
-.44
Z-binary
-.22
Z-ternary
3.26
Z-quaternary
1.42
F(6, 118) = 9.62, p < .001

SE B
.42
.26
.08


.15
.12
-.53***

SR
.11
.14
-.50

.42
.26
.10
2.34

.15
.12
-.51***
.03

.10
.13
-.38
.02

.43
.26
.09
.19

.15
.12
-.50***
.05

.11
.14
-.41
.05

.42
.26
.12
1.90
2.04
2.47

.15
.13
-.57***
-.10
-.03
-.03

.11
.13
-.37
-.08
-.02
-.02

.41
.28
.11
.24

.15
.05
-.36**
.23*

.14
.04
-.24
.16

.45
.27
.10
2.42
3.42
3.37

.10
.10
-.44***
-.01
.12
.06

.09
.09
-.33
-.01
.07
.03

Note. *p < .05; **p < .01; ***p < .001; SR = semi-partial correlation.
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The percentage of age-related variance in Matrix reasoning accounted for by
each of these predictors was calculated. Z-processing speed, (44.11%), Stroop
interference (33.60%), inhibitory control (45.89%) and relational processing (56.17%)
each accounted for age-related variance, which constituted 25.30% of the total variance
in Matrix reasoning, after controlling for the variance associated with education and
verbal ability.
Note that when the inhibitory control variables were entered on step 2 the
standardised beta () for age increased from -.53 in the initial analysis to -.57 (see Table
10.4, analysis 1 & 4). However the semi-partial correlation (SR) for age decreased,
which suggests that inhibitory control accounted for age-related variance in Matrix
reasoning. This increased standardised beta most likely reflects random error.
When Reading span was entered on step 2 it accounted for an additional 2.40%
of variance, Fchange(1, 120) = 4.44, p = .04. After step 2, the unique contributions of age
(5.57%) remained significant (see Table 10.4, analysis 5). Reading span accounted for
77.98% of the age-related variance, which constituted 25.30% of the total variance in
Matrix reasoning, after controlling for the variance associated with education and verbal
ability. Working memory therefore accounted for both age- related and age-independent
variance in Matrix reasoning.
This is consistent with previous research in which working memory attenuated
age-related declines in fluid intelligence (e.g., Chen & Li, 2006; Schretlen et al., 2000).
The age-independent contribution of Reading span to Matrix reasoning suggests
working memory to some extent is related to fluid intelligence (e.g., Engle, 2002; Kane,
Hambrick & Conway, 2005). However age continued to make a significant contribution
in all the analyses suggesting other factors ‘are involved in explaining age-related
declines in Matrix reasoning.
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Dedifferentiation and Matrix Reasoning
To investigate whether there was evidence of dedifferentiation the sample was
divided into the three age groups described in previous chapters. Based on the
dedifferentiation interpretation, increasing correlations between Matrix reasoning and
each of the variables presented in Table 10.5 should be observed across younger, middle
and older age groups. A different pattern of correlations was observed for the older
group than the younger or middle age groups. As with the analyses of relational
processing, significant correlations were observed between Matrix reasoning and TOL4,
vocabulary, processing speed, executive attention (Stroop interference), and working
memory (complex span) but only for the oldest group. This pattern of findings might to
some extent reflect dedifferentiation of each of these variables and Matrix reasoning for
older adults.
A significant correlation between relational processing and Matrix reasoning also
emerged for the oldest group at each level of complexity. This pattern is consistent with
dedifferentiation of relational processing and Matrix reasoning for older adults
especially at the ternary- and quaternary-relational processing levels.
Consistent with the earlier analyses (see Tables 6.6, 9.6, 10.3), no association
was observed between the inhibitory control variables and Matrix reasoning for any age
group. This finding is inconsistent with some previous research in ageing (e.g., Shilling
et al., 2002), however, different measures of inhibitory control and fluid intelligence
were included in the current research. The absence of a correlation between inhibitory
control and Matrix reasoning for the young age group is consistent with Friedman et
al.’s (2006) research findings. The lack of association observed here and in previous
chapters provides no evidence of dedifferentiation of inhibitory control with any of the
included constructs.
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Table 10.5
Summary of Correlation between Matrix Reasoning and Tower of London (TOL4),
Vocabulary, Z-Processing Speed, Stroop interference, Z-Intrusion Errors, Z-Composite
Switch and Z-Efficiency, Reading Span, Z-Binary, Z-ternary and Z-Quaternary for
Younger, Middle and Older Age Groups
Younger

