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ABSTRACT

The role of inhibitory functioning in age-related working memory decline and
the moderating effect of time course changes in inhibitory functioning with age

Mervin Blair
Concordia University, 2012

The current thesis investigated whether and how inhibitory and working
memory functioning change with age in the context of a sequential action paradigm.
The approach taken was guided by (1) propositions that inhibitory functions decline
with age and negatively impact higher order abilities, and (2) the utility of better
understanding cognitive mechanisms underlying sequential activities. In Study 1, I
examined the extent to which age-related decline in deletion-type inhibition
(suppression of no-longer-relevant information) accounted for age differences in
working memory performance. Unlike much of the prior research, I examined
inhibitory changes with respect to working memory components (processing and
storage). I observed that reduced deletion-type inhibition with age accounted for
sizable proportions of age differences in working memory components, with
significant findings in storage and marginal findings in processing components. This
finding indicates that changes in executive function with age, such as inhibitory
control, have direct implications for working memory functioning at the
componential level. Moreover, given the observation of age-related decline in
deletion-type inhibition in Study 1, a finding that has been inconsistent in the
literature, in two subsequent studies I examined the nature of inhibitory changes with
age. In particular, I examined whether compared to younger adults, older adults’ have

reduced ability to engage deletion-type inhibition in a timely manner, beyond the

il



effects of age-related general slowing. In Study 2, I did not observe age differences in
the time course of deletion-type inhibition when I examined erroneous responses to
the prior, no-longer-relevant, item (n - 1 repeat). However, this finding may have
been limited by low error rates obtained. Thus, in Study 3, response latencies on n - 1
repeats were examined for changes in low-level (unintentional) deletion-type
inhibition across variable numbers of distractors, corresponding to variable time
delays. Compared to younger adults, older adults had difficulty engaging deletion-
type inhibition. This finding suggests that more detailed specification of inhibitory
changes with age might depend on examining the temporal dynamics of inhibitory
functioning in young and older adults. Taken together, this work highlights the
important role of inhibitory functioning with age in higher order cognition (working
memory) and emphasizes the utility of examining age effects in the time course of

cognitive functions in sequential tasks.
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Chapter 1
General Introduction

To perform everyday tasks, such as trying out a new recipe, a number of
cognitive processes are engaged, including paying attention to the necessary
ingredients, as well as updating and maintaining our awareness of each step
performed. There are times however where we may find ourselves skipping ahead or
repeating steps. This is particularly likely when distractions are present within the
task such as similarity amongst ingredients to use and/or steps to follow. Difficulty
managing such task-specific interference, as well as interference from internal (e.g.,
mind wanderings) and external sources (e.g. noisy environments), appear to worsen
with age (Dempster, 1992; Hasher & Zacks, 1988). Such vulnerability to interference
with age suggests that older adults are often at a disadvantage while focusing on
attendant tasks. Empirical support for greater performance costs with age during
sequential and other activities have been formularized in inhibition deficit accounts of
aging (e.g., Dempster, 1992, 1995; Hasher, Zacks, & May, 1999). These accounts
stipulate that older adults are sensitive to interference because of reduced ability to
inhibit/suppress distracting information during task performance. Thus, given the
ubiquitous nature of sequential activities in our daily lives, reduced inhibitory control
during task performance may have implications for older adults’ independence in
activities of daily living (ADLs), a primary factor in considering institutional care
(Gaugler, Duval, Anderson, & Kane, 2007; Luppa et al., 2010) and dementia
diagnoses (American Psychiatric Association, 2000). Moreover, the ability to

concurrently hold and process information online (working memory functioning) is a



requirement of many sequential tasks, and has been shown to be age-sensitive (e.g.,
Bopp & Verhaeghen, 2005).

Together, the involvement of both inhibitory control and working memory
functioning in sequential activities in our daily lives is not particularly surprising
given the dynamic sequential nature of ADLs. The inhibition-working memory link is
also evident in models of sequential performance which often place special emphasis
on the ability to maintain representations/task goals in working memory (Kimberg &
Farah, 1993) and inhibitory control to avoid repeating steps (Cooper, Schwartz, Yule,
& Shallice, 2005; Humphreys & Forde, 1998). In light of the essential roles of
inhibitory and working memory functioning in sequential activities, the aim of this
thesis is to better understand whether and how these functions change with age, and
the relationships therein.

To achieve these goals, I examined inhibitory control within the context of a
laboratory based sequential paradigm, given the aforementioned importance of
elucidating the nature of cognitive processes underlying sequential activities. Further,
I examined working memory performance using a complex span measure, as these
tasks have been shown to be reliable and valid measures of working memory
functioning (Conway et al., 2005). Moreover, I utilized a combination of approaches
employed across cognitive aging research. This included a variance partitioning
approach (hierarchical regression analyses) to examine the relationship between
inhibitory control and working memory functioning with age, and a process-level
analysis of inhibitory functioning in the sequential task to better elucidate the precise

nature (temporal dynamics) of inhibitory functioning with age.



Considering the focus of this work, below I review cognitive changes with
age, followed by an overview of general cognitive and neurocognitive theories of
cognitive decline with age. Subsequently, inhibitory functioning with age and the
relation to higher order abilities is closely examined.

1.1 Cognitive aging

In the cognitive aging literature, while stable to positive age trends have been
demonstrated in a few areas (e.g., semantic and implicit memory; Graf, 1990; Light,
1992), negative age trends have been demonstrated in a number of areas including
episodic and prospective memory, fluid intelligence, perceptual speed, and multiple
forms of attention (e.g., selective and divided attention; see reviews McDowd &
Shaw, 2000; Salthouse, 2004; Zacks, Hasher, & Li, 2000). In recent decades, much
focus in the aging literature has been given to the study of age-related declines in
executive functions, defined as “control processes responsible for planning,
assembling, coordinating, sequencing, and monitoring other cognitive operations”
(Salthouse, Atkinson, & Berish, 2003, p. 566). Age-related declines have been
demonstrated in multiple areas of executive functions including the ability to perform
multiple tasks simultaneously (dual task coordination) and shifting mental sets
(specifically global switch costs which involve maintaining and coordinating between
two mental sets) (see review in Verhaeghen & Cerella, 2002). To add to the list of
age-related cognitive changes, researchers have given more recent attention to aging
and working memory, the latter of which is conceptualized as a multi-component
limited capacity system that allows for the storage and processing of information

(Baddeley, 1986; Baddeley & Hitch, 1974). Unlike measures of short term memory,



which assess information held online for a brief period, measures of working memory
functioning have evidenced age-related declines (e.g., Bopp & Verhaeghen, 2005;
Salthouse, 1994; Verhaeghen & Salthouse, 1997). Further, Verhaeghen and Basak
(2005) and Basak and Verhaeghen (2011) have shown that older adults have
difficulty switching individual elements in and out of the focus of attention, which
has been proposed as the capacity limited component of working memory (Cowan,
1995, 2001).

These widespread changes with aging are not necessarily mutually exclusive.
For instance, Salthouse et al. (2003) observed that executive functioning constructs,
based on measures examining the ability to coordinate concurrent activities (time
sharing), to update internal representations (updating), and to suppress prepotent
responses, mediated age-related decline in various cognitive abilities, including fluid
intelligence, episodic memory, and perceptual speed. However, caution was advised
in interpreting the mediational aspects of this result due to substantial overlap
observed between executive and cognitive abilities measured. For instance,
correlations between executive constructs (updating and time sharing) and fluid
intelligence was greater than .85.

In light of overlapping and widespread cognitive changes with age, a number
of general, single factor theories have been developed that endeavor to explain
declines across various cognitive domains. These approaches range from explanations
at cognitive levels to changes at neuranatomical/neurochemical levels.

1.2 Cognitive theories of cognitive decline with age



Resource theories of aging emphasize that with aging comes reduced
processing resources to adapt to changing environmental dynamics, particularly as
processing demands increase. Such reduced resources have been characterized as
reduced attentional resources (e.g., Craik 1983, 1986; Craik & Byrd, 1982) and
working memory capacity (e.g., Light, Zelinski, & Moore, 1982). Consequently, as
noted by Craik and colleagues, age-related declines emerge on measures in which
contextual/environmental support is minimal, thereby placing more demands on self-
initiated processing, which is presumed to decline with aging. A notable example
consistent with this perspective is the observation of strong age effects in free recall,
which rely heavily on self-initiated processing, as opposed to minimal age effects in
recognition and cued recall tasks (see review in Zacks et al., 2000). Older adults’
reduced performance in dual task situations, which involve performing two tasks
simultaneously (e.g., talking while driving), is also compatible with reduced cognitive
resources with aging (see review in Li, Krampe, & Bondar, 2005). Capacity and
processing resource theories have been criticized, however, for lacking specification
and for embedded circular logic as age differences in cognitive measures are viewed
as evidence of age differences in cognitive resources (Kail & Salthouse, 1994).

The consistent finding of reduced perceptual speed with aging has been
formalized in the generalized slowing account of aging (Birren, 1965; Salthouse,
1996). Evidence in favour of this account is the finding of sizeable reductions in age-
related variance on cognitive measures (e.g., memory, interference control) when
measures of perceptual speed (e.g., Digit Symbol Substitution Test, Wechsler, 1981)

are controlled (e.g., Salthouse, 1991; Salthouse & Babcock, 1991; Salthouse &



Meinz, 1995). Two mechanisms have been proposed to explain such negative
consequences of reduced processing speed: the limited time mechanism in which
early cognitive operations necessary for task performance is slowed, thus, restricting
the time available for later operations; and the simultaneity mechanism in which
products of early cognitive operations are lost by the time later processing operations
are completed (Salthouse, 1996). For instance, working memory functioning, as
assessed by the reading span task (Daneman & Carpenter, 1980), provides an apt
example of how the limited time and simultaneity mechanism interfere with task
performance. In this task, participants process individually presented sentences (e.g.,
make semantic judgments) while attempting to remember the last words of each
sentence. After a set number of sentences are presented (typically ranging from 2 to
6), participants are cued to recall sentence final words. If older adults are slow to
process sentences, more time will elapse between when final words are encoded and
when they are cued for recall, thereby increasing susceptibility for the words to be
lost by temporal decay or interference, consistent with the simultaneity mechanism. If
time is limited however and older adults are not able to completely process sentence
information and final words, the limited time mechanism predicts reduced
performance (see Titz, 2010, for results consistent with these predictions).

While the processing speed account has been studied extensively (Salthouse,
1996), it has been criticized for being too descriptive, for ignoring task-specific
processes and slowing, for the observation that age often continues to predict
cognitive performance over and above speed, and for the fact that other cognitive

functions (e.g., working memory functioning) provide stronger mediational effects



(e.g., Fisk, Fisher, & Rogers, 1992; Hertzog, 2008; Madden, 2001). Processing speed
measures have also been criticized for tapping mechanisms of interference control, as
standard speed measures often present multiple stimuli simultaneously, an approach
that may be disadvantageous to older adults, who have difficulty focusing their
attention on task-relevant stimuli (Lustig, Hasher, & Tonev, 2006; See Inhibition
section below). Further, divergent age-related slowing effects have been shown across
cross-sectional and longitudinal studies. For instance, whereas processing speed and
memory functioning shared 71% of age-related variance in cross sectional work
(Verhaeghen & Salthouse, 1997), this reduces to modest amounts in longitudinal
work (e.g., 37%, Lemke & Zimprich, 2005; e.g., 10%, Sliwinski & Buschke, 1999).
Moreover, in the Berlin aging study, mediational effects of speed on
intellectual functioning in older adults (age 70-103) were less powerful than measures
of visual and hearing acuity (Lindenberger & Baltes, 1994). In combination, visual
and hearing acuity accounted for 93.1% of age-related variance in intellectual
functioning, comprising measures of reasoning, memory, speed, fluency, and
knowledge (with similar findings when individuals with extremely poor sensory
acuity were excluded). Such findings are consistent with the ‘common cause’
hypothesis of aging (Baltes & Lindenberger, 1997; Lindenberger & Baltes, 1994) in
which it is postulated that age-related changes in a common underlying factor(s), such
as physiological integrity of the brain, is responsible for the observation of increased
interdependence between sensory and cognitive functioning with age (for contrary
findings, e.g., Anstey, Hofer, & Lucz, 2003; Batterham, Christensen, & Mackinnon,
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The ‘common cause’ hypothesis can be viewed as an extension of the
dedifferentiation hypothesis of aging in which cognitive abilities become more
differentiated in childhood and less differentiated (dedifferentiate) with the aging
process (e.g., Baltes, Cornelius, Spiro, Nesselroade, & Willis, 1980). In particular, the
dedifferentiation hypothesis is extended to include convergence of abilities within and
across domains (e.g., sensory and cognitive). A potential ‘common cause’ for such
differentiation is increased ‘neural noise’ stemming from age-related reduction of
catecholaminergic (e.g., dopamine and norepinehrine) modulation in cortical and
subcortical regions (S-C. Li, Lindenberger, & Sikstrom, 2001). For instance,
increased ‘neural noise’ may reduce distinctiveness of neural representations and
interference control (see S-C. Li et al., 2001, for computational modeling of this
approach). Alternatively, evidence of such cross-domain dedifferentiation may be the
direct consequence of sensory declines with aging reducing the cognitive
performance of older adults (see reviews in Burke & Osborne, 2007; Schneider &
Pichora-Fuller, 2000; but also see Anstey, Dain, Andrews, & Drobny, 2002; Anstey,
Hofer, & Luszcz, 2003).

In their review of cross-sectional and experimental research on the
relationship between sensory/sensorimotor and cognitive functions with age, K.Z.H.
Li and Lindenberger (2002) suggested that evidence of increased interdependence
across domains is also consistent with a shared resource model. In particular, such
interdependence may reflect increased cross domain competition for limited resources
with age. Thus, a more complete model of aging likely rests on a combination of

common cause(s) with subsequent neural reorganization and strategy modification to



allocate limited resources accordingly (K.Z.H. Li & Lindenberger, 2002). Together,
such an approach bridges cognitive changes to underlying physiological changes. The
locus of such common factor(s), neural reorganization to compensate for such
changes, and the consequent impact on cognition has been an active area of research.
1.3 Neurocognitive approaches to cognitive decline with age

Advances in neuroimaging and neurophysiological research have allowed
researchers to better bridge the cognition-brain gap with aging. For instance, older
adults often evince bilateral activation during task performance in prefrontal as well
as other brain regions (e.g., medial temporal lobes) in functional imaging studies, a
finding formalized in the hemispheric asymmetry reduction in older adults
(HAROLD) model; this is especially the case as task demands increase, suggesting a
three-way interaction between age, task difficulty, and laterality (see reviews in
Cabeza, 2002; Daselaar & Cabeza, 2005; Dennis & Cabeza, 2008). Two
interpretations have been proposed to explain this result (Cabeza, 2002). In particular,
such bilateral activation can be interpreted as evidence of reduced specialization of
neural mechanisms mediating cognitive performance, consistent with
integration/dedifferentiation of cognitive processes with age (as reviewed above).
Alternatively, this reduced lateralization with age may serve a compensatory function,
evidenced by observed positive relationships between bilateral activation and task
performance in older adults (e.g., Cabeza, Anderson, Locantore, & McIntosh, 2002;
Reuter-Lorenz et al., 2000). These two interpretations are not mutually exclusive,
however, as the dedifferentiation of neural mechanisms can be construed as serving a

compensatory function (Cabeza, 2002).



As noted in Reuter-Lorenz and Cappell (2008) and Reuter-Lorenz and Lustig
(2005), the compensatory function of neural over-activation may help older adults
address problems of reduced sensory and perceptual functioning, reduced ability to
modulate brain regions mediating task-irrelevant processing, and under-activation of
task relevant regions. Consistent with the latter are findings of decreased activation in
posterior regions (e.g., occipital cortex) coupled with increased activation in anterior
regions (e.g., prefrontal cortex) with aging on multiple measures of cognitive
functioning (so called posterior-anterior shift in aging, i.e., PASA pattern; Davis,
Dennis, Daselaar, Fleck, & Cabeza, 2008; Dennis & Cabeza, 2008; Grady et al.,
1994).

Recruitment of anterior regions is often conceptualized as paradoxical
especially given findings of the age sensitivity of these regions to cognitive decline
across animal, neuropatholgoical, neurophysiological, and neuroimaging research
(West, 1996). Notably, areas of cognitive functioning mediated by prefrontal regions,
such as executive functioning (Miller & Cummings, 2007; Stuss & Knight, 2002), are
more affected by aging, a notion that forms the basis of the frontal lobe hypothesis of
aging (Dempster, 1992; Kramer, Humphrey, Larish, Logan, & Strayer, 1994;
Moscovitch & Winocur, 1992, 1995; West, 1996; but see Greenwood, 2000, for a
contrasting view). A related hypothesis is the goal maintenance account of aging in
which age-related changes in the lateral prefrontal cortex are posited to cause
difficulty representing, maintaining, and updating task-relevant information; such
cognitive control is deemed necessary for multiple cognitive operations (episodic

retrieval, prospective memory, working memory functioning, inhibitory control;
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Braver & West, 2008). Therefore, the compensatory function often indicated by
anterior recruitment (e.g., PASA) is likely a reflection of the versatility of prefrontal
areas to aid task performance as compared to more functionally dedicated brain areas
(e.g., hippocampus for memory and the ventral visual cortex for object recognition,
Parker & Reuter-Lorenz, 2009)

Nevertheless, differential age-related decline in prefrontal functioning (Braver
& West, 2008; West, 1996) likely limits the extent to which older adults can
compensate for task performance. For instance, Cappell, Gmeindl, and Reuter-Lorenz
(2010) found that increased activation in prefrontal areas mediated older adults’
performance at the level of younger adults, but only when task demands were low; at
higher task demands, reduced performance was coupled with reduced prefrontal
activation. Such limits to compensatory efforts with aging have been conceptualized
in the compensation-related utilization of neural circuits hypothesis (CRUNCH;
Reuter-Lorenz & Lustig, 2005; Reuter-Lorenz & Mikels, 2006; see Cabeza & Dennis,
in press, for a more expanded model). In line with the compensation account, the
lifespan scaffolding theory of aging and cognition (STAC; Park & Reuter-Lorenz,
2009; Reuter-Lorenz & Park, 2010) posits that cognitive functioning, particularly in
older adults, represents a combination of age-related neural deterioration (e.g.,
dopamine depletion, white matter abnormalities, etc.) and responsive neural
reorganization (compensation) efforts.
1.4 Summary of cognitive and neurocognitive theories of cognitive aging

In sum, multiple areas of cognitive functioning are impacted by age, including

working memory, attention, perceptual speed, multiple executive functions, and
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episodic and prospective memory, among others. To explain these changes, multiple
approaches have been proposed that range from cognitive (e.g., reduced cognitive
resources) to neurocognitive approaches (e.g., structural and functional changes in
prefrontal areas). There is likely much overlap between these different approaches to
aging as neurochemical changes (e.g., catecholmingergic modulation) with age
impact on frontal lobe functioning and other brain regions. Coupled with reduced
sensory/sensorimotor functioning, these age-related changes likely result in
widespread changes across multiple cognitive domains.

Issues of compensation are dominant throughout aging approaches, such as
contextual/environmental support to aid performance given reduced cognitive
resources, and bilateral activation to aid task performance. Such compensatory
themes across aging theories may reflect attempts by the aging brain to adjust for
reduced cognitive control function(s) and/or processing resources that constrain
higher order abilities (e.g., memory, reasoning). For instance, Reuter-Lorenz et al.
(2000) observed that younger adults recruited frontal regions in the left and right
hemispheres during tasks requiring short-term maintenance of verbal and spatial
information, respectively. However, older adults had bilateral frontal activation
during each task, suggesting that the additional activation may have served to
compensate for difficulty maintaining task-relevant information in working memory
(e.g., Braver & West, 2008; Verhaeghen & Basak, 2005). Such neural reorganization
by the aging brain is suggestive of attempts to address declines in various cognitive
abilities. These include the ability to suppress/inhibit irrelevant information during

task performance (Dempster, 1992; Hasher & Zacks, 1988), quickly process task-
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relevant information (Salthouse, 1996), and coordinate activities between multiple
tasks, as in mental set shifting (e.g., Verhaeghen & Cerella, 2002) and dual task
performance (e.g., Kray & Lindenberger, 2000). While these various abilities have
been proposed to mediate wide-spread cognitive decline with age and come from
divergent theoretical backgrounds, inhibitory control functions have been posited to
underlie the observed age-related declines across these cognitive functions
(Dempster, 1992, 1995; Hasher, Lustig, & Zacks, 2007; Hasher et al., 1999; Lustig,
Hasher, & Zacks, 2007). In particular, inhibitory control processes are postulated to
reduce the extent to which interfering, task-irrelevant information disrupts the speed
of ongoing processing, the ability to process and maintain task relevant mental sets
(single or multiple) in conscious awareness, and the ability to suppress interference
when switching mental sets. To advance this inhibitory account however, it is
necessary for the conceptualization of inhibitory control functions and age-related
changes therein to be clearly delineated, issues that continue to be challenging in
cognition and aging research, as outlined below.
1.5 Inhibition

Central to everyday functioning is the ability to selectively attend to currently
relevant goals while resisting interference from distracting information. Interference
may emanate from multiple sources in our daily lives (both internal and external), and
has been defined in cognitive theories as “cognitive competition among multiple
stimuli, processes, or responses” (Harnishfeger, 1995, p. 189). A classic task used to
examine the ability to control interference is the Stroop task (Stroop, 1935) in which

individuals are required to name the colour of words presented that are printed in
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incongruent ink colour (e.g., the word RED printed in blue ink). The typical finding is
increased response latencies and errors when reading such incongruent coloured
words as opposed to congruent coloured words or neutral stimuli in which
interference is minimized (e.g., series of Xs or words printed in black ink).
Presumably, this difficulty resisting interference in the Stroop task is the result of
problems withholding the more dominant (and habitual) tendency to read words in
favour of the less dominant requirement to name the colours of words. Such difficulty
in the Stroop task has been shown to undergo developmental changes (see review in
MacLeod, 1991), with reduced performance in older adults (e.g., Spieler, Balota, &
Faust, 1996; West & Alain, 2000).

In the cognitive literature, the ability to resolve interference in measures such
as the Stroop task have often been related to the ability to inhibit/suppress irrelevant
information during task performance (e.g., Bjorklund & Harnishfeger, 1995;
Dempster, 1992, 1995; Hasher & Zacks, 1988; but see MacLeod, Dodd, Sheard,
Wilson, & Bibi, 2003 for contrasting views). The Stroop task is one of many such
tasks that presumably rely on interference control mechanisms inherent in inhibitory
control functions; others include the Wisconsin Card Sort task and Brown-Peterson
Task, which assess resistance to proactive interference (see reviews of such tasks in
Dempster, 1992). Below I briefly review different approaches developed to
conceptualize inhibitory functions in the cognitive literature before narrowing the
focus to inhibitory functioning and working memory in the aging literature.

1.6 Conceptual distinctions in inhibitory functions
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With origins in the developmental literature, Harnishfeger (1995)
distinguished between behavioural inhibition and cognitive inhibition. Behavioural
inhibition involves controlling overt behaviour (e.g., suppressing motor response,
impulse control). Cognitive inhibition involves controlling cognitive contents or
processes, and is further distinguished along an intentional (e.g., suppressing
irrelevant information in working memory) and unintentional dimension (e.g.,
suppressing the context-inappropriate meaning of polysemous words). Similar to
Harnishfeger’s taxonomy, originating in the psychopathological literature, Nigg
(2000) distinguished inhibitory functioning along an intentional (effortful) and
automatic dimension. Intentional inhibition included interference control (suppressing
interference from resource or stimulus competition), cognitive inhibition (preventing
irrelevant information from entering working memory), behavioural inhibition
(preventing prepotent response execution), and oculomotor inhibition (restraining
reflexive saccades). Automatic inhibition is reflected in suppressing recently viewed
stimuli/locations (as in inhibition of return) or suppressing information at unattended
locations while focusing elsewhere.

From a cognitive aging perspective, Hasher and colleagues’ (Hasher & Zacks,
1988; Hasher et al., 1999) conceptualization of inhibitory function includes the access
function, which prevents task-irrelevant information from entering working memory,
and the deletion function, which suppresses information that is no longer relevant to
task performance. For instance, the access function is posited to suppress/dampen
interference in reading with distraction tasks (Connelly, Hasher, & Zacks, 1991; Kim,

Hasher, & Zacks, 2007), whereas the deletion function is engaged to suppress
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encoded items that are instructed to be forgotten in directed forgetting tasks (Zacks,
Radvansky, & Hasher, 1996). Together, these two inhibitory functions closely
correspond to Nigg’s (2000) interference control and Harnishfeger’s (1995) cognitive
inhibition. Hasher et al. also proposed the restraint function of inhibition to prevent
execution of prepotent, but inappropriate, responses, which corresponds to
behavioural inhibition in Nigg’s and Harnishfeger’s taxonomies (see also Dempster,
1993; Rafal & Henik, 1994, for similar distinctions across inhibitory functions).

Recently, Friedman and Miyake (2004) proposed that distinct inhibitory
functions may act at different stages of information processing. For instance,
inhibitory functions may act at early processing stages when relevant information
should be selected while irrelevant information is ignored; at intermediate stages to
regulate working memory contents by suppressing activated but irrelevant
information; and at output stages to execute appropriate responses, while resisting
prepotent but inappropriate responses. At present however, limited evidence exists
regarding the commonality and separability of inhibitory functions in young (e.g.,
Friedman & Miyake 2004; Nee, Wager, & Jonides, 2007; Sylvester et al., 2003) and
older populations (e.g., Feyereisen & Charlot, 2008; Titz, Behrendt, Menge, &
Hasselhorn, 2008).

Similar to Friedman and Miyake’s (2004) information processing account of
inhibitory functions, the close relationship between inhibition and concurrent
processing (as in working memory storage and processing operations) is emphasized
in the definition of inhibition by Lustig and colleagues (2007). They propose that

inhibition is an “active, goal-directed process that acts in conjunction with automatic
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activation processes to control the contents of consciousness” (Lustig et al., p. 152).
Consequently, inhibitory functions may have implications for performance across
various cognitive domains (e.g., learning, memory retrieval, comprehension, and
executive functioning; Dempster, 1992; Hasher et al., 1999, 2007).

1.7 The relationship between inhibition and working memory functioning with age

According to aging accounts of inhibitory functioning (Dempster, 1992, 1995;
Hasher et al., 2007; Hasher & Zacks, 1988; Lustig et al., 2007), inhibitory control
functions are posited to decline with age and as a consequence, older adults are less
able to regulate the contents of working memory. In particular, it is proposed that
older adults have difficulties restricting irrelevant information from entering working
memory (reduced access function) and preventing no-longer-relevant information
from persisting in working memory (reduced deletion function).

Understanding the role of age-related constraints on working memory
functioning, such as inhibitory control, is an important endeavor as working memory
performance has been shown to predict various higher order abilities (e.g., Conway,
Kane, & Engle, 2003; Daneman & Carpenter, 1980; Kyllonen & Christal, 1990; Sii3,
Oberauer, Wittmann, Wilhelm, & Schulze, 2002). More relevant for present purposes,
working memory functioning has been shown to decline with aging (e.g. Bopp &
Verhaeghen, 2005; Salthouse, 1994; Verhaeghen & Salthouse, 1997), thereby
impacting higher order functioning with age, including long term memory, language
processing (comprehension and text recall), reasoning, and spatial ability (e.g.,

Kwong See & Ryan, 1995; Park et al., 1996, 2002; Verhaeghen & Salthouse, 1997).

17



In cognitive research, examination of working memory performance has
largely been conducted with complex span measures, such as the reading span
(Daneman & Carpenter, 1980; Daneman & Merikle, 1996) and operation span tasks
(Turner & Engle, 1989) (for a review of approaches, see Conway et al., 2005).
Whereas simple span measures require maintaining information online (e.g.,
repeating a short list of items to oneself), complex span measures involve
simultaneous maintenance (storage) and processing activities (e.g., read sentences
while retaining sentence final words) (Conway et al., 2005; Daneman & Carpenter,
1980). Assessment of working memory performance with complex span measures
correspond with Baddeley’s model of working memory (Baddeley, 1986; Baddeley &
Hitch, 1974) in which two slave systems (phonological loop and visuospatial
sketchpad) are responsible for storage operations whereas a central executive
component performs processing operations (e.g., monitoring, coordinating,
scheduling other operations; also see Baddeley, 2000, 2001, for the more recent
addition of the episodic buffer to store multimodal information).

To examine complex span performance with age, the approach has largely
been to use variance partitioning procedures (e.g., regression analyses, path analyses,
structural equation modeling) to examine the extent to which age-sensitive processes
account for age differences in complex span performance. With these approaches,
inhibitory control has been shown to be one individual difference factor that
undergoes age-related decline and consequently impacts complex span performance
(e.g., Persad, Abeles, Zacks, & Denburg, 2002). Other proposed factors include, but

are not limited to: storage capacity (e.g., Verhaeghen, Marcoen, & Goossens, 1993),
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mental set shifting (e.g., Kray & Lindenberger, 2000; Mayr, 2001), processing
efficiency/speed (e.g., Salthouse, 1996), goal maintenance (e.g., Braver & West,
2008; McCabe, Robertson, & Smith, 2005), switching the focus of attention (e.g.,
Basak & Verhaeghen, 2011; Verhaeghen & Basak, 2005) and dual-task coordination
(e.g., Verhaeghen & Cerella, 2002). Despite this lengthy list of factors, inhibition
deficit accounts (Dempster, 1992; Hasher et al., 1999, 2007) conceptualize inhibitory
control as a ‘cognitive primitive’, irreducible to other cognitive processes; thus,
inhibitory changes with age are presumed to significantly underlie changes in these
other processes as well, thereby explaining their relation to working memory
performance.

For instance, Daneman and colleagues (Daneman & Carpenter, 1980;
Daneman & Tardif, 1987) advocated a processing efficiency explanation of complex
span performance, noting that increased efficiency on processing components allows
individuals more time to rehearse/refresh stored items. Consistent with this reasoning,
reduced perceptual speed has been shown to explain age-related variance in working
memory performance (Salthouse & Babcock, 1991; Salthouse & Meinz, 1995).
However, tasks assessing perceptual speed have been criticized for assessing
processes beyond speed. As demonstrated by Lustig et al. (2006), when target items
were presented individually in the Digit Symbol Substitution Test (Wechsler, 1997), a
frequently utilized measure of perceptual speed, age-related perceptual speed
differences were significantly reduced. This result suggest that embedding target
stimuli amongst distracting stimuli, as per standard administration of many

processing speed tasks, taps into the ability to resist interference. Thus, inhibitory
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functions may be involved in such speeded measures and partially account for their
relation with working memory functioning.

In addition, there has been suggestive evidence that complex span measures
involve inhibitory control functions to reduce proactive interference. For instance, in
the standard administration of the reading span task, smaller set sizes are presented
early whereas larger set sizes are presented later, thereby allowing for proactive
interference buildup on these larger set sizes. For groups susceptible to proactive
interference, such as older adults, reducing such interference by presenting larger set
sizes early has been shown to improve their reading span performance to the same
level as younger adults (Lustig, May, & Hasher, 2001; May, Hasher, & Kane, 1999).

However, despite such supportive evidence of the role of inhibitory
functioning in working memory performance (both verbal and visuospatial working
memory; e.g., De Beni & Palladino, 2004; May et al., 1999; Oberauer, 2001; Persad
et al., 2002; Rowe, Hasher, & Turcotte, 2008), contrary evidence exists. For instance,
McCabe and Hartman (2003) examined whether age-related decline in complex span
performance (reading and list span tasks) was accounted for by age-related changes in
storage capacity, dual task coordination, inhibitory efficiency, perceptual speed, and
language processing (syntactic processing and semantic integration). Using a
hierarchical regression approach, storage capacity and perceptual speed together
completely explained age differences in complex span performance; inhibitory
efficiency, measured by intrusion errors in complex span tasks, was not included in
the model due to the lack of age-related effects. Such inconsistent findings regarding

the inhibition-working memory relationship with aging possibly reflects a number of
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moderating factors, such as how inhibitory functions are measured and
operationalized.

Moreover, research on working memory performance using complex span
measures have primarily relied on storage components as the dependent measure
(e.g., end-word recall in reading span task; but see Li, 1999; Waters & Caplan, 1996).
Thus, the extent to which various factors (e.g., inhibitory efficiency and speed)
influence both working memory components remains largely unexplored. Notably, a
better understanding of factors that influence both working memory components have
implications for clarifying the relationship between working memory performance
and higher order abilities (e.g., fluid reasoning; Unsworth, Redick, Heitz, Broadway,
& Engle, 2009).

1.8 Inhibition and aging

Despite some successes inhibition deficit accounts have had in explaining
higher order cognition (e.g., Dempster, 1992; Hasher et al., 2007; Lustig et al., 2007),
process-level analyses to examine the nature of inhibitory changes with age have
revealed a mixed picture (e.g., Burke, 1997; McDowd, 1997). This has led to the
general acknowledgement among proponents of inhibitory deficit accounts that not all
inhibitory mechanisms are age sensitive, such as spatial inhibitory processes (Zacks
& Hasher, 1997). Moreover, additional specification of inhibitory changes with age is
necessary given the observation of inconsistent age-related changes within specific
inhibition functions and within specific tasks. For instance, in regard to a specific
inhibition function, such as deletion-type inhibition, Maylor, Schlaghecken, and

Watson (2005) observed age-related decline in inhibitory functioning in visual
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marking tasks (in which moving distracting stimuli had to be inhibited to prioritize
target stimuli) and inhibitory aspects of the masked prime paradigm; however, age
effects were absent in the Ranchburg effect in which repeated memory items are
typically inhibited during serial recall. In regard to specific tasks, inconsistent
findings in age-related decline in inhibition have been observed in tasks such as the
Stroop task (Verhaeghen & De Meersman, 1998a) and the negative priming task
(Gamboz, Russo, & Fox, 2002; Verhaeghen & De Meersman, 1998b). For instance,
support for decline in inhibitory functioning with age has been observed in directed
forgetting studies in which items presented (words or sentences) are instructed to
either be remembered or forgotten; however, subsequent to item presentation,
participants are given a surprise recall test for the entire item set. As shown by Zacks,
Radvansky, and Hasher (1996), older adults show more intrusion errors in recall from
items that were to be forgotten and evidenced smaller differences in recall of to-be-
remembered vs. to-be-forgotten words compared to younger adults. Despite such
supportive evidence of inhibitory deficits, equally contrary evidence has been
observed in this directed forgetting task (e.g., Sego, Golding, & Gottlob, 2006;
Zellner, & Bauml, 2006).

In light of these inconsistencies, a number of moderating factors of age-related
inhibition deficits have been proposed, such as the level of inhibitory control, with the
stipulation that age-related changes are specific to high-level (consciously controlled)
as opposed to low-level (automatically triggered) inhibitory processes (Andrés,
Guerrini, Phillips, & Perfect, 2008; Collette, Germain, Hogge, & Van der Linden,

2009; Kramer et al., 1994). Moreover, Guerreiro, Murphy, and Van Gerven (2010)
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recently suggested that the ability to resist distraction may be modality dependent,
with specific age-related effects in the visual, as opposed to the auditory, modality
and when resisting distracting information in one sensory modality, rather than across
modalities. Others have suggested that age-related effects in inhibitory functioning
might be dependent on a number of other factors including the working memory load
involved in the tasks used (e.g., McCabe et al., 2005), downstream effects of older
adults’ reduced processing speed (Salthouse, 1996), and the nature of stimuli
employed (e.g., stationary vs. moving stimuli, Watson & Maylor, 2002; target
detection vs. colour discrimination, Langley, Fuentes, Vivas, & Saville, 2007).
Another moderating factor and possible confound in regard to mixed findings
was recently proposed by Maylor et al. (2005). These authors pointed out that a
potential confound in extant research may be the assessment of inhibitory functioning
at a single time point (i.e., use of single inter-stimulus intervals within trials and/or
across experimental blocks; see also Schlaghecken & Maylor, 2005). Such
approaches might make it more difficult to observe whether older adults have more
difficulty engaging inhibitory functions in a manner consistent with younger adults,
which goes beyond the effects of age-related general slowing and may have negative
consequences on cognition. For instance, if older adults have difficulty initiating
inhibitory functions, as hypothetically illustrated in Figure 1.1., then research
examining inhibitory efficiency at early time points (e.g., Point B in Figure 1.1) may
yield age differences. However, if later time points are examined (e.g., Point C in
Figure 1.1), no age effects are likely to be observed. Thus, differences in inhibitory

functioning might depend on where in the time course age group comparisons are
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Figure 1.1. Inhibitory efficiency as a function of age group.
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performed. As a consequence of assessing inhibitory efficiency at a single time point,
studies showing the absence or presence of inhibitory functioning in older adults
might be capturing this group at weak or strong points in their inhibitory time course,
respectively.

However, findings thus far on the time course dynamics of inhibitory
functioning with age are limited and in some cases inconsistent (e.g. Hasher,
Stoltzfus, Zacks, & Rympa, 1991; Li & Dupuis, 2008; Schlaghecken & Maylor,
2005). Furthermore, controversy exists as to the validity of measures used to examine
the time course of inhibition. For instance, Stoltzfus, Hasher, Zacks, Ulivi and
Goldstein (1993) conducted a time course analysis of the negative priming effect,
which is observed by slower responses to stimuli that were recently ignored compared
to stimuli that were not recently presented; this effect is presumably the result of
residual inhibition from previous trials to the same stimulus item. In their time course
analysis, Stoltzfus and colleagues found that this effect was maintained as long as
1700 ms for young adults whereas older adults did not show evidence of negative
priming at any time point. However, the precise nature of inhibitory functioning
assessed in this task remains unclear, as many inhibitory functions are likely to be
involved, an issue common to various measures of inhibition (e.g., Stroop task; Lustig
et al., 2007). In particular, the response slowing observed on the target stimulus that
was recently ignored likely depends on (1) the extent to which this stimulus in the
ignore condition gains access to working memory, and (2) the extent to which it is
consequently deleted (suppressed) after entering working memory. Moreover, other

viable non-inhibitory explanations of the negative priming effect have been proposed
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such as the ability to resolve conflicting information when the same stimulus
consecutively serves as a distractor and target (Neill & Valdes, 1992; Neill, Valdes,
Terry, & Gorfein, 1992).

Unlike negative priming, the backward inhibition effect has been shown to be
consistent with an inhibitory rather than a non-inhibitory account (Mayr, 2002).
Using a sequential flanker paradigm, Li and Dupuis (2008, Expt. 3) observed age
invariance in backward inhibition across time delays of 2000 to 3000 ms. It is
possible however that older and younger adults may show differences in inhibitory
functioning if earlier time points were examined. Indeed, in a time course analysis of
another type of inhibitory process, namely inhibition of return, Castel, Chasteen,
Scialfa, and Pratt (2003) found age effects between 50 and 3000 ms. Inhibition of
return is typically observed by reduced ability to detect a target that appears (> 300
ms) in a recently cued location. Castel et al. observed that the inhibition of return
effect was delayed in older adults compared to younger adults; however, older adults’
difficulty disengaging attention from the cued location may have caused a delay in
when their inhibition of return was observed. More consistent evidence of age-related
changes in the time course of inhibitory functioning has been shown recently in
neurophysiological research (Gazzaley, et al., 2008; Jost, Bryck, Vogel, & Mayr,
2001) and in a more low-level cognitive task, the masked prime paradigm (Maylor,
Birak, & Schlaghecken, 2011; Schlaghecken, Birak, & Maylor, 2011).

Taken together, the proposition that inhibitory functioning declines with age
has evidenced mixed findings. Such process-level findings question the validity of the

age-sensitivity of inhibitory functions and suggest that the nature of inhibitory
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functioning with age needs further specification (Maylor et al., 2005). In light of this,
the recent suggestion of time course changes in inhibitory functioning with age
warrants closer examination given limited but somewhat consistent recent findings.
1.9 Summary of inhibitory and working memory functioning with age

Interference control mechanisms, namely inhibitory control functions, have
been proposed to be integral to everyday functioning and to evidence reduced
efficiency with age. Such reduced efficiency presumably allow task-irrelevant
information to interfere with ongoing processing, thereby impacting higher order
abilities, such as working memory functioning. However, research on age-related
decline in inhibitory functioning continues to be mixed. Moreover, the extent to
which inhibitory decline accounts for age-related working memory decline has
received little attention from a variance partitioning approach. This is particularly in
regard to both processing and storage components of working memory functioning,
an issue that is not unique to inhibitory explanations of working memory decline
(e.g., processing speed explanations). Notably, processing and storage operations are
central to the conceptualization of working memory (Baddeley, 1986; Miyake &
Shah, 1999) and both have implications for higher order cognition (e.g., fluid
abilities). Further, inconsistent findings from process-level research that examines the
nature of inhibitory changes with age, such as in deletion-type inhibition, suggest that
additional specification of inhibitory functioning with age is needed. To this end,
recent research has explored the possibility that older and younger adults may
evidence differences in when they are able to engage inhibitory functions, an issue

that goes beyond the effects of age-related general slowing. Notably, this possibility
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is difficult to ascertain as most research thus far has examined inhibitory functioning
at a single time point. However, at present, endeavors to examine time course changes
have been few, as outlined above.

In the present work, I aimed to address the aforementioned issues in extant
research, primarily in regard to examining working memory performance at a global
rather than componential level, and the potentially limiting effect of examining
inhibitory processes at a single time point. Thus, my first goal was to examine the
extent to which inhibitory efficiency accounted for age differences in measures of
working memory components (processing and storage). To address this goal, |
utilized a variance partitioning approach (hierarchical regression analyses) to examine
the relationship between age differences in inhibitory efficiency and working memory
components. The strength of this approach is that it reveals the extent to which age-
related changes in cognitive processes in one task covary with other processes in
another measure, while controlling for (covarying out) variance related to competing
constructs (e.g., generalized slowing; Salthouse, 2000). Further, this approach is
complemented by process-level approaches that better specify the nature of cognitive
constructs of interest in a particular task. Thus, for my second goal, I utilized this
process-level approach to examine whether older adults have more difficulty
engaging inhibitory functioning in a manner consistent with younger adults, which
goes beyond the effects of age-related general slowing.

Moreover, | examined these goals in the context of a sequential paradigm as
sequential tasks are ubiquitous to everyday functioning and impaired performance on

such tasks has important implications for older adults’ ability to live independently. I
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employed the Sequential Action Paradigm (Li, Blair, & Chow, 2010; Li,
Lindenberger, Riinger, & Frensch, 2000) in which participants are required to monitor
for a learned sequence of targets among trials of randomly ordered stimuli. In the
studies presented, I investigated deletion-type inhibition within this sequential
paradigm by examining: (1) intrusion error rates, specifically responses to already-
completed targets (Study 1 and Study 2) and response latency on repeated
presentations of already-completed targets (Study 3).
1.10 Current studies

Based on inhibition deficit accounts of aging (Dempster, 1992, 1995; Hasher
et al., 1999, 2007; Lustig et al., 2007), in Study 1, I predicted that inhibitory
efficiency would account for age differences in working memory components, as
measured by the reading span task (Daneman & Carpenter, 1980). In Study 2, I
predicted that older adults would evidence a delay in the time course of deletion-type
inhibitory functioning, consistent with recent studies (e.g., Gazzaley et al., 2008;
Schlaghecken et al., 2011). Such a finding has implications for a more detailed
specification of how inhibitory functioning changes with aging. However, because of
limitations in Study 2, particularly in regard to the low error rates obtained in our
dependent measure, the methodology was updated in Study 3. In this study, I
attempted to go beyond error data (the primary dependent measure in prior work) and
broadened my view to other parameters of time course indices of inhibitory
functioning within the sequential paradigm, specifically by using response latency to

index inhibitory efficiency.
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Chapter 2
The role of age and inhibitory efficiency in working memory processing and storage

components

2.1 Abstract
In this study, we examined the extent to which inhibitory efficiency accounted for
age-related decline in the processing and storage components of working memory.
Older and younger adults performed a sequential task which served as an index of
Deletion-Type inhibition (the ability to suppress no-longer relevant information). The
reading span task was used to measure working memory components by examining
processing accuracy, processing time, and end-word recall of sentences presented.
Reduced inhibitory efficiency, which was poorer in older adults, predicted age-related
decline in recall, over and above the effects of processing speed. Similar results were
observed for processing accuracy, although the age effect in this component was
marginal. These results highlight the important role of Deletion-Type inhibition in
explaining age-related decline in working memory performance, particularly in the
storage component, and extend previous research by examining this relationship at a

componential level.
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2.2 Introduction

Working memory is a multi-component limited capacity system responsible
for the simultaneous storage and processing of goal-relevant information (Baddeley,
1986; Baddeley & Hitch, 1974). Working memory performance as measured by
complex span tasks consistently predicts higher-order cognitive abilities including
language comprehension (Daneman & Carpenter, 1980), complex reasoning
(Kyllonen & Christal, 1990), and fluid intelligence (Conway, Kane, & Engle, 2003).
In the aging literature, a large body of research shows age-related decline on
measures of working memory (e.g., Bopp & Verhaeghen, 2005; Salthouse, 1994;
Verhaeghen & Salthouse, 1997). Although various mediators of age differences in
working memory have been proposed, such as speed and inhibition (Dempster, 1992;
Hasher, Zacks, & May, 1999; McCabe & Hartman, 2003; Salthouse, 1996), it is
unclear how these mediators relate to decline in working memory components
(processing and storage). A better understanding of whether mediators of age
differences in working memory differentially predict storage and processing
components is essential to understanding the predictive utility of working memory in
higher-order cognition. Therefore, the goal of the present study was to examine the
extent to which indices of inhibition and processing speed independently contribute to
age-related decline in processing and storage components of working memory.
Inhibitory control and working memory

Complex span tasks are generally used to measure working memory
functioning as they involve simultaneous processing and storage of information

(Daneman & Carpenter, 1980; Turner & Engle, 1989; Unsworth, Redick, Heitz,
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Broadway, & Engle, 2009). For instance, in the reading span task (Daneman &
Carpenter, 1980), a typical measure of working memory performance, participants
read a series of unrelated sentences while trying to retain the last word of each
sentence. Sentences are typically presented individually (usually starting with sets of
two) and are subsequently increased depending on whether individuals show correct
recall as set sizes increase. Older adults generally show reduced performance on these
measures compared to younger adults (Bopp & Verhaeghen, 2005; Borella, Carretti,
De Beni, 2008; Salthouse, 1991, 1994; Verhaeghen & Salthouse, 1997; Waters &
Caplan, 2001). However, cognitive processes mediating age-related decline on
complex span tasks have been a source of debate (e.g., Hale, Myerson, Emery,
Lawrence, & DuFault, 2007; Jarrold & Bayliss, 2007; Lustig, Hasher, & Zacks, 2007;
Salthouse & Babcock, 1991).