Middle

Older

TOL4

.04

.23

.33*

Vocabulary

.05

.04

.39**

Z-processing speed

.28

-.14

.50***

Stroop interference

-.03

.11

.39**

Z-go/no-go efficiency

-.02

-.09

.07

Z-composite switch

.14

.04

-.09

Z-intrusion errors

.13

-.06

-.21

Reading span

.30

-.08

.55***

Z-binary

.05

-.09

.37*

Z-ternary

-.09

-.18

.66***

Z-quaternary

-.18

-.07

.67***

N

40

40

45

Note. *p < .05; **p < .01; ***p < .001.
In summary, there is an established association between both TOL and Matrix
reasoning tasks and the frontal lobes (e.g., Duncan, et al., 1995; Morris et al., 1993).
The involvement of the frontal lobes and the predictor variables was established in the
preceding chapters. Given this and the evidence of age-related changes in the PFC (e.g.,
Raz, 2000; West, 1996) it seems plausible that these findings might reflect underlying
deficits in prefrontal functioning related to the ageing process.
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CHAPTER 11. GENERAL DISCUSSION
The current research provided a further test of the frontal lobe hypothesis of
cognitive ageing with reference to four areas of cognitive functioning, executive
attention, inhibitory control, working memory, and relational processing. Each of these
constructs has been shown to depend on the prefrontal regions of the brain (e.g., Aron et
al., 2004; Cabeza & Nyberg, 2000; Christoff et al., 2001; Fernandez-Duque & Posner,
2001).
The participants were 52 males and 73 females who ranged in age from 18 years
to 92 years. All age decades within this range were sampled. Thus the age distribution
was approximately rectangular. It covered a broader age range than in many existing
studies. This allowed a more precise identification of the age at which cognitive decline
first occurs than is possible when for example two disparate age groups are compared.
The continuous nature of the age distribution also meant that correlational analyses as
well as group-based statistical analyses could be conducted.
In this cross-sectional study, tasks assessing four broad constructs and
distinctions within them were administered. Reference tests of crystallised and fluid
intelligence and some control measures were also included. The main findings will be
summarised and discussed in relation to three broad research questions outlined in
Chapter 1, namely age-related change, within-construct variations and relations between
constructs. Implications of the findings in relation to the frontal lobe hypothesis of
cognitive ageing and other approaches such as dedifferentiation and processing speed
will be addressed.
Age-related Change
The significant age-related declines that were observed in executive attention,
inhibitory control, working memory and relational processing are broadly consistent
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with the frontal lobe hypothesis of cognitive ageing and with global changes in
prefrontal brain regions with increased age.
However, as detailed in Table 11.1, the age of onset of the decline varied across
constructs and tasks. Functioning in some areas was well-preserved. No decline was
detected in vocabulary, a marker of crystallised intelligence. In binary-relational
processing, fluid intelligence and frontal functioning (TOL4) no declines were observed
until 70 years of age. Significant age-related declines in performance were detected at
earlier ages for other tasks. For task-set switching, the age of onset was 58 years.
Declines were evident from 45 years for executive attention, response inhibition,
inhibition in memory retrieval, simple and complex working memory, ternary- and
quaternary-relational processing, and processing speed. There was a levelling in
performance after this initial decline for executive attention, task-set switching,
inhibition in memory retrieval, and the digit span measure (simple working memory) of
working memory. This was not the case for response inhibition, word span (simple
working memory), complex working memory, ternary-relational processing, quaternaryrelational processing and processing speed where further significant declines were
observed beyond these initial declines. Thus, the nature of the observed age-related
changes was not uniform within or across constructs.
The broad conclusion that flows from these findings is that there is considerable
variation in the patterns of age-related change on tasks that have been shown to involve
prefrontal regions of the brain. The continued viability of the frontal lobe theory of
cognitive ageing will depend on the extent to which it can account for these different
patterns of age-related decline.
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Table 11.1
Summary of the Age of Onset of Declines in the Reference Measures, Executive Attention, Inhibitory Control, Working Memory and
Relational Processing Tasks.
Construct

Measures

Initial Age of Decline

Further Declines

Reference Measures
Crystallised

Vocabulary (WAIS III)

No decline

Processing speed

Z-processing speed

45 years

Fluid intelligence

Matrix reasoning (WAIS-III)

70 years

Frontal function

Tower of London 4 (TOL4)