A large body of research shows that deficits in storage capacity (e.g., McCabe
& Hartman, 2003; Verhaeghen, Marcoen, & Goossens, 1993) and processing
efficiency, as measured by processing speed (e.g., Salthouse, 1996; Salthouse &
Babcock, 1991; Salthouse & Meinz, 1995), mediate age-related decline in working
memory performance. It is not surprising that storage capacity predicts complex span
performance, as the criterion measure of complex span performance is typically based
on the highest level of recall. In addition, a slow down in processing speed with age
does not completely mediate age-related working memory deficits (e.g., Verhaeghen,
Kliegl, & Mayr, 1997), suggesting that other processes may also be important, such
as inhibitory control (Dempster, 1992; Lustig et al., 2007). For instance, using an

updating working memory task, which shares cognitive processes with complex span
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measures (Schmiedek, Hildebrandt, Lovdén, Wilhelm, & Lindenberger, 2009),
Persad, Abeles, Zacks, and Denburg (2002) showed that a group of inhibition
measures accounted for more variance than processing speed in working memory
performance. In addition, the inhibition measures used significantly accounted for
variance even after controlling for processing speed; however, processing speed did
not account for variance above and beyond inhibitory measures. Instead of using a
group of inhibition measures from different tasks, an alternative approach would be to
isolate a specific inhibitory function and examine its role in working memory
functioning of older adults.

Hasher and colleagues (1999, 2007) have proposed that older adults’ deficits
on complex cognitive tasks are due to the inefficient operation of different inhibitory
functions, namely access, deletion, and restraint: the access function prevents
irrelevant information from intruding into conscious awareness; the deletion function
suppresses activation of no-longer relevant information; and the restraint function
prevents the inappropriate execution of overlearnt responses. When assessing age-
related working memory decline with complex span tasks, Deletion-Type inhibition is
particularly relevant (Hasher et al., 2007; Lustig et al., 2007). With deficient
inhibition of no-longer relevant information, interference from smaller set sizes in
complex span tasks build up and proactively interfere with performance on larger set
sizes, which are presented later in the standard administration format. By this view,
reducing proactive interference from previously presented items should improve
working memory performance for older adults by increasing end-word recall and

reducing intrusive responses. Results consistent with this notion have been found. For
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instance, in a series of studies from Hasher and colleagues (Chiappe, Hasher, &
Siegel, 2000; Lustig, May & Hasher, 2001; May, Hasher, & Kane, 1999; Rowe,
Hasher, & Turcotte, 2008), age differences in working memory performance were
eliminated or significantly reduced when complex span tasks were presented in mixed
or reversed format, allowing for longer span trials to be presented earlier rather than
later. Thus, this approach appears to reduce the effects of proactive interference on
larger set sizes, thereby reducing the need for Deletion-Type inhibition.

Along similar lines, it is presently unclear whether different cognitive
processes, such as inhibition, influence age-related deficits in storage, processing, or
both components of working memory, despite a large literature in predicting age-
related working memory decline. As pointed out by Unsworth et al., (2009), research
thus far with complex span tasks generally uses span score as the criterion measure of
working memory performance (c.f. Li, 1999; Waters & Caplan, 1996). Thus, this
approach essentially measures the storage component in complex span performance,
whereas the processing component is indirectly measured, based on the assumption
that processing operations will influence recall.

It has been shown that both storage and processing components of working
memory predict higher-order ability (e.g., Unsworth et al., 2009). What is not yet
clear is whether and how mediators of age differences in working memory predict
storage as well as processing components. From an inhibition deficit viewpoint
(Dempster, 1992; Lustig et al., 2007), if older adults have reduced ability to suppress
no-longer relevant information, this previously relevant information should

proactively impact on storage as well as processing aspects of complex span
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performance. Thus, in the reading span task, previously relevant information that is
not removed from working memory should build up and interfere with the ability to
recall and efficiently process sentence information. Consistent with this notion, Li
(1999) observed increased age differences when processing and storage stimuli were
categorically similar (e.g., processing and storing both verbal information) compared
to when they were dissimilar (e.g., processing verbal and recalling numerical
information). Amongst other interpretations, reduced inhibitory ability in older adults
was proposed to explain older adults’ difficulty with interference from overlapping
stimuli. It should be noted that older adults’ interference deficits in complex span
tasks and other measures are also consistent with non-inhibitory explanations, such as
deficits in attentional control (McCabe, Robertson, & Smith, 2005).
Current study

Given the general approach to examining inhibitory effects on working
memory performance at a global level, we aimed to examine the extent to which
inhibitory efficiency accounts for age-related decline in measures of working memory
processing and storage. We measured inhibitory efficiency in the context of a
sequential task. Sequential activities are ubiquitous in everyday life and proper
execution of such tasks is an important factor in deciding whether older adults live
independently or need assistance (Gaugler, Duval, Anderson, & Kane, 2007).
Theories of sequential action generally make two propositions, namely that (1)
upcoming steps are activated and (2) upon completion, steps are
dampened/suppressed (Arbuthnott, 1995; Cooper & Shallice, 2006; Estes, 1972;

Houghton, 1990; Houghton & Tipper, 1996). Reducing the activation of completed
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steps has often been attributed to an inhibitory mechanism (e.g., self-inhibition),
thereby allowing one to move forward in the sequence (Li, Blair, & Chow, 2010; Li,
Lindenberger, Riinger, & Frensch, 2000). The utility of inhibition as an explanatory
mechanism in sequential activities has gained support in the context of spelling (e.g.,
Houghton, Glasspool, & Shallice, 1994), mental arithmetic (e.g., Arbuthnott &
Campbell, 2003), serial recall (e.g., Maylor & Henson, 2000), and everyday serial
activities (e.g., Humphreys & Forde, 1998; see Schwartz, 2006 for a review).

In this study, older and younger adults overlearned a fixed sequence of target
images. In the test phase, they monitored for a learned sequence of targets among
trials of randomly ordered stimuli. Intrusion error rates, specifically responses to
already-completed targets, were analyzed to assess Deletion-Type inhibitory
efficiency (i.e., the ability to suppress no-longer relevant information). In the context
of sequential tasks, such repeated responses to completed targets are akin to
perseverative responses, which have been linked to reduced inhibitory functioning in
older adults and individuals with frontal lobe damage (Humphreys & Forde, 1998;
Kramer, Humphrey, Larish, Logan, & Strayer, 1994). On the other hand, anticipatory
errors, responding to items ahead of the current goal, have been associated with
heightened activation of to-be-completed goals (Goschke & Kuhl, 1993; Marsh,
Hicks, & Bryan, 1999). Alternatively, both types of errors (repeated and anticipatory
responses) may also represent difficulty updating goals during the sequential task;
thus, it was important for us to examine whether repeated and anticipatory error types

were distinct in predicting working memory components as proposed.
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The reading span task was used to measure working memory performance,
with the specific aim to separately examine storage and processing components.
Based on the inhibition deficit account (Dempster, 1992; Hasher et al., 1999, 2007),
we predicted that differences in Deletion-Type inhibitory functioning in young and
older adults would mediate age-related decline in performance on working memory
processing and storage, over and above the effects of processing speed.

2.3 Method
2.3.1 Participants

Thirty younger adults (M = 22.6, SD = 3.3) and 28 older adults (M = 66.8, SD
= 4.0) participated in this study (one older adult was excluded due to a mean error
rate that was 3SDs away from the mean in the sequential task). Younger adults were
recruited from the Concordia University undergraduate participant pool in the
Psychology Department. The older adults were recruited through a participant pool
established by the Adult Development and Aging laboratories at Concordia
University and also through posters placed in neighbourhood shops. Inclusion criteria
for both young and older adults included fluency in English, and absence of medical,
psychological, or motor conditions that could influence their cognitive performance.
Years of education were not significantly different between younger (M = 15.40, SD
= 1.4) and older adults (M = 15.93, SD = 3.6), t(56) = 0.74, p > .05. Both groups were
also similar in general health status (older: M =3.61, SD = 1.10; younger: M = 3.70,
SD = .84), t(56) = 0.36, p > .05, with options 1 through 5 representing poor, fair,
good, very good, and excellent respectively.

2.3.2 Materials and Design
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Background information was obtained using a demographic questionnaire
which included information on chronological age, years of education, and general
health status. Processing speed was assessed using the WAIS-R Digit Symbol test
(Wechsler, 1981) and working memory was assessed with a modified version of the
reading span task (Daneman & Carpenter, 1980). Measurement of Deletion-Type
inhibition was based on data obtained from the Sequential Action Control Task (Li et
al., 2000, 2010). The Extended Range Vocabulary Test (ERVT Form V2; Educational
Testing Service, 1976) was used to control for age effects in vocabulary (McCabe &
Hartman, 2003), which is particularly relevant to the ability to quickly read and
interpret the meaningfulness of sentences in the reading span task.

Reading span task (Daneman & Carpenter, 1980). A computerized version of
this task was presented (programmed with Superlab v. 4.7). Participants read
sentences (8 to 12 words in length) presented individually in the middle of a computer
screen and pressed one of two keys to verify whether each sentence made semantic
sense or not. After a preset number of sentences were presented (two to six), a blue
screen appeared and participants reported aloud, the last word of each sentence in the
order presented. In the first set, they saw two sentences sequentially (set size of two),
responding as to whether each was meaningful or not, before being prompted for
recall of the last word seen in each sentence. This eventually increased to a set size of
six (i.e. six sentences presented consecutively) before being prompted for end-word
recall. All participants advanced to the sixth set size regardless of whether they were
able to recall the last words of sentences presented at lower set sizes. Participants

were always given two trials of sentences at each set size.
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The time taken (in seconds) to judge the meaningfulness of sentences and the
accuracy of this judgment were recorded with the computer program. The time
recorded was from the presentation of the sentence to the participant’s response.
Accuracy measures were based on correct yes/no responses mapped to numbers “1”
and “3” on the keypad of a standard PC keyboard. The experimenter recorded the
number of end-words recalled after each set size was presented. Based on this, it was
possible to examine processing and storage components of the reading span task:
storage (recall) was based on the total of correct end-word recall from all set sizes,
whether or not participants fully recalled all end-words in each set size; processing
time was based on the mean time it took participants to correctly judge the
meaningfulness of sentences across all set sizes; and processing accuracy was based
on the mean of percent correct responses to sentences across all set sizes.

Sequential Action Control Task. The stimuli for this task consisted of eight
animal drawings in bitmap format: butterfly, camel, cat, ladybug, zebra, bird, wolf,
and elephant (Beaumont & Selley, 1990; Li et al., 2010; see Figure 2.1). Items were
colored and occupied a space of 11 cm x 11 cm in the center of the computer screen.
The task was programmed using C-Sharp, and presented on a PC with a 17-inch
monitor, using mouse clicks for responses. For each trial, the fixed sequence of eight
targets was randomly presented with zero to four distractors (items not currently
relevant) interleaved between targets. All trials included the eight targets with nine
distractors for a total of 17 items per trial (see Figure 2.1). The position and number
of distractors before and after targets were randomly determined. The trials were

divided into 11 blocks with eight to ten trials in each block. The first nine were

39



Sequence Order

4| (R

1 2 3 4 5 6 7
Example Trial:

£

Time

Figure 2.1. Stimuli for the sequential action control task and an example trial.
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practice trials, followed by 96 test trials for a total of 105 trials. Each item in the
sequence was presented one at a time for 800 ms.

To perform this task, participants memorized the fixed sequence of eight
animals and monitored for each item in the memorized order (see Figure 2.1 for one
of the sequences used and an example trial). Thus, participants monitored for the
presentation of Item 1 (e.g., butterfly in sequence 1) and clicked the mouse button as
quickly as possible when Item 1 (target) was shown, but ignored any other items
(distractors) that appeared. Following a response to Item 1, participants began
monitoring for Item 2 (e.g., elephant in sequence 1), again responding only when the
target was shown while ignoring distractors shown in between targets. After 17 items
were presented in one trial, with the eighth target as the last item, a screen instructed
participants that a new trial was going to begin. After 4000 ms the next trial started.
An example trial would be: 7-3-5-1-2-7-3-1-4-8-4-5-2-6-7-5-8, where each digit
represents the serial position of each sequence item, with bolded digits representing
targets and non-bolded digits representing distractors. In all practice and test trials,
participants saw an error screen for 1500 ms whenever they committed an error of
commission or omission. This screen indicated that an error had occurred and
instructed participants as to the next target item. Two different sequences were used
to counteract order effects, with each participant receiving a different sequence. In
one version, the order of the items was: butterfly, elephant, cat, ladybug, zebra, bird,
wolf, and camel. In the alternate version, the sequence was: zebra, bird, wolf, camel,

butterfly, elephant, cat, and ladybug.
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Lag errors were defined as an incorrect response to an item that was either
ahead of the target (positive lag errors) or previously completed (negative lag errors).
In other words, anticipatory responses to items ahead of the target as noted earlier
were indicted by positive lag errors whereas repeated responses to already-completed
targets were indicated by negative lag errors. Importantly, the deletion function of
inhibition was indexed by negative lag errors, suggesting difficulty suppressing no-
longer relevant items. Similar to previous work with the sequential action paradigm
(Li et al., 2010), we examined error types ranging from Lag -7 and Lag +7 errors,
which included negative lags (from Lags -7 to -1) and positive lags (from Lag +1 to
+7). For instance, if one erroneously clicked on the elephant (serial position 2 in
sequence 1) when looking for the bird (serial position 6 in sequence 1), this would be
classified as a Lag - 4 error. Intrusion error rates were computed by dividing the
number of each type of lag error committed by a participant by the maximum number
of opportunities to make that error (165, 92, 98, 96, 121, 89, 70, 131, for Lags <-4, -
3,-2,-1, 1, 2, 3, >4, respectively), resulting in a proportion error score for each type
of lag error. As response times and overall error rates were comparable across the two
versions of animal sequences used in the sequential task, p > .05, data were combined
across both versions for all analyses. Comparison of pairs of items that were adjacent
to each other in the memorized list revealed that one item-pair, wolf-camel, had a
higher error rate than other pairs in the two sequences used, ps < .05. This was likely
due to colour overlap in the wolf-camel images, thus, errors associated with this pair

were removed in all analyses.
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WAIS-R Digit Symbol Task (Wechsler, 1981). In this task, participants were
presented with rows of numbers with empty boxes below each number on a single
paper. They filled in symbols to match each number based on a legend at the top of
the paper. Participants had 90 seconds to fill in as many symbols as possible. The
total score was based on the number of symbols accurately filled in within time limit.
In the aging literature, the score on this task has been used to index cognitive
processing speed (e.g., Salthouse & Babcock, 1991).

2.3.3 Procedure

Participants first read and signed the consent form and filled out the
demographic questionnaire. Subsequently, they completed the sequential task. In
order to perform this task, participants first memorized a fixed sequence of eight
animals until they could perfectly recite all animals in the order of appearance.
Afterwards they completed a paper version of the task until perfect performance was
achieved, then they were administered practice and test trials on the computer.
Participants were allowed to refer to a memory aid during practice trials only. Of
note, participants were not trained to a specific accuracy criterion during practice or
test phases as highly accurate performance is commonly observed in this task for
young and older adults (Li et al., 2010).

Half way through the sequential task, participants completed the Digit Symbol
Test. Participants then completed the second half of the sequential task, and were
asked for any specific strategies they used to complete the task. Subsequently, they
completed the reading span task, ERVT, and other neuropsychological tests. Lastly,

they were debriefed as to the purpose of the experiment and paid or given

43



participation credits for their time. Participants were tested individually in a quiet
room and each session lasted between 90 to 120 minutes.
2.4 Results

Independent samples #-test revealed that older adults performed significantly
worse than younger adults on all measures of the sequential task (average negative
lags, #(56) = 4.95, p < .001; average positive lags, #(56) = 3.2, p = .002; proportion of
omission errors, #(56) = 5.41, p <.001), the recall component of the reading span task,
t(56) = 3.46, p = .001, but not the processing components, namely time, #(56) = .27, p
=.79, and accuracy, #(56) = .56, p = .58) (see Table 2.1).

We conducted a series of hierarchical regression analyses to examine the
hypothesis that age-related decline in working memory performance is mediated by
Deletion-Type inhibitory efficiency, as measured by error rate for responses to
already-completed targets (average negative lag errors). This approach allowed us to
examine the extent to which the effect of age on reading span performance was
attenuated when we controlled for average negative lags. In all regression analyses,
outliers in predictor variables were removed (>25D) and criterion measures included
components on the reading span task, specifically, processing RT, processing
accuracy, and end-word recall (see Table 2.2 for correlations among predictors and
criterion measures examined controlling for age).

In each regression analysis (see Table 2.3), vocabulary scores (range: 0 to 24)
was entered first as scores on this measure were significantly different between

younger (M = 9.1, SD = 4.0) and older adults (M = 15.2, SD =5.0), p <.05. In the
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Table 2.1

Means (M) and standard deviations (SD) of task performance by age group

Age N Vocabulary  Digit Symbol Sequential Action Control Task Reading Span Task
G,rgup Hok E 4]

Reaction Negative Positive Onussion Processing Processing Recall

Time (s) Accuracy
Time (ms) Lag Errors Lag Errors Errors *E
E & 3 o E 2 ] ook

Young 30 007 (40) 643  (80) 52505 (2490) 015 (01) 021 (01) .04 (02) 615 (188 9129 (541) 2660 (529)
Older 28 15.15(50) 498 (96) 611.11 (32.86) 031 (02) 035 (02) 105 (08) 630 (238 9037 (7.09) 2086 (7.26)

Note. Values reflect average score per group; standard deviations are shown in parentheses. ** Indicates significant age group

differences using independent samples #-tests. Digit Symbol refers to WAIS-R Digit Symbol Substitution. Values shown reflect items

correctly completed in 90 seconds. Vocabulary refers to Extended Range Vocabulary Test. Values shown reflect total correct answers

subtract .2 for each incorrect answer.
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Table 2.2

Correlations among variables controlling for age

Variables 1 2 3 4 5 6 7

1. Average Negative Lag Errors -

2. Average Positive Lag Errors 0.53%* -

3. Proportion Omissions 0.51%* 0.12 -

4. Digit Symbol -0.29* -0.22 -0.16 -

5. Processing Time 0.03 -0.06 -0.14 -0.15 -

6. Processing Accuracy -0.37**%  -0.22 -0.26 0.19 -0.35%* -

7. Recall -0.12 -0.17 0.07 0.08 0.11 0.03 -

8. Vocabulary -0.30* -0.02 0.00 0.23 -0.38%* 0.26 0.23

Note: *p < .05, **p <.01



Table 2.3

Results from the hierarchical regression analyses on the relation of inhibition, speed,

and working memory

Predictor Processing Time Processing Accuracy Recall

R’ Incr. in R’ R’ Incr. in R’ R’ Incr. in R’
Vocabulary .091 ' .022 017
Age 143 052" .079 058" 298 281%*
Vocabulary .091 .022 017
Av. Neg. Lags .098 007 172 A51%* .164 147%*
Age 150 052" 173 .000 301 A36%*
Vocabulary .091 .022 017
Digit Symbol 129 .039 .089 068" 144 A27%*
Age 147 018 .098 .009 299 A55%*
Vocabulary .091 .022 017
Digit Symbol 129 .039 .089 068" 144 A27%*
Av. Neg. Lags 130 .001 175 .086* 193 .049°
Age 158 .028 177 .002 301 107%*
Vocabulary .091 .022 .017
Av. Neg. Lags .098 .007 172 51 .164 147%*
Digit Symbol 130 .032 175 .003 193 .029
Age 158 .028 177 .002 301 107*

Note: Av. Neg. Lags = Average negative lag errors; Incr. = increase; *p < .05, **p <

01;’p<.1
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first regression analysis depicted in Table 2.3, after controlling for vocabulary,
chronological age accounted for a significant proportion of variance in the recall
component (28.1%), p < .01, and marginally in processing time (5.2%) and
processing accuracy (5.8%), ps = .08. Next, we examined the extent to which the
effect of age on all reading span components was reduced when controlling for mean
negative lags and Digit Symbol scores. This examination of all reading span
components was deemed appropriate given the theoretical motivation for the study,
significant age variance in recall, and marginal age effects in processing components
of the reading span task (i.e., age predicted a small amount of variance in processing
components; see Table 2.3). Thus, in the second analysis, mean negative lags was
entered, followed by age. Mean negative lags significantly accounted for variance in
processing accuracy (15.1%) and recall (14.7%), ps < .01. In both of these reading
span components, mean negative lags reduced the contribution of age by more than
half.

In the third regression analysis presented in Table 2.3, Digit symbol score was
entered, followed by age. Digit symbol score significantly accounted for variance in
the recall component (12.7%), p < .01, reducing the contribution of age by
approximately 50%. To compare the predictive ability of Digit symbol score and
mean negative lags to account for variance in the reading span measure, another
analysis was conducted with vocabulary entered first, Digit symbol score second,
mean negative lags third, and age as the fourth predictor. As shown in Table 2.3,
mean negative lags significantly accounted for variance over and above the effects of

Digit symbol score in processing accuracy, p < .05, and marginally in recall, p = .08.
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However, when Digit symbol score was entered after mean negative lags, Digit
symbol score did not account for additional variance in reading span components, ps
> .17.

Of note, the effect of age in accounting for reading span performance was still
significant even after accounting for indices of inhibition and processing speed (as
shown in Table 2.3), particularly for the recall component, p <.05. This suggests that
there were still other age-related processes mediating age-related decline in working
memory performance.

Lastly, we tested an alternative explanation that might explain why average
negative lag errors predicted age-related decline in reading span performance: The
sequential task used can be considered a type of updating task as it requires
participants to remove the prior target from working memory when completed and
update to the next target. Schmiedek et al. (2009) recently showed that updating tasks,
such as the n-back task, measure the same construct as complex span tasks,
presumably working memory functioning. Thus in the present context, predicting the
reading span task based on performance in the sequential task may be a case of
predicting the criterion with the criterion. If this alternative hypothesis were true, then
using predictors that measure efficient performance in the sequential task (negative
lag errors, positive lag errors, and omission errors) should similarly predict reading
span performance.

In regard to the relationship between positive lag errors in the sequential task
and reading span performance, we performed two sets of regression analyses (see

Table 2.4): one in which vocabulary was entered first, with average positive
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Table 2.4

Results from the hierarchical regression analyses on the relation between indices of

sequential performance and working memory

Predictor Processing Time Processing Accuracy Recall

R’ Incr. in R’ R’ Incr. in R’ R’ Incr. in R’
Vocabulary .091 .022 017
Av. Pos. Lags .092 .001 .105 .084* 133 Ad16*
Av. Neg. Lags .100 008 176 .070%* .180 047
Age 151 052" 176 .000 321 142%*
Vocabulary .091 .022 017
Av. Neg. Lags .098 .007 172 A51%* .164 147%*
Av. Pos. Lags .100 001 176 .003 .180 .016
Age 151 052" 176 .000 321 142%*
Vocabulary .091 022 017
Prop. Omissions .091 .000 141 120%* .065 .047
Av. Neg. Lags .106 015 185 .043 .168 .103*
Age 163 058" 186 .001 311 143%*
Vocabulary .091 022 .017
Av. Neg. Lags .098 .007 172 A51%* .164 147%*
Prop. Omissions 106 008 185 012 .168 .004
Age 163 058" 186 .001 311 143%*

Note: Av. Neg. Lags = Average negative lag errors; Av. Pos. Lags = Average positive
lag errors; Prop. Omission = Proportion of Omission errors; Incr. = increase; *p < .05,

*kp < 01; p<.1
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lag errors entered second and mean negative lags third, and another in which the entry
of lag errors were reversed. In the first analysis in which mean positive lags was
entered after vocabulary, mean positive lags significantly accounted for variance in
processing accuracy and recall, ps < .05. When mean negative lags was entered after
mean positive lags, mean negative lags significantly predicted additional variance in
processing accuracy, p < .05, and marginally in recall, p = .09, over and above the
effects of positive lags. In the reverse situation, in which mean positive lag errors was
entered after controlling for mean negative lag errors, there was no instance in which
mean positive lags accounted for additional variance above the effects of mean
negative lags, ps > .3.