70 years

Stroop Interference

45 years

Response inhibition

Go/no-go efficiency

45 years

Task-set switching

Switch-cost

58 years

Inhibition in memory

Proactive interference

45 years

Digit span

45 years

Word span

45 years

70 years

Reading span

45 years

58 years; 70 years

Binary

Z-binary

70 years

Ternary

Z-ternary

45 years

70 years

Quaternary

Z-quaternary

45 years

70 years

intelligence

Executive attention

58 years; 70 years

Inhibitory Control
58 years

Working Memory
Simple
Complex
Relational Processing

Note: WAIS-III; Wechsler Adult Intelligence Scale-III (Wechsler, 1997).
Z-processing speed: composite measure of Digit symbol (WAIS-III) and Rapid automatised naming task (RAN)
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Within-construct Variation
For three constructs (inhibitory control, working memory, relational processing)
multiple measures were included in order to examine the hypotheses about distinctions
within each. The following section discusses the findings relevant to these within
construct distinctions.
Inhibitory control. As noted in Chapter 4, one of the strengths of this project was
that three types of inhibitory control (response inhibition, task-set switching and
inhibition in memory retrieval) were examined within the same sample of individuals.
Most earlier studies of inhibitory control in cognitive ageing have focused on a single
type (e.g., Cepeda et al., 2001; Ebert & Anderson, 2009; Kliegl & Lindenberger, 1993;
Kramer et al., 1994; Kray, 2006; Kray & Lindenberger, 2000; Nielson et al., 2002;
Verhaeghen et al., 2005). One interpretation of the different patterns of age-related
changes observed on the tasks is that inhibitory control is a multi-dimensional rather
than unitary construct (e.g., Dempster, 1992; Friedman & Miyake 2004; Kramer,
Humphrey, Larish, Logan, & Strayer, 1994).
If inhibitory control was a unitary construct, one might expect a closer
correspondence than was observed in the age of onset of performance declines on the
tasks used to measure response inhibition, task-set switching and inhibition in memory
retrieval, and also in their pattern of further decline as age increases (see Table 11.1).
The results of the quasi-partial correlation analyses could also be interpreted as
favouring the multi-dimensional nature of inhibitory control. There was considerable
variation in the extent to which the age-related variance in response inhibition (.34),
task-set switching (.68), and inhibition in memory retrieval (.46) overlapped with agerelated variance in working memory. If inhibitory control was unitary in nature, less
variation might have been expected. The non-significant age-partialled correlations
among the three measures might also be interpreted as evidence against the unitary
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view. If inhibitory control was unitary, performance within individuals would be
expected to show some degree of consistency across the three tasks. The non-significant
findings suggest that this was not the case.
However, the interpretation in favour of the multi-dimensional view over the
unitary view holds only if it can be assumed that the tasks employed in the current
research were equally valid measures of the three types of inhibitory control. Based on
published research (e.g., Aron et al., 2004; Cepeda et al., 2001; Kliegl & Lindenberger,
1993; Kray, 2006; Nielson et al., 2002), there is evidence that the go/no-go, task
switching and paired associates cued recall tasks require response inhibition, task-set
switching and inhibition in memory retrieval, respectively. Nonetheless, it seems
unlikely that these tasks are pure measures of the specific processes they were intended
to assess, and there was no obvious way in the current research to determine their
relative purity. Future research could use a latent variable approach to examine the
structure of inhibitory control. This would involve administering at least three tests each
of response inhibition, task-set switching and inhibition in memory retrieval, rather than
relying on fewer measures. Confirmatory factor analysis could be used to extract a
latent variable for each type of inhibitory control (response inhibition, task-set
switching and inhibition in memory retrieval) and to examine the relations between the
latent variables. Latent variables reflect the common variance shared by the contributing
tasks, and therefore provide purer measures of the process they are intended to tap.
Their use would allow a stronger test of the hypotheses about the unitary structure of
inhibitory control and age-related changes. Friedman and Miyake (2004), described in
Chapter 4, used this approach and extracted two latent variables labeled resistance to
proactive interference and response-distractor inhibition. However their research only
included a young adult sample.
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The Stroop task which was included in the current research as a measure of
executive attention (e.g., West & Bell, 1997; Prakash et al., 2009) has also been
employed as a measure of inhibition (e.g., Friedman & Miyake, 2004; Shilling et al.,
2002). In the current research, no significant associations were observed between Stroop
interference and the measures of inhibitory control after age was partialled. This might
be because executive attention and inhibitory control measure different constructs.
Alternatively, this might a consequence of how inhibitory control was
operationalised in the current study (e.g., MacLeod, Dodd, Sheard, Wilson, & Bibi,
2003; Shilling et al., 2002). As detailed above, future research could employ a latent
variable approach. However, this would require adding more tasks which was not
feasible in the current research because it would have increased the amount of testing
and placed an undue load on elderly participants who volunteered their time.
Working memory. Working memory was assessed using two simple span tests
(word span, digit span) and one complex span test (Reading span). These tasks have
been widely used in previous research (e.g., Bopp & Verhaeghen, 2005; McCabe &
Hartman, 2003; Salthouse & Babcock, 1991) and their selection for use in the current
study seems uncontroversial. Reliance on a single complex span measure could be seen
as a weakness, but as outlined above it was not possible to incorporate additional
measures.
Simple span measures are usually interpreted as indices of maintenance or
storage capacity, whereas the complex span measures are interpreted as indices of the
capacity for simultaneous storage and computation. Table 11.1 shows that the initial age
of onset of decline was the same (45 years) for word span, digit span and Reading span.
However, the pattern of age-related decline thereafter was different for the three tasks.
Digit span remained relatively stable as age increased, but there was a further decline in
word span from 70 years of age. The different patterns of age-related decline for the two
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simple span tasks might be related to the larger spans observed for digits than for words
(see Figure 5.2) which might in turn reflect the ease with which chunks can be formed.
Chunking involves combining the to-be-recalled items into a smaller number of units.
An example of chunking is remembering a nine-digit telephone number (034628961) by
forming three groups of three digits (034 628 961). To the extent that chunking occurs,
memory span is greater (Cowan, 2001; Miller, 1956), but some materials are more
conducive to chunking than others. Everyday life might provide more experience in
forming chunks composed of digits than in forming chunks composed of unrelated
words, and this extra experience might have reduced the age-related decline in later
adulthood that would otherwise be observed in digit span.
The pattern of age-related decline in the complex span task (Reading span)
differed from both simple span measures in that significant declines were observed first
at 45 years (as for simple span) with further declines from 58 years and again from 70
years. The magnitude of the age-related decline in complex span (ηp2 = .52) was larger
than in either word (ηp2 = .27) or digit span (ηp2 = .16). This was also supported by the
correlations with age which were stronger for Reading span than for word or digit span
(see Table 5.1). It seems clear then that the constructs assessed by simple and complex
span tasks are not identical.
However, the inter-correlations among the tasks and the regression analysis
reported in Tables 5.1 and 5.2 show that the two constructs are closely related. The agepartialled correlations between working memory and each of digit span (rp = .33) and
word span (rp = .31), also support this and suggest that simple span tasks involve a
subset of the processes involved in complex span tasks. That is, simple span tasks assess
the processes involved in maintaining information whereas complex span tasks assess
the capacity to simultaneously maintain information and carry out additional
computations. Thus consistent with Just and Carpenter’s (1992) theory, the processes
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tapped by simple span tasks appear to constitute a subset of the processes tapped by
complex span tasks. The regression analyses in Chapter 9 which showed that complex
span subsumes the variance in relational processing that was associated with simple
span are also consistent with this interpretation.
Relational processing. Relational processing was assessed using four tasks,
sentence comprehension, Latin Square, n-term and class reasoning, thereby providing a
more comprehensive test of the relational processing hypothesis of cognitive ageing
than previous studies (Andrews & Todd, 2008; Viskontas et al., 2005; Viskontas et al.,
2004). The sentence comprehension and Latin Square tasks included items at binaryternary-, and quaternary-relational levels of complexity. The n-term task included items
at ternary-, quaternary- and quinary-relational levels of complexity. The class reasoning
items all required ternary-relational processing. Age differences in each task were
reported in Chapters 7 and 8. The focus here will be the composite measures of binary-,
ternary- and quaternary-relational processing.
Based on Relational Complexity theory (Halford et al., 1998), binary relations
impose lower processing loads than ternary relations which impose lower processing
loads than quaternary relations. The significant complexity effects observed within each
task and the findings that correlations with working memory increased as complexity
increased provide support for this theoretical interpretation. The regression analyses in
Chapter 9 also support the complexity metric insofar as less complex relations appear to
be components of more complex relations.
The current research also provided evidence of age-related declines in relational
processing. As shown in Table 11.1 binary-relational processing was well preserved
until 70 years of age. However, for ternary- and quaternary-relational processing the
initial age-related decline was apparent much earlier at 45 years of age, and there was a
further decline from 70 years. Relatedly, the age group effects on ternary (ηp2 = .36) and
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quaternary-relational-processing (ηp2 = .30) were larger than for binary-relational
processing (ηp2 = .13), and stronger correlations were observed between age (expressed
as a continuous variable) and ternary- and quaternary-relational processing than
between age and binary-relational processing (see Table 9.2). The evidence of greater
age-related declines in the more complex ternary- and quaternary-relational processing
is consistent with Relational Complexity theory, in that an increased processing load is
associated with ternary- and quaternary-relational processing. These findings also
suggest that the relational processing limit for older adults might be ternary-relational,
rather than the quaternary-relational limit for younger adults (Halford et al., 2005).
Relations between Constructs
Another strength of the research project was that age-related declines in multiple
constructs were assessed. The preceding chapters provided evidence of both age-related
and age-independent associations between executive attention, inhibitory control,
working memory, relational processing, and tests of frontal functioning. The following
section will address three specific questions in an attempt to further clarify age-related
declines in cognition. First, based on the findings of the current research, which
constructs are more important and which are less important in understanding cognitive
ageing? Second, which of the constructs showed stronger evidence of dedifferentiation
with the other constructs? Third, which of the constructs showed evidence of
dedifferentiation with the measures of frontal functioning?
Importance of the four constructs. The findings of the current research provided
support for working memory and to a lesser extent processing speed as important
constructs in understanding cognitive ageing. Regarding working memory, the findings
showed that working memory explained both age-related and age-independent variance
in most constructs included in the current research. A similar pattern of findings was
observed for processing speed. These findings are in line with previous research (e.g.,
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Park & Payer, 2006; Reuter-Lorenz & Sylvester, 2004; Salthouse, 1993; 1996).
However, age remained significant in all the analyses, except for the binary-relational
processing analyses. Thus, although both working memory and processing speed
emerged as important constructs in cognitive ageing, they did not provide a complete
explanation of cognitive ageing.
Relational processing also emerged as an important construct in understanding
cognitive ageing. Relational processing explained age-independent (TOL4) and agerelated (TOL4, Matrix reasoning) variance in the frontal function measures. A strong
association was also observed between working memory and relational processing at
each level of complexity. However, relational processing at lower levels of complexity
remained the best predictors of relational processing at higher levels of complexity.
Overall, the current research provided a further test of the relational processing theory in
general, and extended it to cognitive ageing.
In contrast, the findings of the current research provided little support for the role
of inhibitory control in the other constructs, namely working memory, relational
processing, frontal functioning and fluid intelligence. The associations observed
between inhibitory control and these constructs reflected shared variance with age.
Thus, while there was clear evidence of age-related declines in the three types of
inhibitory control there was no evidence that inhibitory control accounted for ageindependent variance in the other constructs.
Dedifferentiation of executive attention, inhibitory control and relational
processing. Dedifferentiation involves decreased specialisation of neural recruitment in
the frontal lobes which leads to age-related performance declines because nonspecialised areas are being used (Li, 2002; Li, Lindenberger, & Sikstrőm, 2001). The
dedifferentiation hypothesis predicts stronger correlations amongst cognitive abilities in
later adulthood than in younger adulthood (Baltes & Lindenberger, 1997; Li et al.,
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2004). Therefore, strong evidence for the dedifferentiation hypothesis might constitute a
systematic increase in the strength of the correlations from the younger (nonsignificant), to middle (weak) to older (strong) age groups. Weaker evidence might
constitute non-significant correlations for the young and middle age groups and a
significant correlation between constructs only in the older age group. The pattern of
dedifferentiation between constructs, which is summarized in Table 11.2, was mixed.
Table 11.2
Summary of the Dedifferentiation pattern between Executive Attention, Inhibitory
Control, Working Memory, Relational Processing, and Frontal Functioning Measures