Given that positive lags and negative lags errors were moderately correlated (»
=.53), we sought additional evidence that they are measuring different constructs.
Figure 2.2 shows the distribution of positive and negative lag errors, with significant
age effects at Lag + 4, - 2, - 3, - 4, ps <.006 (Bonferroni correction); of note, the
negative lag differences indicate that at the presentation rate used (800ms), older
adults tended to respond again to prior items more than younger adults. In addition,
Figure 2.2 shows that the distribution of positive and negative lag errors are quite
different in each age group, which is similar to previous research using the same task
despite slight procedural differences (Li et al., 2010). Qualitative examination of
Figure 2.2 shows asymmetric error responses at the nearest positions to the present
target, notably reduced Lag - 1 errors and elevated Lag + 1 errors compared to most

other lag errors. This pattern of results is consistent with inhibitory effects influencing
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Figure 2.2. Intrusion error rates as a function of age group and lag errors. Error bars
represent one standard error of the mean
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already completed items and non-inhibitory effects (anticipatory effects) impacting
to-be-completed items. In particular, reduced Lag - 1 errors are consistent with strong
immediate inhibition of each item as it is completed in the task, as predicted by
inhibitory theories of serial actions (Arbuthnott, 1995; Houghton & Tipper, 1996). On
the other hand, Lag + 1 errors are elevated, consistent with the intention superiority
effect (Goschke & Kuhl, 1993; Marsh et al., 1999) in which upcoming items are
highly activated and consequently led to a high rate of anticipatory errors for items
ahead of the current target (particularly n + 1). Together, the results converge in
suggesting that negative lags and positive lags are measuring different constructs in
this paradigm.

We also examined the relation between negative lags and omission errors.
When we performed the same set of hierarchical analyses as above but with
proportion of omission errors instead of positive lag errors, a similar pattern of results
emerged. In the first analysis in which proportion of omission errors was entered after
vocabulary, proportion of omission errors significantly accounted for variance in
processing accuracy only, p <.05. With mean negative lags entered after proportion
of omission errors, mean negative lags significantly predicted additional variance
above the effects of omissions in recall, p = .02 and marginally in processing
accuracy, p =.1. There was no instance in which omissions accounted for additional
variance above the effects of mean negative lags, ps > .3, similar to the finding with

positive lag errors.
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Together, these results suggest that mean negative lag errors are distinct from
other indices of efficient performance in the sequential task (positive lag errors and
omission errors).

2.5 Discussion

In this study, we examined the extent to which Deletion-Type inhibitory
functioning mediates age-related decline in working memory components. We
observed lower inhibitory efficiency in the sequential task in older adults compared to
younger adults. Moreover, reduced inhibition predicted age-related decline in both
storage and processing accuracy components of working memory, over and above
processing speed effects. However, it should be pointed out that age-related decline
was only marginal in the processing components, likely due to measurement
limitations (as elaborated upon below). Thus, at least for the storage component, these
results provide evidence that reduced inhibitory functioning plays an important role in
age-related decline in working memory performance.

To extend prior research, the components of working memory, as measured
by the reading span task, were examined in relation to reduced Deletion-Type
inhibition with increasing age. In this study, accounting for inhibitory efficiency
reduced age-related variance by more than half in the storage component of the
reading span task as well as processing accuracy, consistent with inhibition deficits
accounts of aging (Dempster, 1992; Hasher et al., 1999; 2007). Moreover, we
observed that the predictive utility of inhibition in the sequential task to account for
working memory performance was beyond the effects of processing speed in recall

(4.9%) and processing accuracy (8.6%) components. Thus, although general slowing
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accounts for age-related variance in working memory and other higher-order
cognitive abilities (Salthouse, 1991; Salthouse & Babcock, 1991; Salthouse & Meinz,
1995), inhibitory control is also an important contributing factor (Persad et al., 2002;
de Ribaupierre, 2001).

While our findings are generally consistent with our hypotheses, there are a
few limitations regarding the processing accuracy and processing time components.
Firstly, the extent to which the inhibitory index (mean negative lags) reduced any
age-associated variance in processing accuracy may have been overestimated. This is
because mean negative lags and processing accuracy were significantly associated (»
= -.37) when controlling for age. As demonstrated by Lindenberger and Pétter (1998),
when proposed mediator variables are highly related to the criterion measure with the
independent variable controlled for, the mediating effect may be overestimated, an
issue applicable to various multivariate analytic procedures (e.g., hierarchical linear
regression, commonality analysis, path analysis, structural equation models, etc; see
also Salthouse & Ferrer-Caja, 2003, for a discussion).

Secondly, only marginal age effects were found in processing time and
accuracy. A possible reason for this result may be the way in which the reading span
task was administered in that it was participant-, not experimenter-, paced. As shown
by Friedman and Miyake (2004), having participants determine when the next
sentence is presented as opposed to the experimenter influenced the relationship
between processing times and recall as well as the predictive power of the reading
span task. Perhaps using an experimenter-paced format or putting a time limit on the

processing phase might have influenced the processing demands of the reading span
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task, and the relationship of inhibitory efficiency with processing time. Future work
manipulating the administration format of the reading span task (experimenter vs.
participant paced) would help clarify the predictive utility of inhibitory efficiency in
the processing time component in reading span performance.

It is important to note that despite controlling for processing speed and
inhibitory efficiency, age still accounted for variance in working memory
performance. This suggests that there were other factors constraining working
memory performance that were not examined. This is not particularly surprising
given the complexity of complex span tasks and their utility in predicting higher-level
cognitive abilities (Conway et al., 2003; Kyllonen & Christal, 1990; Unsworth &
Engle, 2007).

The particular factor (or factors) limiting working memory performance in
young or older adults has been a topic of debate (Conway, Jarrold, Kane, Miyake, &
Towse, 2007; Miyake & Shah, 1999). Given that complex span tasks involve both
storage and processing components (Daneman & Carpenter, 1980; Turner & Engle,
1989), potential mediators of complex span performance may include performance on
measures of short-term storage capacity and processing efficiency (Bayliss, Jarrold,
Gunn, & Baddeley, 2003). Other potential mediators include executive control
abilities involved in switching between (Towse & Hitch, 2007) or executing storage
and processing tasks simultaneously (Engle, 2002; Jarrold & Bayliss, 2007; Kane et
al., 2007). With respect to the aging literature, a number of studies have shown short-
term storage capacity mediates age-related decline in working memory performance

(e.g., McCabe & Hartman, 2003; Verhaeghen et al., 1993). Processing efficiency
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operationalized in terms of language processing efficiency (e.g., sentence processing)
has also been shown to account for age-related variance in working memory (e.g.,
Brébion, 2003; Gick, Craik, & Morris, 1988; but see Waters & Caplan, 2001;
McCabe & Hartman, 2003, for conflicting findings). Besides inhibitory control, other
executive abilities, such as control processes involved in concurrently performing or
switching between storage and processing operations have also been shown to
mediate age-related working memory decline (e.g., Levitt, Fugelsang, & Crossley,
2006; but see contrasting findings in McCabe & Hartman, 2003). In a step removed
from storage and processing measures, Oberauer and colleagues (Oberauer, Siif3,
Wilhelm, & Sander, 2007; Oberauer, Siifl, Wilhelm & Wittmann, 2003, 2008) have
suggested that the capacity to simultaneously bind and maintain several chunks of
information constrain working memory performance, and hence mediate age-related
decline (Oberauer, 2005; but see Bopp & Verhaeghen, 2009, for contrasting results).
Although the various putative mediators of age-related decline in working
memory performance come from diverse theoretical backgrounds, there may be
common mechanisms at work across these divergent approaches. One possibility is
that a common inhibitory framework may account for age-related variance captured
by these approaches. For instance, measures of processing speed often include
multiple sets of information, which may be distracting for older adults who
presumably have reduced inhibitory ability to ignore interfering information (Hasher
et al., 2007). As shown by Lustig, Hasher, and Tonev (2006), older adults’ processing
speed improved when distraction in processing speed measures was reduced whereas

younger adults’ performance was minimally affected.
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Besides inhibitory control, other broad approaches to capture the various
theoretical frameworks of age-related working memory deficits may be reduced
ability to use controlled attention to maintain goal-relevant information during
interference (Kane et al., 2007; McCabe et al., 2005), to switch attention focus
(Verhaeghen, Cerella, Bopp, & Basak, 2005; Verhaeghen & Basak, 2005), and to
update working memory contents during task performance (see Miyake, Friedman,
Emerson, Witzki, & Howerter, 2000, for a discussion). It should be noted however
that the controlled attention and working memory updating viewpoints do not
necessarily preclude an inhibitory mechanism to suppress/deactivate no-longer
relevant information (Lustig et al, 2007; Miyake et al., 2000). Thus, more research is
needed to better understand specific factor(s) underlying mediators of working
memory decline in older adults. In future work with the present paradigm, including
measures of these other potential sources of variance in working memory
performance will likely reveal a more comprehensive picture of age-sensitive
processes involved in age-related working memory decline.

Conclusion

Results from this study show that Deletion-Type inhibitory efficiency plays an
important role in predicting age-related decline in working memory performance,
particularly recall (beyond processing speed effects), and extend previous research by
examining this relationship at a componential level. On a theoretical level, the
relationship between components of working memory and moreover, factors that
drive the relationship between working memory performance and higher-order ability

remains a topic of debate. Given that both storage and processing components make
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independent contributions to higher-order ability (e.g., Unsworth et al., 2009),
understanding the nature of the relationship between age-sensitive processes and
working memory components is a necessary endeavor for future research. This work

represents an initial step in this direction in regard to inhibitory functioning.
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Chapter 3

The previous study took a variance partitioning approach to examine the
extent to which age differences in higher order cognition (working memory
components) accounted for observed age-related decline in inhibitory functioning
(deletion-type inhibition). While the result obtained supported inhibition deficit
accounts of aging, in terms of the role of inhibition in working memory functioning
with age, inhibition accounts have been criticized for being non-specific regarding the
exact nature of inhibitory changes with age (e.g., Burke, 1997; Kramer et al., 1994;
McDowd, 1997). Thus, to further specify such changes, in this study we aimed to
examine whether older and younger adults might differ in the time course of

inhibitory functioning (Maylor et al., 2005).

Examination of the time course of deletion-type inhibition in young and older adults
3.1 Abstract

The Inhibition Deficit Hypothesis of aging (Hasher, Lustig, & Zacks, 2007) posits
that inhibitory functioning declines with aging; however, the research thus far has
been mixed. In this study, we assessed whether changes in the time course of
inhibitory functioning with age might represent a moderating factor. Using a
sequential paradigm, older and young adults monitored for a learned sequence of
targets among runs of randomly ordered stimuli. Intrusion error rates (responses to
already-completed targets) were analyzed to assess deletion-type inhibition, the
ability to suppress no-longer-relevant information. There was no age effect of

inhibitory efficiency across the time course examined, a potential reflection of the
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very low error rates obtained in young and older groups. While the results are
inconsistent with the inhibition deficit account of aging, it is possible that using more

sensitive measures of inhibitory functioning may yield different findings.
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3.2 Introduction

The ability to carry out everyday actions is a primary marker of independent
functioning. Difficulty carrying out everyday tasks, namely basic and instrumental
activities of daily living (ADLs), often represent an early indicator of incipient
dementia (American Psychiatric Association, 2000), and has been linked to
institutionalization and mortality (Luppa et al., 2010; Noale et al., 2003). Evidence of
difficulty performing ADLs, as reflected in everyday action errors, is not restricted to
individuals with dementia, however. Healthy individuals are also susceptible to such
errors, particularly when fatigued, distracted, or engaged in concurrent tasks
(Giovannetti, Schwartz, & Buxbaum, 2007; Reason, 1990; Reason & Mycielska,
1982; Schwartz, 2006). Thus, a better understanding of cognitive processes
underlying sequential performance will better inform the lives of older adults. One
such cognitive process is the ability to resist re-executing prior steps, an ability that
has been linked to inhibitory control functions during sequential tasks (Arbuthnott,
1995; Cooper & Shallice, 2006; Estes, 1972; Houghton & Tipper, 1996). However,
changes in inhibitory functioning with age continue to be an area of debate (e.g.,
Burke & Osborne, 2007; Hasher, Zacks, & May, 1999). In the present work, we
aimed to examine whether and how inhibitory functioning changes with age in the
context of a sequential paradigm.

The examination of inhibitory control processes in sequential performance has
been a fruitful area of research in different populations (e.g., brain damage;
Humphreys & Forde, 1998; Schwartz, 2006; e.g., normal and pathological aging,

Giovannetti, Bettcher, et al., 2007; Bettcher & Giovannetti, 2009), cognitive abilities
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(e.g., mental arithmetic, Arbuthnott & Campbell, 2003; e.g., spelling, Houghton,
Glasspool, & Shallice, 1994), and computational modeling of everyday action
sequences (Botvinick & Plaut, 2004; Cooper, Schwartz, Yule, & Shallice, 2005). For
instance, in research with the Naturalistic Action Test (Schwartz, Buxbaum, Ferraro,
Veramonti, & Segal, 2003), in which individuals perform everyday tasks (e.g.,
making toast with butter and jelly), neuropsychological populations often show high
rates of action errors (see review in Schwartz, 2006), which include dissociable error
types (e.g., commission vs. omission errors; Giovannetti et al., 2008).

On more sensitive measures of everyday actions, younger adults have also
been shown to be susceptible to action errors when attention is divided or when time
pressures are imposed (e.g., Giovannetti, Schwartz, et al., 2007; Humphreys, Forde,
& Francis, 2000). As outlined by Giovannetti, Schwartz, et al., the sensitivity of these
measures in healthy populations is a function of a number of factors, such as
comprising multiple sub-goals (Norman & Shallice, 1986), distractors that are
visually and functionally similar to targets (Cooper et al., 2005), and time limitation
(Cooper & Shallice, 2006). With the inclusion of such ecologically based principles,
laboratory measures of sequential performance have showed increased action errors
in older adults compared to younger adults (e.g., Blair, Vadaga, Shuchat, & Li, 2011;
Li, Blair, & Chow, 2010), many of which were specific to re-executing prior steps.
Such findings are consistent with inhibitory deficit accounts of aging (e.g., Dempster,
1992; Hasher, Lustig, & Zacks, 2007; Lustig, Hasher, Zacks, 2007).

According to the inhibition deficit hypothesis proposed by Hasher and

colleagues (Hasher & Zacks, 1988; Hasher et al., 1999, 2007), multiple types of
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inhibitory functions decline with age. These include the ability to restrict access of
task irrelevant goals to working memory, delete / prevent information that is no
longer relevant from interfering with ongoing goals, and restrain / prevent execution
of prepotent responses. For instance, in regard to perseverative tendencies during
sequential performance, intact deletion-type inhibition allows for the suppression of
previously executed goals, thereby facilitating forward movement in the sequence
(Houghton & Tipper, 1996). However, like other inhibitory functions, research has
been inconsistent regarding age-related declines in deletion-type inhibition (e.g.,
Hasher et al., 1999; Maylor, Schlaghecken & Watson, 2005).

Such findings suggest that the inhibition deficit account may have been over-
extended and ongoing research need to better specify putative moderators of age-
related inhibitory changes observed thus far. One such moderator has been suggested
recently by Maylor et al. (2005) who noted that the time course at which inhibitory
functioning is examined might be crucial factor in delineating age-related deficits. For
instance, studies showing age effects in inhibitory functions might be capturing young
and older adults at strong and weak points, respectively, over the activation and decay
phases that inhibitory processes purportedly follow (Houghton, 1990; Houghton &
Tipper, 1996; Humphreys et al., 2000). However, at present, time course research is
limited and in some cases mixed (e.g. Castel, Chasteen, Scialfa, & Pratt, 2003;
Hasher, Stoltzfus, Zacks, & Rypma, 1991; Li & Dupuis, 2008; Schlaghecken &
Maylor, 2005), with more recent work suggesting that older adults’ inhibitory

functioning might be intact but delayed compared to younger adults (Gazzaley, et al.,
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2008; Schlaghecken, Birak, & Maylor, 2011). However, the generalizability of these
recent findings to a sequential paradigm remains unclear.
Current study

Our primary goal was to investigate the time course of inhibitory functioning
in younger and older adults in the context of a sequential paradigm. A better
understanding of processes underlying sequential tasks have implications for daily
tasks performed by older adults. With these goals in mind, older and younger adults
performed a sequential task (Blair et al., 2011; Li et al., 2010; Li, Lindenberger,
Riinger, & Frensch, 2000) in which they monitored for a learned sequence of targets
among trials of randomly ordered stimuli. Intrusion error rates, specifically responses
to already-completed targets, were analyzed to assess deletion-type inhibitory
efficiency, consistent with inhibitory suppression of previous completed items
stipulated in sequential theories of inhibition (Arbuthnott, 1995; Cooper & Shallice,
2006; Estes, 1972; Houghton, 1990; Houghton & Tipper, 1996). We deemed it
appropriate to analyze error rates because of the rich source of knowledge this
approach has provided in the everyday action sequence literature (e.g., Schwartz,
2006; Houghton, Glasspool, & Shallice, 1994) and because of previous successes
with this approach (Blair et al., 2011; Li et al., 2000, 2010). We predicted a delayed
onset of deletion-type inhibitory efficiency in older adults compared to young adults,
as observed in recent research (Gazzaley, et al., 2008; Schlaghecken et al., 2011).
Such a finding would attest to this recently observed change in inhibitory functioning
with age while generalizing this effect to a sequential task.

3.3 Method
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3.3.1 Participants

Twenty four younger adults (M = 21.88, SD = 1.73) and 24 older adults (M =
68.08, SD = 3.57) participated in this study. This does not include data from one older
and one younger adult who had high rates of omission errors (> 3 SD) in the
sequential task. Younger adults were recruited from the Concordia University
undergraduate participant pool in the Psychology department. The older adults were
recruited through a participant pool established by the Adult Development and Aging
laboratories at Concordia University and also through posters placed in
neighbourhood shops. Inclusion criteria for both young and older adults included
fluency in English, and absence of medical, psychological, or motor conditions that
could influence their performance in the tasks used. Years of education was not
significantly different between younger (M = 15.5, SD = .78) and older (M = 16.79,
SD = 3.44) adults, p = .08.
3.3.2 Materials and Design

Background information was obtained using a demographic questionnaire
regarding chronological age, marital status, years of education and general health
status. Processing speed was assessed using the WAIS-R Digit Symbol Substitution
test (Wechsler, 1981). Measurement of inhibitory efficiency was based on data
obtained from the Sequential Action Control Task (Blair et al., 2011; Li et al., 2000,
2010).

Sequential Action Control Task. The stimuli for this task consisted of eight
animal drawings in bitmap format: butterfly, camel, cat, ladybug, zebra, bird, wolf

and elephant (Beaumont & Selley, 1990; Li et al., 2010; see Figure 3.1). Items were
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Figure 3.1. Stimuli for the sequential action control task and an example trial.
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colored and occupied a space of 11 cm x 11 cm in the center of the computer screen.
The task was programmed using C-Sharp, and presented on a PC with a 17-inch
monitor, using mouse clicks for responses. For each trial, the fixed sequence of eight
targets was randomly presented with zero to four distractors interleaved between
targets. All trials included the eight targets with eight distractors for a total of 16
items per trial (See Figure 3.1). The position and number of distractors before and
after targets were randomly determined. The trials were divided into 11 blocks with
eight to ten trials in each block. The first nine were practice trials, followed by 96 test
trials for a total of 105 trials. All targets were presented for 800 ms.

To examine the ability to suppress previously relevant information over time
(i.e. the ability to withhold responding again to already presented targets), one target
item repeated once in each trial. In between this target item (7) and the repeat of this
item (n - 1), we placed one distractor, which was randomly determined. These
distractors (between n and n - 1 repeats) were equally distributed across all trials to be
on screen for 800, 1600, or 2400 ms. An example trial would be: 3-5-1-2-7-3-1-4-8-4-
5-2-6-7-5-8, where each digit represents the serial position of each sequence item,
with bolded digits representing targets, which require a mouse click response, and
non-bolded digits representing distractors. In this trial, the fourth target repeated
(italicized), after a distractor ‘8” was on screen either for 800, 1600, or 2400 ms. This
manipulation facilitated a time course analysis of the deletion function by examining
the tendency to respond to the already-completed target, thus, suggesting inefficient
suppression of no-longer relevant information. In the above example, this tendency

would be observed by clicking on the fourth item a second time, instead of
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withholding that response. Separate from the time course analysis of the previously
completed target (n - 1 repeats), an overall index of deletion-type inhibitory
efficiency was also obtained from this task. This measure was based on overall
intrusion errors for already completed targets.
3.3.3 Procedure

In order to perform the sequential action task, participants first memorized a
fixed sequence of eight animals. Afterwards they did a paper version of the task
followed by nine practice trials on the computer, then 96 test trials. Participants were
given a memory aid only for practice trials. To perform this task, participants were
instructed to monitor for the presentation of Item 1 (i.e., butterfly) and click the
mouse button as quickly as possible when Item 1 (target) was shown, but not to
respond if any other items (distractors) appeared. Following a response to Item 1,
participants were to begin monitoring for Item 2 (i.e., camel), again responding only
when the target was shown while ignoring distractors shown in between targets (see
also Figure 3.1). After 16 items were presented in one trial, with the eighth target as
the last item, a screen instructed participants that a new trial was going to begin. After
4000 ms the next trial started. In all trials, participants saw an error screen for 1500
ms whenever they committed an error of commission or omission. This screen
indicated that an error had occurred and instructed participants as to the next target
item.

In terms of the general procedure, participants first read and signed the
consent form and subsequently filled out the demographic questionnaire. Participants

then completed the sequential task. Halfway through the sequential task, participants
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completed the Digit Symbol Substitution Test. Participants then completed the second
half of the sequential task, and were asked for any specific strategies they used to
complete the task. Subsequently, they completed other neuropsychological tests.
Lastly, they were debriefed as to the purpose of the experiment and paid or given
participation credits for their time. Participants were tested individually in a quiet
room and each session lasted between 90 to 120 minutes.

3.4 Results

Lag errors were defined as an incorrect response to an item that was either
ahead of the target (positive lag errors) or previously completed (negative lag errors).
Importantly, the deletion function of inhibition was indexed by negative lag errors,
which occurred when participants responded again to already-completed target items,
suggesting difficulty suppressing no-longer relevant items.

Similar to previous work with the sequential action paradigm (Li et al., 2010),
we examined error types ranging from Lag +7 and Lag -7 errors. For instance, if one
erroneously clicked on the camel (serial position 2) when looking for the zebra (serial
position 5), this would be classified as a Lag - 3 error. Intrusion error rates were
computed by dividing the number of each type of lag errors committed by a
participant by the maximum number of opportunities to make that error (142, 81, 83,
96, 101, 78, 66, 121, for Lags <-4, -3, -2, -1, 1, 2, 3, >4, respectively), resulting in a
proportion error score for each type of lag error. Independent samples #-tests revealed
that younger adults performed better than older adults on all measures of the

sequential task, ps < .05 (See Table 3.1).
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Table 3.1

Means (M) and standard deviations (SD) of Task Performance by Age Group

Age n Digit Symbol Sequential Action Control Task
Group *ox
Reaction Negative Positive Omission
Time (ms) Lag Error Lag Error Error
kK kok kok kk
Young 24 71.8  (10.74) 545.2 (32.55) 023 (.01) 031 (.02) 032 (.02)
Older 24 534  (9.40) 646.37 (37.45) 044 (.02) .047  (.02) 132 (L12)

Note. Values reflect average score per group; standard deviations are shown in parentheses. ** Indicates significant age group

differences using independent samples #-tests. Digit Symbol refers to WAIS-R Digit Symbol Substitution Test. Values shown

reflect items correctly completed in 90 seconds.
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As shown in Table 3.1, older adults had difficulty across all aspects of the
sequential task than younger adults, including higher error rates on previous items
(average negative lag errors). To examine the time course of deletion-type inhibition,
we examined the error rate for responses to just-completed targets (i.e. lag - 1 errors).
Lag - 1 errors were divided into three time bins: when targets repeated after a
distractor that was on screen for 800, 1600, or 2400 ms (See Figure 3.2). These three
types of errors corresponded to situations in which participants responded to a target,
then a distractor appeared for 800, 1600, or 2400 ms (not clicked), followed by a
repeat of the prior target, which was erroneously responded to again. To examine the
hypothesis that the time course of deletion-type inhibition in the sequential task is
different in young and older adults for just-completed targets, we conducted an Age
(young, old) x Time delay (800, 1600, 2400 ms) mixed factorial ANCOVA; Digit
Symbol scores served as the covariate. There was no significant main effect of age
group, F(1,45)<1, p=.89, np2 = 0, and a marginally significant main effect of time
delay, F(2,44)=3.19, p = .05, np2 =.13. The Age x Time interaction was not
significant, F(2, 44) =2.35, p=.11,71,°=.10.

3.5 Discussion

In this study, we aimed to examine age-related changes in the time course of
inhibitory functioning, specifically deletion-type inhibition, in the context of a
sequential task. This approach is an important extension of previous research as
inhibition is usually assessed at a single time point (Maylor et al., 2005). Further,
examining cognitive processes underlying sequential performance, such as inhibitory

functioning, has provided a rich source of knowledge in neuropsychological and
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Figure 3.2. Intrusion error rates for Lag - 1 as a function of age group and time delay
before the prior target repeated with adjustment for age differences in Digit Symbol
scores. Error bars represent one standard error of the mean.

73



normative research. In this study, we did not observe age differences in inhibitory
functioning over the time course examined. This result is inconsistent with more
recent work suggesting a delay in inhibitory functioning in older adults (e.g.,
Gazzaley et al., 2008; Schlaghecken et al., 2011).

Although the results observed are consistent with other work suggesting the
lack of inhibitory decline in older adults (e.g., see reviews in Burke, 1997; McDowd,
1997; Maylor, et al., 2005), our assessment of error rates potentially limits our
findings. While this error approach has been successful in past research with the
sequential paradigm used (e.g., Blair et al., 2011; Li et al., 2000, 2010), in the present
study we restricted our examination of errors on prior items to the previously
completed item (% - 1 repeat). This approach made our time course examination of
inhibitory efficiency straightforward by allowing for stringent experimental control
between response to an item and the time over when that item was re-presented as an
n - 1 repeat. However, this approach yielded very low error rates, likely reflecting the
high level of functioning in young and older adults examined, with an average of 16
years of education in our young and older sample.

The examination of errors has been successful in the sequential literature, as
emphasized by Houghton et al. (1994) who stated that error data “have played a
significant role in the development of models of serially ordered behaviour” (p. 366).
However, there are drawbacks to this approach as evidenced by the low error rates in
this study. This need to address challenges using error-based dependent measures was

noted by Schwartz (2006). In her review of sequential tasks in neuropsychological
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populations (who are more error prone than cognitively intact individuals), Schwartz
emphasized the need for alternative approaches (e.g., error induction techniques).

In sum, the present work represents an attempt to better understand the time
course of inhibitory functioning with age, a potential confound in inhibition research
(Maylor et al., 2005). However, no age-related changes were observed, possibly a
result of low error rates obtained. Thus, a broader focus on other indices within the
sequential action task (e.g., response latency) might be helpful to examine if and
whether there are age-related changes in the time course of inhibitory functioning

with age.
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Chapter 4

In the previous study, we investigated whether there were changes in the time
course of deletion-type inhibition with age by examining error data in a sequential
paradigm. However, no age-related changes were observed. It is possible that the
low-error rates observed reduced the likelihood of obtaining age effects. In this study,
we aimed to further explore the time course of deletion-type inhibition in young and
older adults by examining response latencies within a sequential task. This approach
was deemed more appropriate given the frequent occurrence of correct responses in
our sequential action paradigm, thus, potentially providing a richer data set to address

inhibitory changes with age.

Time course of deletion-type inhibition in young and older adults using a sequential
updating task
4.1 Abstract
In this study, we examined whether older adults had more difficulty engaging
deletion-type inhibition relative to younger adults in a sequential updating paradigm.
Older and younger adults performed a sequential task in which they monitored for a
learned sequence of targets among trials of randomly ordered stimuli. We
investigated the time course of deletion-type inhibition by manipulating the number
of distractors (1 — 3), corresponding to variable time delays (1000 to 3000 ms),
between targets and repeated presentations of targets (n - 1 repeats). Examination of
reaction time distributions revealed deletion-type inhibition in the latter distractor

condition for younger adults compared to older adults, especially when response
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latencies were slow and likely unprepared. In addition, we obtained evidence
suggesting that the sequential task used involved working memory updating
processes. Together, these findings indicate that older adults have reduced ability to
engage deletion-type inhibition compared to younger adults, beyond the effects of
age-related general slowing, and emphasize the utility of investigating the time course

of inhibitory functioning in the context of a high-level sequential updating paradigm.
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4.2 Introduction

In the aging literature, a large body of research shows age-related decline in
multiple areas of higher order cognition including working memory and reasoning
ability (for meta-analyses see Bopp & Verhaeghen, 2005; Verhaeghen & Salthouse,
1997). Amongst proposed mediators of age-related cognitive decline (e.g., reduced
processing speed, set shifting, task coordination, working memory updating), it has
been suggested that older adults have reduced ability to inhibit irrelevant information
from interfering with task performance (Hasher, Zacks, & May, 1999). However,
mixed findings in this area (e.g., Burke & Osborne, 2007; Maylor, Schlaghecken, &
Watson, 2005) call into question whether the inhibitory deficit account has been over-
generalized and whether other factors may constrain the extent to which inhibitory
deficits are observed in older adults. For instance, some researchers have suggested
that only high-level (consciously controlled) inhibitory processes are susceptible to
the effects of aging (Andrés, Guerrini, Phillips, & Perfect, 2008; Collette, Germain,
Hogge, & Van der Linden, 2009; Kramer et al., 1994); however, age differences in
low-level (automatically triggered) inhibitory processes have also been observed
(e.g., Schlaghecken & Maylor, 2005). More recently, it has been proposed that the
time point at which inhibitory functioning is examined may be instrumental in
revealing age effects (Maylor et al., 2005). The purpose of the current study was to
further investigate this notion in the context of a high-level sequential paradigm in
which conscious control is required to update task relevant information.

The inhibition deficit hypothesis (Hasher & Zacks, 1988) posits that inhibitory

control processes are less efficient in older adults, thereby allowing irrelevant
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information to influence task performance in multiple areas, including attention,
memory, language, and motor control (Hasher et al., 1999; Zacks & Hasher, 1997).
According to this account, older adults have deficits in multiple inhibition functions,
including preventing access of irrelevant information to conscious awareness,
deleting (suppressing) no-longer relevant information, and restraining the execution
of prepotent but inappropriate responses. A large body of research is consistent with
age-related decline in these areas (see reviews in Hasher, Lustig, & Zacks, 2007,
Lustig, Hasher, & Zacks, 2007). However, contrary evidence has been found (e.g.,
Kramer et al., 1994), notably within inhibition functions (e.g., see Maylor et al., 2005
for contrary evidence within the deletion function), as well as within specific tasks,
such as the Stroop task (Verhaeghen & De Meersman, 1998a), negative priming
(Verhaeghen & De Meersman, 1998b; Gamboz, Russo, & Fox, 2002), and directed-
forgetting paradigms (Sego, Golding, & Gottlob, 2006; Zacks, Radvansky, & Hasher,
1996).

Given inconsistencies in whether age-related decline in inhibition is observed,
Maylor et al. (2005) noted that a drawback and possible confound in extant research
may be the assessment of inhibitory functioning at a single time point (see also
Schlaghecken & Maylor, 2005). Older adults may show deficits in engaging or
maintaining inhibitory control over time; thus, differences in inhibition may depend
on where in the time course age group comparisons are conducted. Thus far, research
investigating age differences in the time course of inhibitory processes is limited and
in some cases mixed (e.g. Hasher, Stoltzfus, Zacks, & Rypma, 1991; Li & Dupuis,

2008; Schlaghecken & Maylor, 2005).
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For instance, in high-level intentional inhibitory processes that require
conscious control to suppress irrelevant information, Gazzaley, Cooney, Rissman,
and D’Esposito (2005) conducted a functional neuroimaging study in which stimuli
of faces and scenes were to be remembered, ignored, or passively viewed. Although
younger adults showed suppression of cortical activity when ignoring stimuli relative
to passive viewing, older adults had similar activation in both conditions, suggesting a
top-down deficit in suppressing irrelevant information with age. Follow up research
using electroencephalography (EEG) with this paradigm (Gazzaley et al., 2008)
showed that the suppression deficit in older adults was restricted to the early stages of
visual processing (see Jost, Bryck, Vogel, & Mayr, 2010 for similar findings using
EEG). Together, these studies suggest that high-level inhibitory processes to suppress
irrelevant information are delayed in older adults.

In contrast to high-level inhibition findings, investigations of age effects in the
time course of more automatically triggered low-level inhibitory processes have been
inconsistent. For instance, negative priming effects (indicated by slowed responses to
recently ignored stimuli) have been shown to be maintained as long as 1700
milliseconds (ms) in younger adults, but were absent in older adults across this time
window (Stoltzfus, Hasher, Zacks, Ulivi, & Goldstein, 1993). However, controversy
exists as to whether this paradigm involves inhibitory processes (MacLeod, Dodd,
Sheard, Wilson, & Bibi, 2003).

Recent research on low-level inhibitory processes in inhibition of return
(Castel, Chasteen, Scialfa, & Pratt, 2003) and the masked prime paradigm (Maylor,

Birak, & Schlaghecken, 2011; Schlaghecken, Birak, & Maylor, 2011) have revealed

80



early-stage deficits as found in high-level inhibition research. For instance, in the
masked prime paradigm, subliminally presented primes trigger performance costs
when subsequently presented after short delays (100 to 200 ms) at the conscious
level, an effect known as the negative compatibility effect (NCE). Importantly, NCEs,
proposed to reflect a low-level inhibitory process (Schlaghecken, Bowman, & Eimer,
2006), have been found to be absent in older adults (Schlaghecken & Maylor, 2005).
However, in recent time course work by Schlaghecken et al., robust NCEs were
observed in older adults, but were delayed compared to younger adults, indicating
intact but delayed low-level inhibition with age. Of note, this finding was observed
when reaction time (RT) distributions were examined across variable time windows
and inhibitory effects were examined on an individual level. While detailed
examination of response distributions have informed our understanding of various
cognitive processes (see review in Houghton & Grange, 2011), the examination for
significant effects at an individual level (rather than a group level) may have caused
spurious findings (see erratum in Schlaghecken, Birak, & Maylor, 2012b). However,
alternative approaches converged to support their observations, thereby suggesting
that older adults may have reduced ability to engage low-level inhibition in a timely
manner compared to younger adults, beyond the effects of age-related general
slowing.
Current Study

In this study, we aimed to further investigate the precise nature of inhibitory
functioning with age by extending work on time course dynamics from the subliminal

task-level to the conscious level. To this end, we examined whether similar
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difficulties engaging low-level (unintentional) inhibition in older adults could be
found in a sequential updating task that requires conscious control. This was
accomplished by examining younger and older adults performance on the Sequential
Action Control Task (S-ACT task; Blair, Vadaga, Shuchat, & Li, 2011; Li, Blair, &
Chow, 2010; Li, Lindenberger, Riinger, & Frensch, 2000).

In this task, participants monitor for a learned sequence of targets among trials
of randomly ordered stimuli, responding only to targets while ignoring distractors
(items out of sequence). As theories of sequential action generally stipulate that target
representations are dampened/suppressed upon completion (Arbuthnott, 1995;
Houghton & Tipper, 1996), performance costs on previously completed targets
indexes inhibitory efficiency in the S-ACT paradigm. More specifically, slowed
response latencies on previously completed targets index deletion-type inhibition,
defined as the ability to suppress no-longer relevant information (Hasher & Zacks,
1988; Hasher et al., 1999). Using the S-ACT paradigm, we have observed reduced
deletion-type inhibitory efficiency in older adults compared to younger adults (Blair
etal., 2011; Li et al., 2000, 2010).

Thus, to further investigate age effects in the S-ACT paradigm, we examined
the time course of deletion-type inhibition on prior targets (n - 1) that were presented
again after a variable number of distractors (1 to 3), which corresponded to variable
time delays (1000 to 3000 ms). Specifically, participants made Yes or No responses
as items were individually presented, responding according to whether items were
targets or distractors. Deletion-type inhibition was assessed by examining RT

performance on repeated presentations of previous targets (n - 1 repeats) compared to
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a control condition across 1 to 3 intervening distractors. Response times were
predicted to be slowed to n - 1 repeats compared to the control condition. As outlined
in theories of sequential action (Arbuthnott, 1995; Houghton & Tipper, 1996), such
performance costs when processing previously relevant information (n - 1 repeat) are
the result of suppressive/inhibitory after-effects applied to the prior target, thereby
facilitating forward movement in the sequence.

It should be noted that as a variable number of distractors were used to index
the time course manipulation of deletion-type inhibition, results will not reveal a pure
measure of time course dynamics of deletion-type inhibition in the sequential task
used. However, we chose this distractor-filled approach to improve the ecological
validity of the sequential paradigm employed, as targets and distractor items are often
intermixed during sequential tasks. This approach was also chosen because brief time
manipulations (< 1000 ms) may have proven to be too difficult for participants,
especially older adults, given time needed to endogenously update sequential targets
during the task. Further, given the alternate possibility that longer time windows
(>1000 ms) may lead to task-irrelevant processing (e.g., mind wondering during 2000
to 3000 ms delays, especially in the younger group), we surmised that using distractor
filled delays in which responses were required should maintain an optimal level of
task engagement.

In light of inconsistent age effects in inhibitory functioning and the suggestion
that older adults may have a different time course of inhibition compared to younger
adults (Maylor et al., 2005), we made two predictions. First, we predicted that older

adults would have difficulty engaging deletion-type inhibition as compared to

&3



younger adults, beyond age-related general slowing, in line with recent findings
(Castel et al., 2003; Gazzaley et al., 2008; Schlaghecken et al., 2011). Second, as we
aimed to examine time course effects in a task that involves conscious control
(necessary for updating sequence targets), we predicted that performance indices
within the S-ACT task should relate to measures of higher order abilities, notably
measures of working memory performance.
4.3 Method

4.3.1 Participants

Forty three younger adults (M = 21.98, SD = 2.78) and thirty four older adults
(M =67.29, SD = 3.56) participated in this study. Excluded from the aforementioned
were data from five older adults who did not complete the S-ACT task, and six
younger adults and one older adult with slow reaction times and/or high error rates in
this task (>3SDs away from the group mean). Younger adults were recruited from the
Concordia University undergraduate participant pool in the Psychology department.
Older adults were recruited through a participant pool established by the Adult
Development and Aging laboratories at Concordia University and also through
posters placed around the neighbourhood. Inclusion criteria for both younger and
older adults included fluency in English, and absence of medical, psychological, or
motor conditions that could influence their cognitive performance. Number of years
of education was significantly greater for older adults (M = 16.34, SD = 2.75) than
younger adults (M = 15.07, SD = 1.01), «71) =2.73, p = .008. The two groups were

similar in general health status (older: M = 3.79, SD = 0.83; younger: M = 3.85, SD =
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0.82), #75) = 0.33, p > .05, with options 1 through 5 representing poor, fair, good,
very good, and excellent, respectively.
4.3.2 Materials and Design

Background information was obtained using a demographic questionnaire,
which included information on chronological age, years of education, and general
health status. Measurement of inhibitory efficiency was based on data obtained from
the S-ACT task (Blair et al., 2011; Li et al., 2000, 2010). Working memory was
assessed with a modified version of the reading span task (Daneman & Carpenter,
1980), n-back task (Kirchner, 1958), and Letter-Number Sequencing task (Wechsler,
1997). Processing speed was measured with the Digit-Symbol Test (Wechsler, 1981).

S-ACT task (Li et al., 2000, 2010). The stimuli for this task consisted of six
animal drawings: butterfly, cat, ladybug, zebra, bird, and elephant (Beaumont &
Selley, 1990; Li et al., 2010; see Figure 4.1). Items were black and white and
occupied a space of 11 cm x 11 cm in the center of the computer screen. The task was
programmed using C-Sharp, and presented on a PC with a 17-inch monitor, using
arrow keys (left and right) on the keyboard for responses. To counteract order effects,
each participant received one of two different sequences; further, the first and second
blocks of each sequence were presented in an alternating manner across participants.

Two blocks of 40 test trials each were presented to all participants, with eight
practice trials given to young participants and nine to older participants. On each trial,
18 items were presented at a rate of 1000 milliseconds (ms) per item and consisted of

six target items and 12 distractor items (items out of sequence), with a maximum of 4
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Figure 4.1. Stimuli for the sequential action control task and an example trial.
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distractors between any two targets. Within the time limit, participants were required
to make a “Yes” response to target items and a “No” response to distractor items.
These choice responses were mapped on to either the left or right arrow key
depending on participant preference.

To perform this task, participants memorized one of the two fixed sequences
of six animals and monitored for each item in the memorized order as they appeared
individually on a computer screen (see Figure 4.1 for one of the sequences used and
an example trial). Thus, participants monitored for the presentation of Item 1 (e.g.,
butterfly in sequence 1) and responded by clicking “Yes” to this item when presented
whereas they had to make a “No” response if any other item appeared. After
responding to the first target item, participants monitored for the next target items in
the order memorized, making “Yes” responses when they were presented while
responding “No” to distractors (items out of sequence). After 18 items were presented
in each trial, with the sixth target as the last item, a screen instructed participants that
a new trial was going to begin; participants clicked the left/right arrow key when
ready to begin the next trial. Error screens were presented for 1500 ms after incorrect
responses or failures to respond within the 1000 ms time limit.

Performance indices included the following: (1) reaction times (RTs) on
targets and distractors (“Yes”/”No” responses to targets and distractors); (i1) Lag
errors, defined as incorrect responses to items ahead or before the present target
(“Yes” to a distractor item); (ii1) incorrect responses to target items (“No” response to
target); and (iv) omission errors, defined as failure to respond to target or distractor

items.
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To examine the time course of deletion-type inhibition, target items were
allowed to repeat within a trial. Between a target item (n) and the repeat of this item
(n - 1 repeat), we placed a randomly determined distractor item. This distractor item
was presented one to three consecutive times after the target (n) and before the n - 1
repeat. As each item was on screen for 1000 ms, the presentation of a distractor item
one to three times allowed for a 1000 to 3000 ms delay between a target item (n) and
repeat of this target (n - 1 repeat). This time delay manipulation between targets (7)
and n - 1 repeats allowed for the examination of deletion-type inhibitory after-effects
on n - 1 repeat items. In other words, if a target item becomes suppressed after being
responded to (undergoes inhibition), responses to the repetition of this item within a
short time (1000 to 3000 ms used here) should be slowed. To provide a control
condition to compare RTs on 7 - 1 repeats, randomly selected Control distractors
were presented after 1000 to 3000 ms delays following the presentation of target (n)
items; thus, in these conditions, Control distractors were presented instead of n - 1
repeats. Thus, the manipulation conducted more specifically examines the time course
of deletion-type inhibitory efficiency across differing numbers of distractors in the S-
ACT task.

Within any of the 18-item trials, there were either (i) three randomly
determined n - 1 repeats presented along with zero to one instance of a Control
distractor or (i1) three randomly determined Control distractors presented with zero to
one instance of an n - 1 repeat. The number of presentations of # - 1 repeats after one,

two, and three distractors (i.e., 1000, 2000, 3000 ms delays) were randomly
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determined to be 47, 46, and 44 respectively; whereas presentations of Control
distractors were randomly determined to be 46, 42, and 31, respectively.

An example trial would be: 1-2-5-5-2-3-6-6-1-4-2-2-2-4-5-2-5-6. Each digit
represents the serial position of each sequence item. Bolded digits represent situations
where n - 1 repeats were presented (items ‘2°, ‘4’, and °5’) after one to three
distractors. The italicized digit (‘1”) represents a scenario where a Control distractor
was presented after the distractor (‘6’) appeared two consecutive times.

To reduce the possibility that the task would become predictable following
consecutive distractors (i.e., to expect an n - 1 repeat or Control distractor), we also
included scenarios (27 opportunities) where instead of an n - 1 repeat or Control item,
the next target item in the sequence was presented. Young (M = .06, SD = .06) and
older adults (M = .04, SD = .04) did not differ in errors on these ‘catch’ trials, #(75) =
.25, p > .05; thus, this index is not discussed in the rest of the manuscript.

Reading span task (Daneman & Carpenter, 1980). A computerized version of
this task was presented (programmed with Superlab v. 4.7). Participants read
sentences (8 to 12 words in length) presented individually in the middle of a computer
screen and pressed one of two keys on the numeric pad of the keyboard (1’ and ‘3”)
to indicate whether each sentence made semantic sense or not. After a set of
sentences was presented (two to six), a blue screen appeared, at which point
participants reported aloud the last word of each sentence in the order presented (final
words). This procedure was carried out for 5 sets of sentences, starting with the
lowest set (set size 2; two sentences sequentially presented) and increasing

sequentially to the highest set size (set size 6; six sentences presented consecutively).
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Participants were always given two trials of sentences at each set size. All participants
advanced to the sixth set size regardless of whether they were able to recall the last
words of sentences presented at lower set sizes. The experimenter recorded the
number final words recalled after each set size was presented. An intrusion error
score was also obtained from this measure that conceptually corresponded to
deletion-type inhibition, specifically, difficulty suppressing previously relevant items
in this task. This score included responses that were non-final words from the current
trial, final or non-final words from the prior trial in the current set size, or final or
non-final words from prior set sizes, all of which were once relevant for task
performance (cf. Chiappe, Hasher, & Siegel, 2000).

N-back task (Kirchner, 1958). Participants were verbally presented with single
digit numbers between one and nine (without consecutive repetition) and asked to
repeat the number presented one step before (1-back) or two steps before (2-back).
After receiving instructions, participants were given one practice trial, followed by
two test trials of the 1-back task (11 items in length). Similar procedures were then
repeated for the 2-back task (12 items in length). The total score was based on the
total number of correct responses across all trials.