Executive attention
Inhibitory control
Working memory
Relational processing

Inhibitory

Working

Relational

Tower of

Matrix

control

memory

processing

London (4)

reasoning

No

Strong

Strong

No

Weak

No

No

No

No

Strong

No

Weak

Weak

Weak

Tower of London (4)

Weak

The focus in this section is on the pattern of dedifferentiation amongst executive
attention, inhibitory control, working memory and relational processing. Based on the
above mentioned criteria, there was no evidence of dedifferentiation involving
inhibitory control. However, there was strong evidence of dedifferentiation of the other
three constructs. The pattern of dedifferentiation of working memory with both
executive attention and relational processing provides further evidence of the
importance of working memory in cognitive ageing. The dedifferentiation of executive
attention with working memory is consistent with Kane et al. (2002) conceptualisation
of working memory involving executive attention. As age increases, reductions in the
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capacity or utilization of executive attention resources make it increasingly difficult to
maintain information in an active retrievable state.
The pattern of dedifferentiation of relational processing with both executive
attention and working memory varied as a function of complexity level. At the more
complex quaternary-relational level, there was strong evidence of dedifferentiation with
working memory in that the correlation was non-significant in the younger group, but
significant in the middle age and older groups. At the less complex binary- and ternaryrelational levels, there was weaker evidence of dedifferentiation in that significant
correlations between relational processing and working memory were observed only in
the older group (see Table 9.6). The dedifferentiation of working memory and relational
processing is consistent with Halford et al.’s (1998) Relational Complexity theory, in
that, working memory demands are directly linked to the number of relations that must
be processed in parallel. As complexity increases, there are greater demands on working
memory resources. However, with increased age, there is less capacity to cope with the
increased demand.
The dedifferentiation of relational processing with executive attention also varied
as a function of complexity. At the quaternary-relational level, there was strong
evidence of dedifferentiation with executive attention in that the correlation was nonsignificant in the younger group and significant in the middle and older age groups. At
the ternary-relational level, there was weak evidence of dedifferentiation, in that the
correlation with executive attention was non-significant in the younger and middle age
groups, and significant in the older age group. At the least complex level, there was no
evidence of dedifferentiation of relational processing with executive attention (see Table
9.6). Kane et al.’s (2002) theory might also explain the dedifferentiation of executive
attention with relational processing because relational processing demands working
memory resources, and working memory depends on executive attention.
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Dedifferentiation involving measures of frontal functioning. There was weak
evidence of dedifferentiation of TOL4 and Matrix reasoning, in that a significant
correlation was observed only for the oldest group (see Table 10.5). Both TOL4 (e.g.,
Morris et al., 1993; Owen et al., 1996) and Matrix reasoning (Schretlen et al., 2000)
have been interpreted as measures of frontal functioning.
There was weak evidence of dedifferentiation for each of executive attention,
working memory and relational processing with Matrix reasoning. These two findings
are somewhat consistent with the suggestion that measures of fluid intelligence are
sensitive to age-related changes in frontal functioning (e.g., Rabbitt, 2005). There was
also weak evidence for dedifferentiation of relational processing with frontal
functioning as assessed by TOL4. This was due mainly to relational processing at the
ternary- and quaternary-relational levels. This is consistent with brain imaging studies
that showed that activation in prefrontal regions increased as relational complexity
increased (Kroger et al., 2002).
Relational processing showed stronger evidence of dedifferentiation with
measures of frontal functioning than executive attention, inhibitory control, and
working memory. One interpretation of this finding is that because relational processing
tasks included items at different levels of complexity, they were more sensitive to agerelated change and individual differences in performance. This illustrates one advantage
of theory based manipulations of cognitive load, such as those based on the Relational
Complexity metric (Halford et al., 1998).
As detailed in the preceding chapters, each of the above mentioned constructs
has been shown to depend on prefrontal brain regions (Cabeza & Nyberg, 2000;
Christoff et al., 2001; Fernandez-Duque & Posner, 2001). Therefore, the overall pattern
of dedifferentiation observed might reflect underlying changes in prefrontal functioning
for older adults. Older adults might recruit less specialized regions in the brain,
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particularly prefrontal areas (Li, Brehemer, Shing, Werkle-Bergner, & Lindenberger,
2006), which leads to age-related performance declines.
Conclusions
Cognitive ageing is an inherently complex process characterised by structural
and functional changes in frontal lobe functioning. Whilst the cognitive ageing process
is not limited to the PFC (Raz & Rodrigue, 2006), the findings of the current research
are consistent with age-related declines in cognitive functioning supported by this
region (West, 1996; 2000).
The main contributions of the current study are threefold. First, it provided a
more comprehensive investigation of the role of relational processing in cognitive
ageing than was previously available. Second, it went some way toward demonstrating
how relational processing is linked to other constructs (executive attention, inhibitory
control and working memory) and to distinctions within these constructs. Third, it
provided a further test of the frontal lobe theory of cognitive ageing because executive
attention, inhibitory control, working memory and relational processing have previously
been shown to depend on the integrity of the frontal lobes. The findings add to our
understanding of the cognitive changes associated with normal ageing. With a rapidly
ageing population, a firm understanding of normal cognitive ageing is fundamental, as it
provides a backdrop against which pathological ageing can be compared.
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APPENDICES
Appendix A: Information Letter and Informed Consent
INFORMATION SHEET