4.3.3 Procedure

Participants were individually tested in a quiet room. After participants read
and signed the consent form, they completed the demographics questionnaire,
followed by the S-ACT task. To perform this task, participants first memorized a
fixed sequence of six animals. Next, they were instructed to monitor for each

presentation of target items according to the order learned, clicking “Yes” for Item 1,
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then Item 2 through to Item 6, and “No” for items they were not looking for
(distractors). After recalling items in the correct sequence order, participants
completed a paper version of the sequential task, which required at least two
successive accurate trial performances, before going on to practice and test trials on
the computer. Participants were given a memory aid only for practice trials.

Halfway through the sequential task, participants completed the Digit-Symbol
test and n-back task. Participants then completed the second half of the sequential
task, and were asked for any specific strategies they used to complete the task.
Subsequently, they completed the reading span task, Letter-Number Sequencing task,
and other neuropsychological tests. Lastly, they were debriefed as to the purpose of
the experiment and paid or given participation credits for their time. Each session
lasted between 90 to 120 minutes.

4.4 Results

Results of independent samples #-tests indicated that younger adults
outperformed older adults on the Digit-Symbol test, indices of the sequential task
(average correct RT on targets, average correct RT on distractors, average Lag errors,
and proportion of omissions), and working memory measures (reading span task, »-
back task, and Letter-Number Sequencing test; see Table 4.1). Proportion of incorrect
responses to targets (i.e., “No” responses on targets) did not differ between groups
(young: M = .05, SD = .03; old: M = .05, SD = .03), t(75) = 0.25, p > .05. In addition,
performance across block order and list sequence were comparable in response

latency (RTs on targets and distractors) and errors (lags and omissions) for younger
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Table 4.1

Correlations among variables controlling for age (top part of table) and descriptive statistics by age group (bottom part of table)

Variables 1 2 3 4 5 6 7 8

1. Mean RT to Targets -

2. Mean RT to Distractors 85k i

3. Mean Lags 3% _15 i

4. Proportion Omissions 3ok 3y 01 )

3 N-back 4% 110 08 _33% :

6. Letter-Number Sequencing 90 19 17 _09 15 )

7. Reading Span’ _03 05 02 01 15 21 i

8. Digit-Symbol Test _16 .15 _14 _26* 34% 16 35+ -
469.3 443.72 .007 .007 36.12 13.14 20.6 66.12

Young Adults
(47.31) (57.08) (.004) (.01) (3.79) (5.75) 4.71)  (10.28)

Older Adults 547.44 534.13 011 .047 32.62 10.68 18.72 54.29
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(50.92)  (60.20) (.006) (.03) (4.82)  (1.98)  (2.93)  (8.34)

Note. Values below correlation matrix reflect average scores per group; standard deviations are shown in parentheses. Significant age
group differences were present in all background variables using independent samples #-tests, ps < .05.

RT = reaction time; ms = milliseconds

! Values shown represent total end-words recalled.

? Values shown reflect items correctly completed in 90 s.

*p < .05, **p < 01
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adults, ps > .05, and older adults, ps > .05, and were therefore combined for each
group in all analyses.

To examine the first hypothesis, namely that older adults should have more
difficulty engaging deletion-type inhibition compared younger adults, when examined
across distractors, we conducted an Age Group (young, old) x Distractor Number (1,
2, 3) x Trial Type (n - 1 repeat, control) mixed factorial analysis of covariance
(ANCOVA) with age group as the between subjects factor and distractor number and
trial type as within-subjects factors. Distractor number was operationalized by
varying the number of distractors between targets (n) and n - 1 repeats or Control
distractors. Digit Symbol scores served as the covariate. We obtained a significant
main effect of age group, F(1,74) =26.89, p <.001, 77p2 = .27, due to slower RTs by
older adults (M = 526.20, SD = 53.66) compared to younger adults (M =456.10, SD =
52.64). No main effect was observed for trial type, F(1,74) =2.67, p = .11, np2= .04,
or distractor number, F(2, 73) <1, p =98, 77p2 =.001. We obtained a significant Age
Group x Trial Type interaction, F(1,74) =4.75, p = .03, 77,,2 = .06, due to significantly
faster responses in the 7 - 1 repeat condition compared to the control condition overall
(across all distractors) in both groups, ps < .05, but which is more pronounced in
older adults (n - 1 repeat: M = 537.10, SD = 61.22; control: M = 553.94, SD = 58.25)
than younger adults (n - 1 repeat: M = 466.39, SD = 60.07; control: M =474.11, SD =
57.18). No other interaction was significant including Age Group x Distractor

Number, F(2,73) <1, p=.66, 77,,2 =.01; Trial Type x Distractor Number, F(2, 73) <

1,p=.95, 771,2 .001; and Age Group x Distractor Number x Trial Type, F(2, 73) <

1,p=.76, 77,72 .01 (See Figure 4.2; values shown are not adjusted for Digit Symbol
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performance). Thus, at this level of analysis, which emphasized one measure of
central tendency for each trial type (repeat, control) at each distractor condition,
neither younger nor older adults showed significant evidence of deletion-type
inhibition.

In order to conduct a more detailed investigation of participants’ S-ACT
performance, we constructed cumulative distribution frequency (CDF) plots of
participants’ RT performance. This approach allowed for the examination of RT
distributions for each trial type in the distractor conditions for the separate age
groups. To construct CDFs for each trial type and distractor condition, we utilized the
CDF-XL program provided in supplementary materials by Houghton and Grange
(2011), which comprised the following steps. Firstly, in the one distractor condition,
RTs were ranked ordered from fastest to slowest for each participant and for each trial
type separately. Secondly, rankings for each trial type were divided into 10 bins (10
% bins; deciles). Lastly, mean RTs were calculated for each bin in each trial type and
averaged across the separate age groups. This process was then repeated for the 2-
distractor and 3-distractor conditions. The “binsize” (number of items per bin) for
each condition (i.e., trial type) was determined in the following manner in the CDF-
XL program: With a specified number of bins, Nbins, the number of responses, Nc, in
a condition is divided by Nbins to yield the binsize for that condition, Binc. For
example in the case of 40 responses partitioned into 10 bins, 4 responses will be
included in each bin (Nc/Nbins = 40/10). However, if the value of Nc/Nbins is not a
whole number, it is first made equal to its integer part, Binc = Int(Binc), with the

result that Nbins x Binc < Nc. For example, suppose a condition contains 45
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responses, (Nc = 45) and Nbins = 10. This means that Int(Nc/Nbins) = Int(4.5) = 4,
and Nbins x Binc = 10 x 4 = 40. As a bin size of 4 throughout would leave 5
responses unused, the bin size is increased by 1 in this case such that Binc +1 =5,
and the 9 remaining bins contain 4 responses each. Consequently the program drops 4
responses towards the slower end of the distribution where responses are highly
variable and likely unreliable (note: this latter point is not explicitly noted in Grange
& Houghton, 2011).

Thus, given that the number of the item presentations to respond to n - 1
repeats or controls were randomly determined to be between 31 and 47 (see Method
Section for specific values), there was a maximum of 3.1 to 4.7 RTs provided per
participant for each of the 10 bins. Specifically, for younger adults, the average
number of trials in each of the 10 bins after 1, 2, and 3 distractors were 4.1, 4, and 3.7
in the n - 1 repeat condition and 4, 3.5, and 2.6 in the control condition, respectively.
For older adults, the respective values following 1, 2, and 3 distractors were 4, 3.8,
and 3.5 for the n - 1 repeat condition and 3.9, 3.3, and 2.4 for the control condition.
Figures 4.3, 4.4, and 4.5 show CDFs across trial type for each distractor condition as
a function of age group (values shown are not adjusted for Digit Symbol
performance). It should be noted that slight differences between Figures 4.2 and
figures representing CDFs (Figures 4.3, 4.4, and 4.5) are directly attributable to
responses dropped towards the slower end of the distribution during the binning
procedure, which were less than 5% in each age group.

We examined the pattern of performance across CDFs to conduct a more

detailed examination of the first hypothesis. Thus, we conducted an Age Group
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Figure 4.2. Mean RT performance in n - 1 repeat and control conditions as a function
of age and distractor number without covariate adjustment. Error bars represent & one
standard error of the mean. ms = milliseconds.
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Figure 4.3. Cumulative distribution frequency plots for # - 1 repeat and control
conditions as a function of age and time bin for the 1-distractor condition without
covariate adjustment. Error bars represent + one standard error of the mean. ms =
milliseconds.
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Figure 4.4. Cumulative distribution frequency plots for n - 1 repeat and control
conditions as a function of age and time bin for the 2-distractor condition without
covariate adjustment. Error bars represent + one standard error of the mean. ms =

milliseconds.
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Figure 4.5. Cumulative distribution frequency plots for # - 1 repeat and control
conditions as a function of age and time bin for the 3-distractor condition without
covariate adjustment. Error bars represent + one standard error of the mean. ms =
milliseconds.
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(young, old) x Distractor Number (1, 2, 3) x Trial Type (n - 1 repeat, control) x Bin
(1-10) mixed factorial ANCOVA with age group as the between subjects factor and
distractor, trial type, and bin as within subjects factors. Digit symbol scores served as
the covariate. Once again, the main effect of age group was significant, F(1, 74) =
24.34, p <.001, 77p2 = .25, and no significant main effects were obtained for trial type,
F(1,74)<1, p =88, 1,°<.001, or distractor number, F(2, 73) < 1, p =.83, 1,° = .01.
However, the main effect of bin was significant, (9, 66) = 13.94, p <.001, 77p2 =.66.
These results were qualified by a significant Age Group x Trial Type interaction, F(1,
74)=18.72, p =.004, 77p2 = .11, as well as two 3-way interactions: Age Group x Trial
Type x Bin, F(9, 66) =2.38, p =.02, 77p2 =.25; Distractor Number x Trial Type x Bin,
F(18,57)=1.89, p = .04, 77p2 =.37. No other 2- or 3-way interactions were
significant: Age Group x Distractor Number, F(2, 73) <1, p = .87, 77p2 =.004; Age
Group x Bin, F(9, 66) = 1.56, p =.15, 77p2 = .17; Trial Type x Distractor Number, F(2,
73)<1,p=.41, np2 =.02; Age Group x Trial Type x Distractor Number, F(2, 73) <
I,p=.59, np2= .01; Age Group x Distractor Number x Bin, F(18, 57) <1, p = .61,
ny =.22.

Together, the results were qualified by a significant Age Group x Distractor
Number x Trial Type x Bin interaction, F(18, 57) = 1.81, p =.047, rypzz .36. To
follow up on this interaction, we conducted separate Age Group x Trial type x Bin
mixed factorial ANCOV As on each distractor condition. No significant Age Group x
Trial Type x Bin interactions were obtained for the 1-distractor, (9, 66) =1.09, p =
.39, 77,72 = .13, or 2-distractor conditions, F(9, 66) =1.70, p = .11, 77p2 =.19, or any

other 2-way interactions for these conditions (Age Group x Trial Type, Age Group x
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Bin, or Trial Type x Bin, ps > .05). However, for the 3-distractor condition, the Age
Group x Trial Type x Bin interaction was significant, F(9, 66) = 2.58, p = .01, 77p2 =
.261. Bonferroni corrected post hoc analyses with covariate-adjusted means revealed
significantly slower RTs from bins 6 to 10 in the 7 - 1 repeat condition compared the
control condition for younger adults, ps < .005. For older adults, no significant
difference was obtained across trial types in any bin, ps > .05.

Convergent findings were obtained when alternative analyses were conducted
to account for baseline RT differences between age groups by log-transforming RTs
in the n - 1 repeat and control conditions (Kray & Lindenberger, 2000). In the 3-
distractor condition only, this approach revealed a marginally significant Age Group
x Trial Type x Bin interaction, F(9, 67) = 1.94, p = .06, 77p2 = .21. Bonferroni
corrected post hoc contrasts revealed a similar pattern as the covariate adjusted
results: significantly slower RTs from bins 6 to 10 in the n - 1 repeat condition
compared the control condition for younger adults, ps < .005; for older adults, no
significant difference was obtained across trial types in any bin, ps > .05 (Figures
using log transformed data for each distractor condition and trial type can be found in
Appendix A). It should be noted that although the overall ANOVA design without the
covariate adjustment did not yield a significant 4-way interaction (Age Group x
Distractor Number x Trial Type x Bin, F(18, 58) =1.27, p = .25, 77p2 =.28)ina
similar omnibus ANOVA, the results of the 3-distractor condition were the same as
the covariate adjusted design and the log transformed results.

Together these findings characterize increased performance costs on # - 1

repetitions (vs. controls items) for younger adults relative to older adults in the latter
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half of 3-distractor distribution (Figure 4.5), with consistently increasing costs on n —
1 repetitions beginning in earlier bins for younger adults as a group (Mbin = 5)
compared to older adults as a group (Mbin = 8) (values identical with log or covariate
adjusted bins).

As an additional analysis, we examined whether there was supportive
evidence of deletion-type inhibition in the 7 - 1 repeat trial type in the 3-distractor
condition, as suggested by the CDF analysis, especially for younger adults (Figure
4.5). Thus, we conducted correlation analyses between a deletion-type inhibition
index in the 3-distractor condition of the S-ACT task and a measure of deletion-type
inhibitory efficiency in the reading span task (intrusion errors; two younger adult
outliers were removed, >2.5SD). The deletion-type inhibition index was created by
computing raw RT difference scores between trial types in the 3-distractor condition
(sum of bin RTs in the 7 - 1 repeat condition subtract sum of bin RTs in the control
condition); positive values indicate slowed responses in the » - 1 repeat condition
compared to the control condition. We obtained a significant correlation for younger
adults, » =-.36, p <.025 (Bonferroni correction), indicating that increased
performance costs in the n - 1 repeat condition correlated with lower intrusion errors
in the reading span task; however, this correlation was not significant in the older
group, » = .18, p = .29 (Figure 4.6). No significant correlations with intrusion errors
were observed for either group when similar deletion-type inhibitory indices were
created in the 1- and 2- distractor conditions, ps > .05. The pattern of correlation
results was identical using log-transformed RT data. Lastly, we tested the second

hypothesis that performance in the S-ACT task involves working memory processes
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Figure 4.6. Correlations between deletion-type inhibition in the 3-distractor condition
(sum of 7 - 1 bin RTs subtract sum of control bin RTs) and intrusion errors in the
reading span task for younger adults (top panel) and older adults (bottom panel).
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by examining correlations between performance indices in the sequential task with
working memory measures. As shown in Table 4.1, average RT on targets and
proportion of omissions correlated significantly, ps < .05, with n-back performance
(Bonferroni corrections were not applied, given our apriori predictions regarding
sequential performance indices and working memory performance). Correlations
were not significant between working memory measures and the deletion-type
inhibition index noted prior in the 3-distractor condition. In addition, a median split of
the older adults’ data based on working memory measures (n-back, Letter-Number
Sequencing, and reading span performance) revealed no reliable differences in the
deletion-type inhibition index (zs <0, ps > .05).
4.5 Discussion

In this study, we examined whether older adults had more difficulty engaging
deletion-type inhibition relative to younger adults using a sequential updating task in
which conscious control was involved. To this end, we used a choice reaction time
version of the S-ACT paradigm and employed a variable number of distractors (1 to
3), which represented variable time delays (1000 to 3000 ms), between targets (n) and
repeated presentations of said targets (n - 1 repeats). This manipulation allowed us to
examine time course dynamics of deletion-type inhibition, with the predictions that
performance costs should be evident on n - 1 repeats, and that older adults should
have more difficulty engaging deletion-type inhibition compared to younger adults.
Standard analyses of central tendency indices for each distractor window revealed no
evidence of deletion-type inhibition or age effects at specific distractor windows.

Instead, both groups showed significant facilitation overall in the # - 1 repeat
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condition, which was more exaggerated in the older group. However, closer
investigation of participants’ performance by examining RT distributions revealed
evidence of deletion-type inhibition at the latter window (third distractor), especially
for younger adults. This finding was specific to the latter half of the distribution in the
third distractor window and appeared virtually non-existent in the older group,
indicating much reduced inhibitory efficiency in older adults. In addition, we
obtained evidence suggesting that working memory updating processes are involved
in the S-ACT paradigm due to correlations with the n-back task. Together, these
findings indicate that older adults have reduced ability to engage deletion-type
inhibition as compared to younger adults, and emphasize the utility of investigating
the time course dynamics of inhibitory functioning in the context of a high-level
sequential updating paradigm.

Research on the precise nature of inhibitory functioning and changes with age
continue to be a controversial area (Burke, 1997; Burke & Osborne, 2007; Lustig,
Hasher, & Zacks, 2007; McDowd, 1997). This work represents an additional effort to
complement a small but growing body of research indicating reduced ability to
engage deletion-type inhibition in a timely manner with age (Maylor et al., 2005).
Below we address a number of observations in the present work, specifically the
limited evidence of deletion-type inhibition observed overall. We subsequently
discuss its specificity to the 3-distractor condition as likely representing a
combination of contextual factors (target expectancy) and task preparation, before we

return to discussing differing age effects observed.
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The most noticeable observation in this study is the limited evidence of
deletion-type inhibition across the majority of distractor conditions. This was
indicated in the standard analysis, which emphasized central tendency indices at each
distractor condition, as well as in the examination of response distributions, except for
the latter distractor condition (3-distractor). This general reduction in deletion-type
inhibition may be reflective of a number of factors. Different from our prior studies
with this paradigm (Blair et al., 2011; Li et al., 2010), we decreased the number of
targets from eight to six items in order to aid performance, as our dependent measure
required highly accurate performances. This fewer number of targets easily falls at
the lower end of the working memory capacity of young and older adults when using
a chunking strategy (e.g. 2 3-item chunks; e.g. Allen & Coyne, 1989; Allen &
Crozier, 1992; Cowan, 2001), an approach previously observed in this paradigm (Li
et al., 2010). A fewer number of chunks (or items) to be suppressed sequentially
throughout the task may reduce the extent to which deletion-type inhibition is
engaged (see Koch, Philipp, & Gade, 2006; Schneider, 2007 for modulatory effects of
chunking on inhibitory functioning; cf. Mayr, 2009). In addition, fewer sequence
targets combined with the repetitive nature of the task (to monitor for the same target
sequence) may have also resulted in little task-level interference from distracting
information, further reducing the degree of deletion-type inhibition exerted to
facilitate performance.

Consistent with this notion, inhibitory mechanisms are generally proposed to
resolve conflict/interference in the cognitive system (see reviews in Arbuthnott, 1995;

Koch, Gade, Schuch, & Philipp, 2010) and have been shown to vary with cognitive
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and task-level conflict/interference. For instance, backward inhibition (# - 2 repetition
costs; Mayr & Keele, 2000), often evidenced by performance costs when returning to
a task recently performed, has been shown to vary with between-task competition
(Gade & Koch, 2005). Similarly, inhibition of return, typically observed by reduced
ability to re-engage attention at previously attended locations, has been shown to
depend on the attentional demands of a task (Klein, 2000).

Moreover, the generally limited evidence of deletion-type inhibition observed
in this study may have also been a consequence of a distractor rather than a pure time
course manipulation. Specifically, to minimize disruptive effects between targets and
repetitions of said targets, the same distractor was presented twice consecutively in
the 2-distractor condition and three times consecutively in the 3-distractor condition,
before critical trials were presented (7 - 1 repeat or controls). This approach likely
created within runs effects (priming/biasing responses during successive presentations
of the same distractor), potentially causing disruptive start up costs and consequent
noisy performance on critical trials (see Rogers & Monsell, 1995, for similar within
runs effects in task switching). Such within runs effects are supported by faster
response latencies observed on each successive repeated distractor (ps < .05), before
critical trials were presented, which evidence start up costs following consecutive
distractors (ps < .05). Notably, such an issue is not relevant in a pure time course
manipulation where time is ideally the only factor manipulated before critical trials
are presented. However, the S-ACT paradigm was designed to further understand
sequential processes relevant to everyday sequential performance with aging; thus,

the approach used to manipulate the time course is considered more ecologically valid
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as task-irrelevant distractors are integral to sequential tasks, despite the disruptive
effects they may cause during task performance (e.g., slowed and erroneous
responses; Schwartz, 2006). This has been observed in younger adults under
cognitive load (e.g., Giovannetti, Schwartz, & Buxbaum., 2007; Humphreys, Forde,
& Francis, 2000), and possibly reflects difficulty that older adults might display from
time to time during sequential performance.

Despite the absence of an empirical signature of deletion-type inhibition
throughout much of the sequential task, it is important to note that the absence of
evidence of inhibition does not necessarily indicate that inhibitory processes were not
engaged in this task. This point was illustrated in recent work by Grange, Juvina, and
Houghton (2012) on a similar type of low-level (unintentional) inhibition, namely
backward inhibition (empirically represented by 7 - 2 repetition costs in task
switching paradigms; Mayr & Keele, 2000). These authors developed a cognitive
computational model to examine » - 2 repetition costs by varying the amount of
inhibition, and observed similar # - 2 performance costs to extant human work when
inhibition was involved in the model. Importantly, they observed that the absence of n
- 2 repetition costs were only possible with a reduced amount of inhibition in the
model, whereas, n - 2 repetition benefits only occurred with inhibition completely
removed from the model; this latter finding is consistent with an activation only
perspective (primed performance benefits afforded from recently performing the
task).

Grange and colleagues’ (2012) findings clearly have implications in task

switching work and should be applied cautiously outside that context. However,
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similar to task switching paradigms, the present sequential paradigm also involves
common characteristics: (1) the need to suppress previously relevant task sets
(Arbuthnott, 1995; Humphreys, Forde, & Francis, 2000), which comprises the
representation of task-relevant stimuli and responses and corresponding stimulus-
response mappings (Kiesel et al., 2010); and (2) the need to sequentially update
(switch) working memory contents to the next task/sequence element (i.e., target
item/chunk; Li et al., 2010). To the extent that similar cognitive mechanisms are
involved across paradigms, including inhibitory mechanisms to suppress prior
information, Grange and Houghton’s findings may have relevance for our
observations. Specifically, null findings across RT distributions especially in early
distractor windows (1- and 2- distractor) may not necessarily indicate the absence of
deletion-type inhibition, but rather reduced levels of inhibition in both groups.
Moreover, for older adults, the pattern of results obtained may indeed indicate a
complete absence of deletion-type inhibition at specific time points. This is due to the
significantly greater performance benefit observed overall on n - 1 repeat items for
older adults (16 ms) than for younger adults (8 ms), a result that appeared to be
specific to the earlier time windows (1- and 2-distractor conditions) as observed in the
CDF plots (Figures 4.3 and 4.4). This benefit is consistent with Grange and
Houghton’s finding of a performance benefit when returning to a recently performed
task with inhibition completely removed from the model.

It should be emphasized that speculations regarding the degree of deletion-
type inhibition in the early time windows is based on exploratory analyses that went

beyond central tendency indices at each distractor window, specifically by
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constructing CDF plots (for the utility of this approach in elucidating various
cognitive processes, see reviews in Houghton & Grange, 2011; Ratcliff, 1979; see
also De Jong, 2000; Grange & Houghton, 2011; Pratte, Rouder, Morey, & Feng,
2010). This approach allowed for a more detailed examination of deletion-type
inhibition across distractors, and revealed performance costs in the n - 1 repeat
condition compared to the control condition in the 3-distractor condition, particularly
for younger adults. This pattern is consistent with a suppressive after-effect of a
sequential inhibitory process applied to the most recent target (Arbuthnott, 1995;
Houghton & Tipper, 1996). Further evidence that deletion-type inhibition was present
in the 3-distractor condition was shown by correlations with intrusion errors in the
reading span task, which also conceptually represents difficulty suppressing prior
relevant information and is commonly employed as an inhibitory measure (Chiappe et
al., 2000; De Beni, Palladino, Pazzaglia, & Cornoldi, 1998; Lustig, May, & Hasher,
2001).