Age Related Changes During Adulthood in Cognitive Processes Reliant
on the Pre-frontal Cortex: Attention, Inhibition, Working Memory and
Relational Processing
Investigators:
Jo-Anne Todd, School of Applied Psychology, Griffith University, Gold Coast.
Phone: 07 5594 0665; Email: j.todd@griffith.edu.au
Dr. Glenda Andrews, School of Applied Psychology, Griffith University, Gold Coast.
Phone: 07 5552 8613; Email: g.andrews@griffith.edu.au
Dr. Elizabeth Conlon, School of Applied Psychology, Griffith University, Gold Coast.
Phone: 07 5552 8981; Email: e.conlon@griffith.edu.au

This research is being conducted by Jo-Anne Todd as part of her research PhD course
requirements. Dr. Glenda Andrews and Dr. Elizabeth Conlon, from the School of Applied
Psychology at the Gold Coast Campus of Griffith University, are supervising the project.
This research is designed to investigate changes in age-related changes in cognitive
performance. You will be asked to complete both computer and manually administered tasks,
and to provide some demographic, and health-related information. The computeradministered tasks involve response options of either, typing a word or letter sequence, or
pushing one of two allocated buttons on the computer. The manually administered tasks
involve response options, which require a written or verbal response. It is envisaged that it
will involve approximately 4 to 5 hours of your time. If you agree to participate, you will be
asked to attend 3 sessions, however, this may be altered according to the needs of each
individual. Breaks can be taken during and between the tasks as required. The criteria for
screening will involve orientation in time and place.
There are no risks to you personally associated with participation in this study. You may
withdraw from the study at any time, and testing will cease immediately if you do not wish to
continue. The confidentiality of your responses is assured, as data from each participant will
be identifiable only by a participant number. The data for all the participants will be
combined and no data about individual participants will be reported in any publications or
presentations of the results of this research. If you require further clarification of any of the
points addressed above, or have any additional questions, please contact Jo-Anne Todd
(contact details are given above).
If you have any complaints concerning the manner in which the project is conducted,
you may contact the Manager, Research Ethics, Office for Research, Bray Centre, Griffith
University, Kessels Road, Nathan, Qld 4111, telephone (07) 3875 5585 or email researchethics@griffith.edu.au.
A summary of the overall outcomes of the research will be made available on
completion of the project. Participants may obtain this from the investigator. Jo-Anne Todd,
Dr. Glenda Andrews and Griffith University would like to thank you for taking the time to
read this request. If would assist this research greatly if you would participate.
If you agree to participate, please complete the consent form.

268 Age-Related Changes in Cognition
CONSENT FORM

Age Related Changes During Adulthood in Cognitive Processes Reliant
on the Pre-frontal Cortex: Attention, Inhibition, Working Memory and
Relational Processing
I agree to participate in the An Investigation of Cognitive Ageing: The Role of
Relational Complexity, Working Memory, Inhibition, and Attention project being conducted
by Jo-Anne Todd with Dr. Glenda Andrews and Dr. Elizabeth Conlon, supervising the
project, and give my consent freely.
By signing below, I confirm that I have read and understood the information sheet and
have noted that:










I understand that my involvement in this research will included the completion of a
variety of both computerised and manually administered tasks and provision of
demographic and health-related information;
I have had any questions answered to my satisfaction;
I understand the risks involved;
I understand that there will be no direct benefit to me from my participation in this
research;
I understand that my participation in this research is voluntary;
I understand that if I have any additional questions I can contact the research team;
I understand that I am free to withdraw at any time, without comment or penalty;
I understand that I can contact the Manager, Research Ethics, Griffith University
Human Research Ethics Committee on 3875 5585 (research-ethics@griffith.edu.au) if
I have any concerns about the ethical conduct of the project; and
I agree to participate in the project

Name of Participant ………………………………………………………………
Signature of the Participant……………………………………………………….
Date……../……../………
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Appendix B: Brief Questionnaire
Age Related Changes During Adulthood in Cognitive Processes Reliant on the Pre-frontal
Cortex: Attention, Inhibition, Working Memory and Relational Processing

Participant Number:
Age:

………..

…….

Date of Birth:

Sex:

……./……./……..

Male

Female

How many years of formal education did you receive?
......................................................................................……………………………………….
…………………………………………………………....……………………………………

What is your current/previous occupation?
………………………………………………….......................................................................
………………………………………………………………………………………………....

How would you rate your current health?

Please circle one of the following:
Very Poor
1

Poor
2

Moderate

Good

3

Are you currently taking any medication?

4

Yes

Excellent
5

No

Please Specify
…………………………………………………………………………………………………
…………………………………………………………………………………………………
…………………………………………………………………………………………………
…………………………………………………………………………………………………
…………………………………………………………………………………………………
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Appendix C: Rapid Automatised Naming Word List

pat
fog
king
oil
golf
tea
fun
gear
foam
site
risk
flow
base
honey
blow
ranch
mayor
drill
bench
frank
trend
split
cotton
route
curve
animal
cross
queen
strain
throat

bridge
freight
evil
poet
busy
arise
rifle
civil
angle
ocean
error
reply
owner
cover
patent
temple
prison
virtue
aspect
device
region
victim
bullet
stable
surplus
journal
fortune
missile
portion
delight

concert
village
payment
express
patient
transfer
exchange
presence
constant
football
surprise
terrible
enemy
oxygen
origin
dignity
gallery
victory
article
logical
opinion
regular
interior
vacation
reality
incident
tendency
election
delicate
quantity

relation
allotment
encounter
admission
institute
reduction
interview
advantage
telephone
settlement
assumption
employment
resistance
instrument
impossible
appearance
consequence
appointment
construction
security
testimony
emergency
universal
opposition
mechanical
combination
independent
contribution
intelligence
establishment
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Appendix D: Paired Associates Word Lists

AB1 Word List

AC Word List

storm – thunder

loaf – bread

crown– queen

metal – iron

beach – ocean

eggs - bacon

loaf – meat

bird – wings

fruit – cake

finger – thumb

garden – flower

storm – lightning

train - station

collar - shirt

eggs - chicken

garden – plant

metal – steel

fruit – orange

collar - bone

crown – king

finger – ring

beach – sand

bird – nest

train – track

AB2 Word List

ABr Word List

pilot - coat

stone - chin

fence - chin

statue - pipe

pear - goat

park - card

wheel - ears

ghost - nose

ghost - pipe

horn – fuel

cotton – paint

fence –windows

statue – fuel

wind – coat

bath - card

wheel – doctor

stone – windows

cotton – temple

wind - nose

pilot - ears

park - doctor

pear - paint

horn – temple

bath - goat
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Appendix E: List of Sentences included in the Reading Span Task.
Practice 1
The possum took the apple from the sill and then disappeared into the night.
Since the stranger had asked her so graciously, the in him joined had she dance.
Practice 2
His father had promised that if he was good, a would they get dog.
After a long trip everyone was relieved to finally get home.
Set Size 2
I waited and I waited but I could not see the rider or the horse.
The lady bent down and wrong the up picked deliberately case.
The sentence, seven years in jail was the by morning this down handed judge.
The crowd's roars echoed through the stadium as the the of control side home ball.
A smile spread across the man's face as he slowly extended his hand.
The old lady enjoyed pottering around and talking to her plants.
Set Size 3
Today in environmental studies we learnt a plant to how tree.
He put down his coffee and strode purposefully towards his desk.
The seals were swimming in the pool or basking the on sun the in rock.
The teacher squared his shoulders and growled something about his student crossing the
line.
The rocket burned an arc through the sky as it from away further sped earth.
He knew that her place was the first one after the telegraph post.
The dingo stalked around the camp, but would not come near the fire.
His eyebrows were raised and his mouth agape as he handed me the page.
People tend to behave in a strange manner when there is a full moon.
Set Size 4
It was not a busy metropolis but only a slow sleepy town.
I don't know why he keeps the on me calling phone.
She sighed and told her husband a joined had son their that band.
There were three chairs, a piano, and many the in music of sheets room.

The only one not affected youngest the was virus girl.
Those guards wishing to do so may carry a licensed gun but not a knife.
She laughed and smiled as she ran with her brother in the snow.
The animal looked like a wolf but was six white soft had and tall feet hair.
They went out for dinner and then to see a new play.
I stepped out from under the balcony, only then did I notice the rain.
They decided the best way to spend a holiday was to the on skiing go lake.
We will be able to make a log cabin if we can find enough wood.
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Set Size 5
He swayed with the breeze, toppled, of edge the over fell and bridge.
Today two men in their twenties robbed the Yeppoon branch of the bank.
He was very nervous but excited when last his took he test.
The chilled champagne sparkled and bubbled as the into poured was it glass.
Today I will go to the some buy and market food.

He whined and moaned but he could not the mowing of out get grass.
The woman took great pleasure in burning all of her husband's clothes.
We all love to go the at swimming and fishing beach.
On Sunday most of the population to went Brookdale of church.
The taxi driver veered to the left in order to miss an oncoming truck.
The car slipped and skidded as the driver tried to prevent it crashing into the shop.
Nobody could have foreseen what would happen to her when she visited the park.
He peered into the bush, but all he could see of pair a was eyes.
I have never lived in a home that collected so much dust.
They swam for hours in the churning sea a spotted finally they until boat.
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Appendix F: List of Word Sets included in the Word Span Task.
Set Size

Words

2

pool – sleep
truck - grass

3

church – laugh – ball
hair – dust – rock

4

boat – morning – feet – branch
step – judge – phone – young

5

town – balcony – page – husband – line
face – room – clothes – teacher - bridge

6

edge – square – horse – guard – bush - knife
tree - bank – case – fire – mouth - driver

7

breeze – earth – food – lady – fish – taxi – house
plant – eye – seal – rain – post – white – shop

8

moon – park – glass – band – girl – chair – apple – coffee
rider – market – crowd – beach – hand – night – gun – test