Potentially problematic for an inhibition account, however, is that the
generally early facilitatory pattern on 7 - 1 repeats did not quickly change into a
performance cost across much of the distractor manipulation, only appearing in the 3-
distractor window. This late evidence of deletion-type inhibition indicates that
specific triggering mechanisms might be operating in the 3-distractor condition that
were not present in the earlier distractor conditions. Given reduced difficulty (task-
level conflict/interference) as noted prior, a triggering mechanism specific to the 3-
distractor condition may be the high expectancy that the next target will be presented.

In other words, as zero to four distractors were presented between targets (the critical
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conditions being the fourth: n - 1 repeat or control), it is likely that participants
quickly learned to expect the next target in the 3-distractor condition. Consequently,
such high expectations to transition to the next target makes the 3-distractor condition
the most sensitive condition for inhibitory links between the prior interfering target
and the upcoming target to be strongly exerted. This is particularly owing to the
strong sequential bond linking neighbouring targets (Li et al., 2010). Notably, such
strong exertion of deletion-type inhibition might be expected at the zero or one
distractor condition to quickly facilitate target transition; however, the possibility of
additional distractors to be presented and the affordances of task-specific factors (few
targets to remember, repetitiveness of task) may not have encouraged strong
inhibitory suppression in these early conditions.

It should be pointed out that the percentage of times zero to four consecutive
distractors were presented, prior to target presentation, was fairly similar across the
task: randomly determined percentages being 21%, 15%, 24%, 22%, and 18%,
respectively. However, during the course of a sequence, each presentation of an
intervening distractor between targets necessarily decreases the probability that the
next target will be presented. For instance, after a target is shown, the probability of
the next target being presented is 1 in 5 (0, 1, 2, 3, or 4 distractors can be presented);
following a target and one distractor, the probability of the next target is decreased to
1in 4 (0, 1, 2, or 3 distractors can be presented). Using this logic, by the time the n - 1
repeat should be presented, following 3 distractors (hence the 3-distractor condition),
the probability of the next target is 1 in 2, namely, either a critical item (n - 1

repeat/control) or the next target can be presented. Thus, such high expectancy
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regarding the next target in the 3-distractor condition makes this condition most apt
for the cognitive system to exert deletion-type inhibitory influences on the prior target
to ensure a smooth transition to the next target. This notion is also supported by re-
examination of prior work (Blair et al., 2011), which revealed reduced deletion-type
inhibition across increasing numbers of distractors (reduced inhibition on 3-distractor
vs. 1-distractor, p <.05); however, this pattern reversed (enhanced inhibition) on the
latter distractor before the expected target presentation (similar level of inhibition on
4-distractor vs. 1-distractor, p > .05), a pattern specific to difficulty suppressing prior
as opposed to future irrelevant targets. Moreover, such contextual effects are not
limited to this paradigm.

For instance, much of the research evidencing n - 2 repetition costs typically
employ a 100% switch rate to a different task (see reviews in Koch et al., 2010; Mayr,
2007). Consequently, high certainty regarding a switch to a different task makes
consistent exertion of inhibition beneficial to task performance. This may explain the
robust observation of n - 2 repetition costs across varying stimulus types (e.g., letters,
numbers, symbols), response modalities (e.g., manual, vocal) and task levels (e.g.,
perceptual tasks, language switching) (Koch et al., 2010). However, a flexible and
adaptive cognitive system would be expected to modulate such an approach if switch
expectancy is reduced, as such consistent exertion of inhibition is likely to be costly
to performance when tasks repeat (Philipp & Koch, 2006). Consistent with this,
Phillip and Koch recently observed that with a reduced switch rate, thus allowing for
immediate repetitions of prior tasks, n - 2 repetition costs decreased to non-significant

levels (see Arbuthnott & Woodward, 2002, for complementary findings). Given such
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adaptive control to contextual factors, in the present study adaptive control may have
modulated the strength of inhibitory links across distractor conditions, thus, making
the 3-distractor condition (with high expectancy regarding the next target), the most
sensitive condition to observe deletion-type inhibition.

Additionally, expectancy factors may not be the only triggering condition to
engage inhibitory influences in the third distractor window of the sequential task
used. In particular, exertion of a low-level deletion-type inhibition may be especially
triggered when participants are also not fully prepared for the highly expected
upcoming target. Importantly, the ability to closely investigate task performance
during prepared and unprepared states has been argued as one of the primary benefits
of examining time course effects by partitioning response latencies (De Jong, 2000;
Grange & Houghton, 2011; Grange et al., 2012; Houghton & Grange, 2011; Pratte et
al., 2010; Ratcliff, 1979). As a consequence of intermittently reduced preparation, the
cognitive system is most likely to exert inhibitory influences to maintain task-level
performance at an optimal level. Thus, if the latter half of the 3-distractor distribution,
which comprise slower responses, reflected moments of lack of preparation for the
upcoming stimuli as argued in the literature (e.g., De Jong, 2000; Grange &
Houghton, 2012), the results indicate that younger adults were able to engage
deletion-type inhibition when most unprepared for the next target. Taken together, in
the 3-distractor condition, a combination of high target expectancy and times
(moments) of reduced task-specific preparation may have resulted in strengthening
inhibitory links to the prior target while advancing to the next, especially for younger

adults.
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Alternatively, episodic retrieval of the target stimulus when presented again as
an n - 1 repeat may be interpreted as inducing a response conflict that increases RTs
on n - 1 repeats in the 3-distractor condition, i.e., “Yes” response on target (n)
conflicting with “No” response on 7 - 1 repeat (MacLeod et al., 2003). By extension,
this account would also predict performance cost early in the time course (early bins
in the RT distribution) when Yes/No response mappings to the same stimulus item
change between target (n) and n - 1 repeat presentation. However, Figures 3, 4 and 5
show performance facilitation on n - 1 repeats in the earliest bins. This early
performance facilitation indicates that any conflict resulting from a change in
response mappings to targets (n) and n - 1 repeats was resolved very early in the time
course. In lieu of the combination of expectancy and preparatory factors noted above,
a non-inhibitory account would suggest that high expectancy to transition to the next
target would result in a conflict when a distractor is presented (n - 1 repeat / control),
which would take time to resolve; thus, re-mapping of responses would be expected
to be slowed (“Yes” for targets to change to “No” for distractors). Moreover, this
conflict would be stronger for the » - 1 repeat condition, given its recent performance
and sequential association with the prior target. As a result, the re-mapping process
would be more difficult (slower) in the # - 1 repeat condition, especially during
moments of reduced task preparation (latter half of the RT distribution). However,
from this viewpoint, we would expect older adults to have more difficulty resolving
this conflict, and hence, produce higher costs on 7 - 1 repeats, which was not
observed. Further, given our findings of convergent associations with intrusion errors

in the reading span task for younger adults, an often used measure of deletion-type
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inhibition (Chiappe et al., 2000; Palladino & De Beni, 1999), we favour an inhibitory
account for our findings.

Assuming that contextual (expectancy) and preparatory factors were operating
in the 3-distractor condition, the benefit of engaging deletion-type inhibition favoured
younger adults over older adults. Notwithstanding, like younger adults, the pattern of
results for older adults also indicated response slowing in the #z - 1 condition relative
to the control condition in the latter bins. However, this pattern appeared to be much
weaker in older adults compared to younger adults, indicating reduced ability by
older adults to engage deletion-type inhibition. It is also consistent with prior work
(e.g., Schlaghecken et al., 2011), but extends it by our examination of a low-level
inhibition (unintentional) process in a high-level task that requires updating sequential
information.

Our goal, namely to extend aging research on inhibitory time course dynamics
to a consciously controlled task, was supported by significant relations between
performance indices in the S-ACT task and working memory performance. We found
that greater working memory updating (n-back task) was related to better ability to
advance to the next target (shorter target RTs and lower target omissions). These
results suggest that high-level working memory updating processes in the n-back task
were involved in the S-ACT paradigm, in line with the updating nature of the
sequential task. The lack of significant correlations between the S-ACT task and other
working memory measures (reading span and Letter-Number Sequencing tasks)
likely reflects a greater emphasis on working memory capacity in these measures

rather than sequential updating processes. It should also be noted that working
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memory performance was not associated with individual differences in an inhibitory
index created in the 3-distractor condition (that assessed slowing on 7 - 1 repeats as
compared to controls).

In contrast to the absence of an association between working memory
performance and individual differences in the ability to efficiently engage inhibitory
functioning in our data, EEG research by Gazzaley and colleagues (Gazzaley et al.,
2008; Zanto, Hennigan, Ostberg, Clapp, & Gazzaley, 2010) showed that delayed
inhibitory functioning in older adults constrained working memory performance (see
similar results in Jost et al., 2011 using a slightly different paradigm). The
inconsistencies between these results and our work may lie in the nature of the
inhibitory process examined: the present work involved an unintentional inhibitory
process whereas the prior studies noted involved intentional inhibitory processes. For
instance, in Gazzaley and colleagues’ work, participants suppressed stimulus
elements that they were instructed to ignore. In addition, the nature of our task
(repeated presentations of a fixed sequence of a few target stimuli) likely reduced the
overall need for high-level processes to mediate task performance. Taken together,
the extent to which engagement of inhibitory processes constrain higher order
cognition (e.g., working memory) likely depends on the nature of the inhibitory
process and extent to which high-level processes are involved in task performance.

A detailed explanation of older adults’ mixed performance on inhibition tasks
likely depends on a number of factors including: working memory load involved in
tasks used (e.g., McCabe, Robertson, & Smith, 2005); downstream effects of older

adults’ reduced processing speed (Salthouse, 1996); and nature of stimuli employed
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(e.g., stationary vs. moving stimuli, Watson & Maylor, 2002; target detection vs.
colour discrimination, Langley, Fuentes, Vivas, & Saville, 2007). Our results suggest
that the reduced ability in older adults to engage inhibition in a similar manner as
younger adults may represent another potential moderator of age effects observed in
the literature. This difficulty engaging inhibition in older adults is consistent with the
inhibition deficit hypothesis (Hasher et al., 1999, 2007; Lustig et al., 2007); however,
the inhibition deficit account will likely benefit from further specification of the
nature of the inhibitory deficit in older adults. Our results as well as findings from
recent time course studies suggest that aging might have be associated with changes
in the time course dynamics of engaging inhibitory functions.

Further, such difficulty engaging inhibition in older adults is consistent with
the load-shift hypothesis of aging (Velanova, Lustig, Jacoby, & Buckner, 2007).
Conceptualized within a memory retrieval framework, in the load-shift hypothesis it
is proposed that aging is associated with reduced executive resources thereby leading
to inefficient filtering of information at early selection stages. Consequently, there is a
shift towards increased reliance on frontally-mediated processes in the latter
evaluative stages of retrieval. Thus, although aging has been associated with
increased recruitment of frontal systems (e.g., see reviews in Cabeza, 2002; Reuter-
Lorenz & Campbell, 2008), the load-shift hypothesis explicates the time course
nature of this neurocognitive shift with aging. Conceptually related to this hypothesis
is the increased reliance by older adults on late stage reactive control processes due to
inefficient preparatory proactive control processes (Braver, Gray, & Burgess, 2007;

Czernochowski, Nessler, & Friedman, 2010). Thus, in regard to the timely
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engagement of inhibitory processes with age, the load-shift hypothesis suggests that
irrelevant information may be accessible early, possibly due to reduced executive
control or reduced automatically triggered control with aging (Reuter-Lorenz &
Campbell, 2008). As a result, there is a compensatory shift to more high-level
(frontal) control later in the time course to mediate task performance.

In summary, we extended recent research on the time course of inhibitory
functioning to a sequential updating paradigm that required conscious control, and
observed that older adults had more difficulty engaging low-level deletion-type
inhibition in a manner consistent with younger adults. The generally observed
similarity with paradigms in which older adults have difficulty engaging high-level
inhibitory processes might be indicative of a degree of commonality across levels of
inhibitory control, potentially reflecting increased but inefficient frontal involvement

with aging.
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Chapter 5
General Discussion

In this thesis, I set out to better understand how inhibitory and working
memory functioning change with age in the context of a sequential action paradigm.
The approach taken was guided by (1) inhibition deficit accounts of aging in which
reduced inhibitory functioning with age negatively impacts higher order abilities, and
(2) the utility of better understanding cognitive mechanisms underlying sequential
performance. I observed that age-related decline in deletion-type inhibition accounted
for age differences in working memory components (Study 1). This approach
represents a methodological and theoretical step forward in examining single factor
theories of age-related decline in working memory functioning. In particular, the use
of variance partitioning techniques demonstrated the relation between inhibitory
functioning in the context of sequential performance and higher order abilities
(working memory) at the componential level. In addition, this approach is consistent
with conceptualizations of working memory as a system for simultaneous storage and
processing operations, and observations that both storage and processing components
make independent contributions to higher-order abilities. Moreover, given the
observation of age-related decline in deletion-type inhibition, I undertook a process-
level analysis with the aim of specifying the time course nature of this change (Study
2 and 3). In using this approach, older adults had difficulty engaging deletion-type
inhibition relative to younger adults (Study 3). In light of inconsistent findings
regarding inhibitory functioning with age, this finding suggests that it might be

important to examine the time point at which inhibitory functions are engaged. Taken
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together, this work highlights the important role of inhibitory functioning with age in
higher order cognition (working memory) and emphasizes the utility of examining
age effects in the time course dynamics of cognitive functions in sequential tasks.

Below I outline the findings of the thesis in more detail and subsequently
address implications of these findings and outstanding issues regarding inhibitory
functioning in cognitive aging.

5.1 Summary of study findings

In Study 1, I examined the extent to which reduced deletion-type inhibition
(suppression of no-longer-relevant information) with age accounted for age
differences in working memory functioning, as measured by the reading span task
(Daneman & Carpenter, 1980). Unlike much of the prior research, I examined
inhibitory changes with respect to working memory components (processing and
storage). In line with inhibition deficit accounts of aging (e.g., Dempster, 1992,
Lustig et al., 2007), I observed that reduction in deletion-type inhibitory functioning
with age accounted for a sizable proportion of age differences in working memory
components, with significant findings in storage and marginal findings in processing
components.

Given mixed findings regarding inhibitory changes with age, 1 further
examined whether changes in the time at which older adults are able to engage
deletion-type inhibition compared to younger adults might represent a potential
moderator of age effects, beyond age-related general slowing (Study 2 and Study 3).
In Study 2, I did not observe differences in the time course of deletion-type inhibition

with age when I examined erroneous responses to the prior, no-longer-relevant, item
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(n - 1 repeat). However, the low error rates obtained may have reduced the sensitivity
of this measure to detect time course changes. Thus, in Study 3 I broadened my view
to examine response latencies in the sequential task. In particular, response latencies
on n - 1 repeats were examined across a variable number of distracters (1 — 3),
corresponding to variable time delays (1000 — 3000 ms), to assess changes in low-
level (unintentional) deletion-type inhibition with age. Compared to younger adults,
older adults had difficulty engaging deletion-type inhibition, beyond the effects of
age-related general slowing. Notably, this result was observed by utilizing a fine-
grained approach in which response distributions were examined. The general
implications of these findings are discussed below.
5.2 Inhibition and age-related decline in higher order cognition

Areas of cognitive functioning that account for variation in working memory
performance and robust evidence of age-related declines in such functions continue to
be a rigorous endeavor in cognitive psychology. While most theories focus on the
capacity/size of working memory with age, inhibitory accounts emphasize efficiency
of working memory functioning by restricting contents to task-relevant information
(e.g., Hasher et al., 2007). The extent to which inhibitory functions relate to cognitive
performance, such as working memory functioning, has been proposed to vary with
age, under cognitive load (e.g., in younger adults during divided attention), and
within individuals (e.g., changes in circadian patterns across the day) (Hasher et al.,
1999, 2007). The pattern of results across Study 1 and Study 3 also suggests that the
inhibition-working memory relationship with age may be moderated by the level of

inhibitory control involved.
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In particular, in the present work deletion-type inhibitory efficiency in the S-
ACT task showed significant relations with age differences in working memory
performance, but only when assessed by error responses (Study 1); in contrast,
response latency did not account for individual differences with age (Study 3). It was
hypothesized that both measures assessed deletion-type inhibitory efficiency, as
defined by the ability to suppress no-longer-relevant information (Hasher et al.,
2007). In study 3, inhibitory control appeared to be a low-level, unintentional process,
as indicated by slowed response latency to previously relevant target information.
However, erroneous responses to previously relevant information in Study 1 may
have represented a combination of inhibitory processes: (1) similar low-level
inhibitory processes to suppress prior relevant information in working memory; as
well as, (2) high-level inhibitory processes to suppress responding to information that
persists in working memory and triggered by external cues (e.g., stimulus
presentation). Such high-level inhibitory functions are compatible with behavioural
inhibition as conceptualized by Harnishfeger (1995) and Nigg (2000) to suppress
cued but inappropriate motor responses. Further, such behavioural inhibition may be
responsible for suppressing responses triggered by bottom-up factors, such as
familiarity of stimuli and physical and semantic relatedness of stimuli to present goals
during sequential tasks (Humphreys, Forde, & Riddoch, 2001). These abilities are
notably compromised in individuals with psychopathological disorders (Nigg, 2000),
those with sequential performance problems, such as, action disorganization

syndrome (Humphreys & Forde, 1998), and younger adults when executive resources
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are taxed (e.g., under divided attention; Giovannetti, Schwartz, & Buxbaum, 2007,
Humphreys et al., 2000).

In contrast to such high-level inhibitory functions, low-level (automatic)
inhibitory functions, as measured in Study 3, did not relate to working memory
performance in older adults. Further, in additional analyses on Study 3, age
differences in deletion-type inhibition (see Study 3 Results for this index in the 3-
distractor window) did not account for age differences in any component of the
reading span task (recall, processing time, accuracy, ps > .05). This is in contrast to
results observed with erroneous responses to prior relevant targets in Study 1
(negative lag errors). This pattern suggests differing levels of engagement in high-
and low-level inhibition functions in explaining age differences in working memory
performance.

It should be pointed out that for younger adults only, the low-level deletion-
type inhibition assessed in Study 3 did relate with intrusion errors in the reading span
task, an inhibitory measure that has been shown to relate to working memory
performance in various groups (e.g., individuals with reading disabilities; Chiappe et
al., 2000; De Beni, Palladino, Pazzaglia, & Cornoldi, 1998). This relationship was not
observed for erroneous responses (negative lag errors) for older or young adults in
Study 1 or Study 2 (ps > .05), despite conceptual similarities in the presumed
engagement of inhibitory control to resist proactive interference. However, the
relation with age and inhibitory processes in complex span intrusion errors remain
unclear, given: (1) inconsistent findings regarding age effects (e.g., Borella et al.,

2008; McCabe & Hartman, 2003; Schelstraete & Hupet, 2002); (2) potential

124



moderating effects of increased cautiousness (conservatism; Botwinick, 1966) with
age, which may influence response threshold during uncertain recall; and (3) the
potential involvement of personality factors in these measures for older or younger
adults (Friedman & Miyake, 2004). Moreover, research thus far is quite limited
regarding the construct validity of various inhibitory functions that have been
proposed (e.g., Hasher et al., 1999; Nigg, 2000) and measures that examine these
functions (Friedman & Miyake, 2004; Shilling, Chetwynd, & Rabbitt, 2002).
Notwithstanding, a possible explanation for the differing pattern of results obtained in
the current work might be the level of specificity of the deletion-type inhibition
examined. In particular, in Study 1 and Study 2, the measure of deletion-type
inhibition represented a global ability to suppress prior information as erroneous
responses obtained were combined across all prior targets (average negative lags),
given low error rates obtained at specific lags (e.g., n - 1, - 2; see Figure 2.2).
Whereas, in Study 3, the deletion-type inhibition measure used was based on RT
performance costs to the recent target (n -1) at a specific time window (third
distractor). This higher level of specificity achieved in Study 3 may have allowed for
the inhibition measure to be more sensitive (lower variability by excluding
performance across multiple prior targets), thereby allowing it to capture overlapping
variance in another inhibition measure (intrusion errors in the reading span task).
However, given limited extant work on common and divergent variance amongst
inhibition measures, moderating effects regarding the level of specificity of
measurement (e.g., specific item and time point of measurement) would have to be

systematically examined in future work.
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Taken together, the pattern of results across Study 1 and Study 3 suggest that
age-related changes in working memory performance may be more likely to be
influenced by high- as opposed to low- level inhibitory functions assessed in the S-
ACT paradigm. However, at present, direct evidence to support this hypothesis is
limited. An approach to investigating this notion might be to systematically examine
inhibitory functions at multiple levels of control (e.g., intentional and unintentional
inhibition) and assessing for differential relations in working memory functioning
with age. For instance, this systematic approach might be executed within the same
task, thereby controlling for stimulus and task characteristics, or by taking a latent
variable approach, which has proven successful in examining relations among
executive functions (e.g., Miyake et al., 2000; Salthouse et al., 2003). Although both
approaches have been used to examine relations among inhibitory functions (e.g.,
Friedman & Miyake, 2004; Shilling et al., 2002; Verbruggen, Liefooghe, &
Vandierendonck, 2004), work is still needed to examine differential relations with
working memory functioning across the lifespan.

Moreover, inhibitory constraints on higher order cognition (e.g., working
memory functioning) are also likely to be impacted by other cognitive and task-
specific processes. For instance, Lustig et al. (2001) observed that reducing proactive
interference in the reading span task by presenting set sizes from highest to lowest
(descending format) reduced age differences; in contrast, the ascending format
revealed robust age differences (see also Carretti, Mammarella, & Borella, 2011; May
et al., 1999; Rowe, Hasher, & Turcotte, 2008, 2009, 2010). In addition, for older

adults, only the ascending format, a procedure that is susceptible to proactive
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interference, and not the descending format, accounted for variation in prose recall
performance (Lustig et al., 2001). As noted by the authors, combating proactive
interference in complex span performance in the ascending condition, purportedly by
applying inhibitory control, accounted for the predictive utility of complex span
performance in prose recall in older adults. However, contrary findings were
observed by Emery, Hale, and Myerson (2008) who manipulated the level of
proactive interference in the operation span task by using items to be recalled from
overlapping categories and intermittent activity-filled breaks. Emery et al. observed
that the low proactive interference condition predicted higher order performance in
older adults, namely reasoning ability. Discrepant findings across these studies might
be related to the similarity of cognitive processes involved in complex span
performance and the criterion being measured (e.g., set switching) or commonality in
domains assessed (e.g., verbal proactive interference measure predicting verbal recall;
Emery et al., 2008).

Similar to the inhibitory account of the working memory-higher order
cognition link is the goal maintenance approach proposed by Engle and colleagues
with respect to young adults (Engle, 2002; Kane, Conway, Hambrick, & Engle,
2007), and by Braver and West (2008) and others (e.g., McCabe, Robertson, & Smith,
2005) with respect to older adults. According to this view, the use of controlled
attention to maintain task relevant goals in the face of interference accounts for
inhibitory functioning, working memory performance, and the predictive power of
working memory performance in higher order cognition (Redick, Heitz, & Engle,

2007). As outlined in the goal maintenance account of Braver and West, reduced
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attentional control to represent, maintain, and update goal-relevant information
declines with aging, and is likely a result of age-related deterioration in prefrontal
functioning (see also West, 1996).