9

camp – jail – snow – bird – sheet – dance – car – wood – lake
animal – brother – eyebrow – bubble – woman – student - talk - desk
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Appendix G: List of Sentences and Questions included in the Sentence Comprehension Task
Sentence Set 1
1. Sally saw the train that the lorry hit. What did the hitting? What was hit?
2. John saw the rabbit that the cat licked. Who licked? Who was licked?
3. Sally saw the secretary that the hairdresser slapped. Who slapped? Who was
slapped?
4. John saw the doctor that the lawyer telephoned. Who telephoned? Who was
telephoned?
5. Bill saw the duck that the lamb pestered. Who pestered? Who was pestered?
6. Jane saw the chef that the customer thanked. Who thanked? Who was thanked?
7. Bill saw the nurse that the patient attacked. Who attacked? Who was attacked?
8. Jane saw the horse that the mouse annoyed. Who annoyed? Who was annoyed?
9. Sally saw the zebra that kicked the gorilla. Who kicked? Who was kicked?
10. John saw the baker that liked the painter. Who liked? Who was liked?
11. Sally saw the bus that damaged the plane. What caused the damaged? What was
damaged?
12. John saw the mechanic that contacted the plumber. Who contacted? Who was
contacted?
13. Bill saw the poodle that followed the kangaroo. Who followed? Who was
followed?
14. Jane saw the model that pushed the photographer. Who pushed? Who was
pushed?
15. Bill saw the yacht that passed the canoe. What did the passing? What was
passed?
16. Jane saw the teacher that helped the actor. Who helped? Who was helped?
17. The giraffe that the horse kicked ate. Who kicked? Who ate? Who was kicked?
What did the giraffe do? What did the horse do?
18. The man that the child bit read. Who bit? Who read? Who was bitten? What did
the man do? What did the child do?
19. The dog that the cat chased died. Who chased? Who died? Who was chased?
What did the dog do? What did the cat do?
20. The duck that the monkey touched walked. Who touched? Who walked? Who
was touched? What did the duck do? What did the monkey do?
21. The fireman that the woman kissed spoke. Who kissed? Who spoke? Who was
kissed? What did the fireman do? What did the woman do?
22. The aeroplane that the helicopter passed crashed. What passed? What crashed?
What was passed? What did the aeroplane do? What did the helicopter do?
23. The nurse that the dentist scared smoked. Who scared? Who smoked? Who was
scared? What did the nurse do? What did the dentist do?
24. The woman that the man helped sang. Who helped? Who sang? Who was
helped? What did the woman do? What did the man do?
25. The pig bumped the cow that ate. Who bumped? Who ate? Who was bumped?
What did the cow do? What did the pig do?
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26. The emu passed the kangaroo that slept. Who passed? Who slept? Who was
passed? What did the kangaroo do? What did the emu do?
27. The girl kissed the woman that smiled. Who kissed? Who smiled? Who was
kissed? What did the woman do? What did the girl do?
28. The boy scared the clown that drank. Who scared? Who drank? Who was
scared? What did the clown do? What did the boy do?
29. The rhino feared the tiger that slept. Who feared? Who slept? Who was feared?
What did the tiger do? What did the rhino do?
30. The pig bit the goat that yelled. Who bit? Who yelled? Who was bitten? What
did the goat do? What did the pig do?
31. The waiter liked the pilot that coughed. Who liked? Who coughed? Who was
liked? What did the pilot do? What did the waiter do?
32. The bus towed the truck that crashed. What towed? What crashed? What was
towed? What did the truck do? What did the bus do?
33. The cook that the king sent the man to yelled. Who sent? Who yelled? Who was
sent? Who was the man sent to? What did the cook do? What did the king do?
34. The hairdresser that the butcher took the princess to helped. Who took? Who
helped? Who was taken? Who was the princess taken to? What did the
hairdresser do? What did the butcher do?
35. The bear that the ox pushed the horse onto slept. Who pushed? Who slept? Who
was pushed? Who was the horse pushed onto? What did the bear do? What did
the ox do?
36. The baker that the fireman introduced the doctor to died. Who introduced? Who
died? Who was introduced? Who was the doctor introduced to? What did the
baker do? What did the firemen do?
37. The banker that the butcher told the tailor about laughed. Who told? Who
laughed? Who was told? Who was the tailor told about? What did the banker
do? What did the butcher do?
38. The alsatian that the labrador chased the terrier toward barked. Who chased?
Who barked? Who was chased? Who was the terrier chased toward? What did
the alsatian do? What did the labrador do?
39. The journalist that the editor warned the politician about absconded. Who
warned? Who absconded? Who was warned? Who was the politician warned
about? What did the journalist do? What did the editor do?
40. The coach that the player brought the manager to drank. Who brought? Who
drank? Who was brought? Who was the manager brought to? What did the
coach do? What did the player do?
41. The woman drove the teacher to the postman that smiled. Who drove? Who
smiled? Who was driven? Who was the teacher driven to? What did the postman
do? What did the woman do?
42. The clown informed the queen of the singer that collapsed. Who informed? Who
collapsed? Who was informed? Who was the queen informed of? What did the
singer do What did the clown do?
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43. The waiter warned the chef about the artist that talked. Who warned? Who
talked? Who was warned? Who was the chef warned about What did the artist
do? What did the waiter do?
44. The lorry carried the truck to the boat that left. What carried? What left? What
was carried? What was the truck carried to? What did the boat do? What did the
lorry do?
45. The lawyer took the barrister to the judge that sneezed. Who took? Who
sneezed? Who was taken? Who was the barrister taken to? What did the judge
do? What did the lawyer do?
46. The host introduced the reporter to the spy that shivered. Who introduced? Who
shivered? Who was introduced? Who was the reporter introduced to? What did
the spy do? What did the host do?
47. The sheep bumped the pig toward the goat that ate. Who bumped? Who ate?
Who was bumped? Who was the pig bumped toward? What did the goat do?
What did the sheep do?
48. The sailor left the airman for the soldier that moved. Who left? Who moved?
Who was left? Who was the airman left for? What did the soldier do? What did
the sailor do?
Sentence Set 2
49. Sally saw the gorilla that the zebra kicked. Who kicked? Who was kicked?
50. John saw the painter that the baker liked. Who liked? Who was liked?
51. Sally saw the plane that the bus damaged. What caused the damage? What was
damaged?
52. John saw the plumber that the mechanic contacted. Who contacted? Who was
contacted?
53. Bill saw the kangaroo that the poodle followed. Who followed? Who was
followed?
54. Jane saw the photographer that the model pushed. Who pushed? Who was
pushed?
55. Bill saw the canoe that the yacht passed. What did the passing? What was
passed?
56. Jane saw the actor that the teacher helped. Who helped? Who was helped?
57. Sally saw the lorry that hit the train. What did the hitting? What was hit?
58. John saw the cat that licked the rabbit. Who licked? Who was licked?
59. Sally saw the hairdresser that slapped the secretary. Who slapped? Who was
slapped?
60. John saw the lawyer that telephoned the doctor. Who telephoned? Who was
telephoned?
61. Bill saw the lamb that pestered the duck. Who pestered? Who was pestered?
62. Jane saw the customer that thanked the chef. Who thanked? Who was thanked?
63. Bill saw the patient that attacked the nurse. Who attacked? Who was attacked?
64. Jane saw the mouse that annoyed the horse. Who annoyed? Who was annoyed?
65. The cow that the pig bumped ate. Who bumped? Who ate? Who was bumped?
What did the cow do? What did the pig do?
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66. The kangaroo that the emu passed slept. Who passed? Who slept? Who was
passed? What did the kangaroo do? What did the emu do?
67. The woman that the girl kissed smiled. Who kissed? Who smiled? Who was
kissed? What did the woman do? What did the girl do?
68. The clown that the boy scared drank. Who scared? Who drank? Who was
scared? What did the clown do? What did the boy do?
69. The tiger that the rhino feared slept. Who feared? Who slept? Who was feared?
What did the tiger do? What did the rhino do?
70. The goat that the pig bit yelled. Who bit? Who yelled? Who was bitten? What
did the goat do? What did the pig do?
71. The pilot that the waiter liked coughed. Who liked? Who coughed? Who was
liked? What did the pilot do? What did the waiter do?
72. The truck that the bus towed crashed. What towed? What crashed? What was
towed? What did the truck do? What did the bus do?
73. The horse kicked the giraffe that ate. Who kicked? Who ate? Who was kicked?
What did the giraffe do? What did the horse do?
74. The child bit the man that read. Who bit? Who read? Who was bitten? What did
the man do? What did the child do?
75. The cat chased the dog that died. Who chased? Who died? Who was chased?
What did the dog do? What did the cat do?
76. The monkey touched the duck that walked. Who touched? Who walked? Who
was touched? What did the duck do? What did the monkey do?
77. The woman kissed the fireman that spoke. Who kissed? Who spoke? Who was
kissed? What did the fireman do? What did the woman do?
78. The helicopter passed the aeroplane that crashed. What passed? What crashed?
What was passed? What did the aeroplane do? What did the helicopter do?
79. The dentist scared the nurse that smoked. Who scared? Who smoked? Who was
scared? What did the nurse do? What did the dentist do?
80. The man helped the woman that sang. Who helped? Who sang? Who was
helped? What did the woman do? What did the man do?
81. The postman that the woman drove the teacher to smiled. Who drove? Who
smiled? Who was driven? Who was the teacher driven to? What did the postman
do? What did the woman do?
82. The singer that the clown informed the queen of collapsed. Who informed? Who
collapsed? Who was informed? Who was the queen informed of? What did the
singer do? What did the clown do?
83. The artist that the waiter warned the chef about talked. Who warned? Who
talked? Who was warned? Who was the chef warned about? What did the artist
do? What did the waiter do?
84. The boat that the lorry carried the truck to left. What carried? What left? What
was carried? What was the truck carried to? What did the boat do? What did the
lorry do?
85. The judge that the lawyer took the barrister to sneezed. Who took? Who
sneezed? Who was taken? Who was the barrister taken to? What did the judge
do? What did the lawyer do?
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86. The spy that the host introduced the reporter to shivered. Who introduced? Who
shivered? Who was introduced? Who was the reporter introduced to? What did
the spy do? What did the host do?
87. The goat that the sheep bumped the pig toward ate. Who bumped? Who ate?
Who was bumped? Who was the pig bumped toward? What did the goat do?
What did the sheep do?
88. The soldier that the sailor left the airman for moved. Who left? Who moved?
Who was left? Who was the airman left for? What did the soldier do? What did
the sailor do?
89. The king sent the man to the cook that yelled. Who sent? Who yelled? Who was
sent? Who was the man sent to? What did the cook do? What did the king do?
90. The butcher took the princess to the hairdresser that helped. Who took? Who
helped? Who was taken? Who was the princess taken to? What did the
hairdresser do? What did the butcher do?
91. The ox pushed the horse onto the bear that slept. Who pushed? Who slept? Who
was pushed? Who was the horse pushed onto? What did the bear do? What did
the ox do?
92. The fireman introduced the doctor to the baker that died. Who introduced? Who
died? Who was introduced? Who was the doctor introduced to? What did the
baker do? What did the firemen do?
93. The butcher told the tailor about the banker that laughed. Who told? Who
laughed? Who was told? Who was the tailor told about? What did the banker
do? What did the butcher do?
94. The labrador chased the terrier toward the alsation that barked. Who chased?
Who barked? Who was chased? Who was the terrier chased toward? What did
the alsatian do? What did the labrador do?
95. The editor warned the politician about the journalist that absconded. Who
warned? Who absconded? Who was warned? Who was the politician warned
about? What did the journalist do? What did the editor do?
96. The player brought the manager to the coach that drank. Who brought? Who
drank? Who was brought? Who was the manager brought to? What did the
coach do? What did the player do?
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Appendix H: Copy of Response Sheet for Class Reasoning Task
Identification:

Date of birth:
Date of test:
Age:

Order 1C
Comments

CR1

Identify

bananas yes/no

apples yes/no

fruit

yes/no

Are there more :
(Circle one)
A
apples
bananas
C
fruit
apples
B
fruit
bananas
In the whole world, are there more :
D
fruit
bananas

Comments
CR2

Identify

eagles

yes/no

sparrows yes/no

birds

yes/no

Are there more :
(Circle one)
A
sparrows
eagles
B
birds
eagles
C
birds
sparrows
In the whole world, are there more :
D
birds
eagles

Comments
CR3

Identify

planes

yes/no

cars

yes/no

vehicles

yes/no

furniture

yes/no

Are there more :
(Circle one)
A
cars
planes
B
vehicles
planes
C
vehicles
cars
In the whole world, are there more :
D
vehicles
planes

Comments/Explanation
CR4

Identify

tables

yes/no

chairs

yes/no

Are there more :
(Circle one)
A
tables
chairs
Can you explain how you got that answer?
C
furniture
tables
Can you explain how you got that answer?
B
furniture
chairs
Can you explain how you got that answer?
In the whole world, are there more :
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D

furniture
chairs
Can you explain how you got that answer?

Identify

red
yellow

Comments
CR5

yes/no
yes/no

not green yes/no
not blue yes/no

Are there more balls :

(Circle one)

E2
F
E1

not blue
not green
red

yellow
not yellow
not green

Identify

squares yes/no
triangles yes/no

not crosses yes/no
not diamonds yes/no

Comments/Explanation
CR6

Are there more shapes :
(Circle one)
E1
not crosses
squares
Can you explain how you got that answer?
E2
not
triangles
diamonds
Can you explain how you got that answer?
F
not crosses
not triangles
Can you explain how you got that answer?

Comments
CR7

Identify

not fruit

yes/no

not bananas yes/no

Are there more things :
(Circle one)
G1
not bananas
not fruit
In the whole world, are there more things :
H1
not bananas
not fruit

Comments/Explanation
CR
8

Identify

not vehicles
yes/no

not planes yes/no

In the whole world, are there more things : (Circle one)
H2
not planes
not vehicles
Can you explain how you got that answer?
Are there more things :
G2
not planes
not vehicles
Can you explain how you got that answer?