Despite the common inhibition link in the goal maintenance (to combat
interference) and inhibitory accounts of aging, recent arguments have been made for
their differences. For instance, neuroimaging evidence (e.g., Grady, Springer,
Hongwanishkul, Mclntosh, & Winocur, 2006; Lustig et al., 2003; Persson, Lustig,
Nelson, & Reuter-Lorenz, 2007) reveal intact activation in task-relevant areas in older
adults but failure to reduce activity in task-irrelevant areas (see discussion in Lustig et
al., 2007). In regard to task-irrelevant activity, older adults often show difficulty
reducing activity in the ‘default mode network™ (Raichle et al., 2001) comprised of a
number of brain regions (e.g., medial prefrontal cortex, posterior cingulated cortex,
precuneus, anterior cingulate cortex, and parietal cortex). This network has been
implicated in task-irrelevant processing due to the observation of increased activity
during resting periods (task-free moments) and reduced/suppressed activity during
task performance, particularly with increasing cognitive demands (Broyd et al., 2009;
Hafkemeijer, van der Grond, & Rombouts, 2012). Further, neuroimaging and
neurophysiological work by Gazzaley and colleagues (Gazzaley et al., 2008;
Gazzaley, Cooney, Rissman, & D’Esposito, 2005) has shown that failure by older
adults to ‘ignore’ stimulus information (suppress/down-regulate neural activity), as
opposed to ‘remember’ (activate/enhance neural activity), was related to memory

recall and working memory performance. Such evidence is strongly supportive of the
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relationship between inhibitory deficits and consequent effects on higher order
functioning, and dovetails with other evidence at the behavioural level (e.g., Study 1).
5.3 Inhibition and aging

Despite evidence consistent with inhibition deficit accounts (Dempster, 1992;
Hasher et al., 1999, 2007), mixed evidence (e.g., Kramer et al., 1994) continues to
indicate the need to clarify the nature of inhibitory deficits with aging. Such mixed
evidence is suggestive that inhibitory accounts may have been over-extended across
multiple inhibitory functions and across multiple levels of processing. Suggestions of
intact low-level inhibition with aging, as opposed to reduced high-level inhibition,
(Andrés et al., 2008; Collette et al., 2009; Kramer et al., 1994) continue to be
challenged by the evidence provided in this thesis (Study 3) as well as other work
(e.g., Schlaghecken, Birak, & Maylor, 2012a). Moreover, the present work (Study 3)
highlights an important factor to consider when investigating age-related changes in
inhibitory control, namely the time point at which low-level (unintentional) inhibitory
functions are engaged in young and older adults.

Other convergent evidence of age-related difficulty engaging inhibitory
processes come from work on inhibition of return (Castel et al., 2003), the masked
prime paradigm (Schlaghecken et al., 2011), and a selective attention measure
recently employed by Yang and Hasher (2007). They observed that unlike younger
adults, older adults had difficulty ignoring distracting pictures that overlapped target
words (relevant for a semantic judgment task) at an early time point (50 ms). When
given additional time (1000 ms), older adults’ ability to suppress distracting

information improved to the level of younger adults, suggesting reduced ability to
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implement inhibitory processes at an early stage. This interpretation is in line with
suggestions by the authors that older adults have difficulty suppressing distracting
information early, i.e., “older adults allow more irrelevant information to enter
working memory at this presumably automatic activation phase” (Yang & Hasher,
2007, p. P232).

It should be emphasized that in regard to the present work (Study 3), the
reduced ability of older adults to efficiently engage deletion-type inhibition was
observed using a fine-grained approach that partitions response latencies to examine
the entire distribution of responses. For younger adults, this approach revealed
evidence of robust deletion-type inhibition, evidence not observed by only examining
central tendency indices per condition. This response partitioning approach has been
used effectively in a number of paradigms, including lexical decision making (Yap,
Balota, Tse, & Besner, 2008), Stroop and Simon tasks (Pratte, Rouder, Morey, &
Feng, 2010), and also task switching paradigms, as a means of examining switch
costs and #n - 2 repetition costs (Grange & Houghton, 2011; see Houghton & Grange,
2011, for a review). Further, this approach is especially appropriate when a single
time window is examined, which makes it particularly useful in age-inhibition
research as there is a general tendency to utilize a fixed inter-stimulus interval
throughout tasks (see review in Maylor et al., 2005).

Together, the present work and work in other paradigms (e.g., masked prime
paradigm, selective attention tasks) argue for more specificity regarding the nature of
inhibitory deficiencies with age. Changes in the ability to efficiently engage low-level

(automatically triggered) inhibition with age might provide such specificity. Such
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changes might be a consequence of the increasing need for much slower, resource
intensive top-down control in low-level performance with age. Such interdependence
across levels of performance has been observed in older adults between low-level
inhibition within the masked prime paradigm and consciously controlled high-level
inhibitory processes in the Simon task (Maylor et al., 2011). This overlap in high- and
low- level processes is suggestive of increased frontal mediation of low-level
performance with age (also see Li & Lindenberger, 2002, for a review of increased
overlap in sensory, sensorimotor, and high-level abilities with age).

Altered neural recruitment to facilitate cognitive functioning is likely not
restricted to optimizing weakened low-level processes, but may be representative of a
general strategy shift with aging. This notion is reflected in the load shift hypothesis
(Velanova, Lustig, Jacoby, & Buckner, 2007) and the proposition that older adults are
more reliant on reactive control processes due to failed preparatory control with age
(Braver, Gray, & Burgess, 2007). For instance, in the memory domain, Velanova et
al. (2007) observed late and extended frontal activity in older adults under high
cognitive demands during a memory retrieval task, suggesting inefficient use of early
strategies to constrain retrieved items at early selection stages. Further, Persson et al.
(2007) showed that older adults were slower to reduce default mode activity,
associated with resting states or task-irrelevant processing, as task demands increased.
These findings along with the present observations (Study 3) indicate reduced ability
in older adults to efficiently engage cognitive processes within a time frame
consistent with younger adults, which in turn, has downstream consequences for

cognitive functioning with age (Gazzaley et al., 2008; Jost et al., 2011).
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5.4 Limitations and future directions

Much of the research concerning sequential performance and cognitive aging
have utilized real world tasks. For instance, in the neuropsychological literature, the
Naturalistic Action Test (Schwartz, Buxbaum, Ferraro, Veramonti, & Segal, 2003) or
modifications thereof (see review in Schwartz, 2006) are often used, as they allow for
performance of real world tasks (e.g., making toast with butter and jelly). These
approaches are advantageous for knowledge translation purposes as difficulty
observed on these measures have clinical implications (e.g., diagnosis of an emerging
dementing illness, intervention training with real world measures).

In contrast to such naturalistic paradigms, the sequential action paradigm used
throughout this thesis is limited in its real world applications as it is a computer based
task that utilizes arbitrary stimuli (animal pictures), which do not have a naturally
embedded sequence (but see Levy-Bencheton, 2006, for the use of naturalistic picture
stimuli in the S-ACT task). Further, the utility of our findings regarding age-related
changes in inhibitory functioning is limited as this sequential paradigm has not been
validated with more naturalistic paradigms (e.g., the Naturalistic Action Test),
particularly with regard to inhibitory indices across tasks.

Despite the aforementioned shortcomings, the presently used sequential action
paradigm comprised a number of embedded ecologically based principles (e.g.,
multiple sub-goals, visually and functionally similar distractors and targets, and time
limitation). In addition, the ecological validity of laboratory based cognitive

paradigms, not unlike the one used here, have revealed modest relations between
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executive functions (e.g., inhibition, task switching, working memory updating) and
older adults’ performance of ADLs (e.g., Vaughan & Giovanello, 2010).

Moreover, the advantage of this laboratory based approach is that it allows for
a fine-grained examination of dependent measures, particularly, response latency at
an individual stimulus level. This approach has proven useful for examining the time
course of inhibitory efficiency as shown in Study 3. Further, examination of response
latency in previous work revealed that young and older adults utilized similar
chunking strategies across the sequence, albeit chunk retrieval was slower in older
adults (Li et al., 2010). Such a decline in the efficiency of chunk retrieval with age
has implications for how hierarchical schemata are conceptualized in computational
models of sequential processing (e.g., Cooper et al., 2005). It should be noted that
such fine-grained analytic approaches are limited when using more naturalistic tasks,
which explains the reliance of such work on error data (Schwartz, 2006) or overly
general response latency measures (e.g., task completion times).

Given the above noted advantages and disadvantages of divergent approaches
to examining age-sensitive processes in sequential performance, much work remains
to be done. In particular, future work with the presently used sequential action
paradigm is necessary to further examine how inhibitory processes in this paradigm
relate to other real world and cognitive-experimental measures of inhibition (e.g., # -
2 repetition costs in task switching paradigms, proactive interference in Brown-
Peterson tasks). Such an approach is crucial to better specifying the nature of
inhibitory functions tapped by the sequential action paradigm and how such changes

underlie the ubiquitous decline in higher order cognition with age. Importantly, given
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the observed delay in the time course of inhibitory functioning in older adults, further
work is needed in sequential tasks to specify the neural signature of this delay and its
downstream consequences on higher order cognition (see Gazzaley et al., 2008, for
recent evidence using a face-scene recognition paradigm). For such an endeavor, it
might be helpful to combine a sequential action paradigm with an event-related
potential approach, an apt method for charting time course effects, and a functional
imaging approach to examine increased top-down involvement in older adults’
performance (see Velanova et al., 2007, for such an approach using a word
recognition task).

Further, given the present findings and those of others (e.g., Humphreys,
Forde, & Francis, 2000; Schwartz, 2006) regarding the role of inhibitory functions in
sequential performance, training inhibitory functions using a sequential paradigm
such as the one used here might be helpful for older adults. As noted previously (see
General Introduction), independence in ADLs represents a primary risk factor in
determining institutional care. Thus, in view of the quickly growing population of
older adults (Statistics Canada, 2007), training efforts to maintain or relearn ADLs is
a necessary endeavor. For instance, using everyday sequential tasks, Giovannetti,
Bettcher, et al. (2007) showed that grouping and sequentially displaying items in their
order of use led to improved performance in older adults diagnosed with Alzheimer’s
disease. To complement such efforts in pathological as well as normative aging
populations, paradigms such as the one used in this thesis could be utilized in a
focused training approach. In particular, the present sequential paradigm could be

employed to target underlying processes, such as inhibitory functioning, and examine
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the generalization of such training to naturalistic situations. To improve the ecological
validity of this work, however, the present paradigm could be modified to include
reward contingencies for accurate performance. Such an addition seems beneficial as
everyday tasks often result in rewards upon completion (e.g., a tasty meal for dinner
after accurately following a recipe).
5.5 Conclusion

The studies outlined in the present work both support inhibition deficit
theories of aging in explaining higher order functioning (working memory) and
highlight an avenue for further refinement in these theories. Further, while age-related
changes in inhibitory functions constrain higher order functioning, additional
specification of inhibitory changes might be related to when inhibitory functions are
engaged. That older adults show substantially reduced ability to engage inhibitory
functioning complements other time course work, and possibly reflects reduced
engagement of cognitive control at early processing stages. However, more work is
necessary to test this notion across multiple paradigms that have evidenced mixed

findings in inhibitory control with age.

135



References

Allen, P. A., & Coyne, A. C. (1989). Are there age differences in chunking?. Journals
of Gerontology, 44(6), P181-P183.

Allen, P. A., & Crozier, L. C. (1992). Age and ideal chunk size. Journals of
Gerontology, 47(1), P47-P51.

American Psychiatric Association. (2000). Diagnostic and statistical manual of
mental disorders (4th ed., text revision). Washington, D.C.: American
Psychiatric Association.

Andrés, P., Guerrini, C., Phillips, L. H., & Perfect, T. J. (2008). Differential effects of
aging on executive and automatic inhibition. Developmental
Neuropsychology, 33(2), 101-123. doi:10.1080/87565640701884212

Anstey, K. J., Dain, S., Andrews, S., & Drobny, J. (2002). Visual abilities in older
adults explain age-differences in Stroop and fluid intelligence but not face
recognition: Implications for the vision-cognition connection. Aging,
Neuropsychology, and Cognition, 9(4), 253-265.
doi:10.1076/anec.9.4.253.8770

Anstey, K. J., Hofer, S. M., & Luszcz, M. A. (2003). Cross-sectional and longitudinal
patterns of dedifferentiation in late-life cognitive and sensory function: The
effects of age, ability, attrition, and occasion of measurement. Journal of
Experimental Psychology: General, 132(3), 470-487. doi:10.1037/0096-
3445.132.3.470

Arbuthnott, K. D. (1995). Inhibitory mechanisms in cognition: Phenomena and

models. Current Psychology of Cognition, 14, 3-45.

136



Arbuthnott, K. D., & Campbell, J. I. D. (2003). The locus of self-inhibition in
sequential retrieval. European Journal of Cognitive Psychology, 15, 177-194.

Arbuthnott, K. D., & Woodward, T. S. (2002). The influence of cue-task association
and location on switch cost and alternating-switch cost. Canadian Journal Of
Experimental Psychology/Revue Canadienne De Psychologie Expérimentale,
56(1), 18-29. doi:10.1037/h0087382

Baddeley, A. (1986). Working memory. New York: Clarendon Press/Oxford
University Press.

Baddeley, A. (2000). The episodic buffer: A new component of working memory?
Trends in Cognitive Sciences, 4, 417-423. doi:10.1016/S1364-
6613(00)01538-2

Baddeley, A. (2001). The magic number and the episodic buffer. Behavioral and
Brain Sciences, 24, 117-118. doi:10.1017/S0140525X01253928

Baddeley, A. D., & Hitch, G. J. (1974). Working memory. In G. A. Bower

(Ed.), Recent advances in learning and motivation (Vol. 8, pp. 47-89). New York:
Academic Press.

Baltes, P. B., Cornelius, S. W., Spiro, A., Nesselroade, J. R., & Willis, S. L. (1980).
Integration versus differentiation of fluid/crytallized intelligence in old age.
Developmental Psychology, 16(6), 625-635. doi:10.1037/0012-1649.16.6.625

Baltes, P. B., & Lindenberger, U. (1997). Emergence of a powerful connection
between sensory and cognitive functions across the adult life span: A new
window to the study of cognitive aging?. Psychology and Aging, 12(1), 12-21.

doi:10.1037/0882-7974.12.1.12

137



Basak, C., & Verhaeghen, P. (2011). Aging and switching the focus of attention in
working memory: Age differences in item availability but not in item
accessibility. The Journals of Gerontology: Series B: Psychological Sciences
And Social Sciences, 66B(5), 519-526. doi:10.1093/geronb/gbr028

Batterham, P. J., Christensen, H., & Mackinnon, A. J. (2011). Comparison of age and
time-to-death in the dedifferentiation of late-life cognitive abilities.
Psychology and Aging, 26(4), 844-851. doi:10.1037/a0023300

Bayliss, D., Jarrold, C., Gunn, D., & Baddeley, A. (2003). The complexities of
complex span: Explaining individual differences in working memory in
children and adults. Journal of Experimental Psychology: General, 132(1),
71-92. doi:10.1037/0096-3445.132.1.71.

Beaumont, E., & Selley, L. (1990). L Imagerie des animaux. Paris, France: Editions
Fleurs.

Bettcher, B., & Giovannetti, T. (2009). From cognitive neuroscience to geriatric
neuropsychology: What do current conceptualizations of the action error
handling process mean for older adults?. Neuropsychology Review, 19(1), 64-
84. doi:10.1007/s11065-009-9081-6

Birren, J. E. (1965). Age changes in speed of behavior: Its central nature and
physiological correlates. In A.T. Welford, & J.E. Birren (Eds.), Behavior,
aging, and the nervous system (pp. 191-216). Springfield, 1l: Charles C.
Thomas.

Bjorklund, D. F., & Harnishfeger, K. (1995). The evolution of inhibition mechanisms

and their role in human cognition and behavior. In F. N. Dempster, C. J.

138



Brainerd (Eds.) , Interference and inhibition in cognition (pp. 141-173). San
Diego, CA US: Academic Press. doi:10.1016/B978-012208930-5/50006-4

Blair, M., Vadaga, K.K., Shuchat, J., & Li, K.Z.H. (2011). The role of age and
inhibitory efficiency in working memory processing and storage components.
Quarterly Journal of Experimental Psychology, 64 (6), 1157-1172.doi:
10.1080/17470218.2010.540670

Bopp, K., & Verhaeghen, P. (2005). Aging and verbal memory span: A meta-
analysis. The Journals of Gerontology: Series B: Psychological Sciences and
Social Sciences, 60(5), P223-PP233.

Bopp, K., & Verhaeghen, P. (2009). Working memory and aging: Separating the
effects of content and context. Psychology and Aging, 24(4), 968-980.
doi:10.1037/a0017731.

Borella, E., Carretti, B., & De Beni, R. (2008). Working memory and inhibition
across the adult life-span. Acta Psychologica, 128(1), 33-44.
doi:10.1016/j.actpsy.2007.09.008.

Botvinick, M., & Plaut, D. C. (2004). Doing without schema hierarchies: A recurrent
connectionist approach to normal and impaired routine sequential action.
Psychological Review, 111(2),395-429. doi:10.1037/0033-295X.111.2.395

Botwinick, J. (1966). Cautiousness in advanced age. Journal of Gerontology,21, 347-
353.

Braver, T. S., Gray, J. R., & Burgess, G. C. (2007). Explaining the many varieties of

working memory variation: Dual mechanisms of cognitive control. In A.

139



Conway, C. Jarrold, M. Kane, A. Miyake, & J. Towse. (Eds), Variation in
working memory (pp. 76-106). New York, NY US: Oxford University Press.

Braver, T.S., & West, R. L. (2008). Working memory, executive processes, and
aging. In Craik, F. 1., and Salthouse, T.L. (Eds.). Handbook of Aging and
Cognition, 3rd Edition (pp.311-372). Lawrence Erlbaum Associates.: New
York, NY.

Brébion, G. (2003). Working memory, language comprehension, and aging: Four
experiments to understand the deficit. Experimental Aging Research, 29(3),
269-301. doi:10.1080/03610730303725.

Broyd, S. J., Demanuele, C., Debener, S., Helps, S. K., James, C. J., & Sonuga-Barke,
E. S. (2009). Default-mode brain dysfunction in mental disorders: A
systematic review. Neuroscience and Biobehavioral Reviews, 33(3), 279-296.
doi:10.1016/j.neubiorev.2008.09.002

Burke, D. M. (1997). Language, aging, and inhibitory deficits: Evaluation of a theory.
The Journals of Gerontology: Series B: Psychological Sciences And Social
Sciences, 52B(6), P254-P264. doi:10.1093/geronb/52B.6.P254

Burke, D. M., & Osborne, G. (2007). Aging and inhibition deficits: Where are the
effects?. In D. S. Gorfein, & C. M. MacLeod (Eds.), Inhibition in cognition
(pp. 163-183). Washington, DC US: American Psychological Association.
doi:10.1037/11587-009

Cabeza, R. (2002). Hemispheric asymmetry reduction in older adults: The HAROLD

model. Psychology and Aging, 17(1), 85-100. doi: 10.1037/0882-7974.17.1.85

140



Cabeza, R., Anderson, N.D., Locantore, J.K., & Mclntosh, A.R. (2002). Aging
gracefully: Compensatory brain activity in high-performing older adults.
Neuroimage, 17(3):1394-402. doi:10.1006/nimg.2002.1280

Cabeza, R. & Dennis, N.A. (in press). Frontal lobes and aging: Deterioration and
compensation. In D.T. Stuss & R.T. Knight (Eds). Principles of Frontal Lobe
Function, 2nd Edition. Oxford University Press, New York.

Cappell, K. A., Gmeindl, L., & Reuter-Lorenz, P. A. (2010). Age differences in
prefontal recruitment during verbal working memory maintenance depend on
memory load. Cortex: A Journal Devoted To The Study Of The Nervous
System And Behavior, 46(4), 462-473. doi:10.1016/j.cortex.2009.11.009

Carretti, B., Mammarella, I.C., & Borella, E. (2011). Age differences in proactive
interference in verbal and visuospatial working memory. Journal of Cognitive
Psychology, 24(3), 243-255. DOI:10.1080/20445911.2011.603695

Castel, A., Chasteen, A., Scialfa, C., & Pratt, J. (2003). Adult age differences in the
time course of inhibition of return. The Journals of Gerontology: Series B:
Psychological Sciences and Social Sciences, 58B(5), P256-P259.

Chiappe, P., Hasher, L., & Siegel, L. (2000). Working memory, inhibitory control,
and reading disability. Memory & Cognition, 28(1), 8-17.

Collette, F., Germain, S., Hogge, M., & Van der Linden, M. (2009). Inhibitory
control of memory in normal ageing: Dissociation between impaired
intentional and preserved unintentional processes. Memory, 17(1), 104-122.

doi:10.1080/09658210802574146

141



Connelly, S. L., Hasher, L., & Zacks, R. T. (1991). Age and reading: The impact of
distraction. Psychology and Aging, 6, 533-541.

Conway, A., Jarrold, C., Kane, M., Miyake, A., & Towse, J. (2007). Variation in
working memory. New York, NY US: Oxford University Press.

Conway, A. A., Kane, M. J., Bunting, M. F., Hambrick, D., Wilhelm, O., & Engle, R.
W. (2005). Working memory span tasks: A methodological review and user's
guide. Psychonomic Bulletin & Review, 12(5), 769-786.
doi:10.3758/BF03196772

Conway, A., Kane, M., & Engle, R. (2003). Working memory capacity and its
relation to general intelligence. Trends in Cognitive Sciences, 7(12), 547-552.
doi:10.1016/j.tics.2003.10.005.

Cooper, R. P., Schwartz, M. F., Yule, P., & Shallice, T. (2005). The simulation of
action disorganization in complex activities of daily living. Cognitive
Neuropsychology, 22(8), 959-1004. doi:10.1080/02643290442000419

Cooper, R., & Shallice, T. (2006). Hierarchical schemas and goals in the control of
sequential behavior. Psychological Review, 113(4), 887-916.
doi:10.1037/0033-295X.113.4.887.

Cowan, N. (1995) Attention and memory: An integrated framework. Oxford
Psychology Series, No. 26. Oxford University Press.

Cowan, N. (2001). The magical number 4 in short-term memory: A reconsideration
of mental storage capacity. Behavioral and Brain Sciences, 24(1), 87-185.

doi:10.1017/S0140525X01003922

142



Craik, F.ILM. (1983). On the transfer of information from temporary to permanent
memory. Philosophical Transactions of the Royal Society B: Biological
Sciences, 302, 341-359.

Craik, F.ILM. (1986). A functional account of age differences in memory. In F. Klix
& H. Hagendorf (Eds.), Human memory and cognitive capabilities,
mechanisms and performances (pp. 409-422). Amsterdam, The Netherlands:
Elsevier.

Craik, F.I.M., & Byrd, M. (1982). Aging and cognitive deficits: the role of attentional
resources. In F.ILM. Craik, S. Trehub (Eds.), Aging and Cognitive Processes
(pp. 191-211). Plenum Press.

Czernochowski, D., Nessler, D., & Friedman, D. (2010). On why not to rush older
adults—Relying on reactive cognitive control can effectively reduce errors at
the expense of slowed responses. Psychophysiology, 47(4), 637-646.

Daneman, M., & Carpenter, P. (1980). Individual differences in working memory and
reading. Journal of Verbal Learning & Verbal Behavior, 19(4), 450-466.
doi:10.1016/S0022-5371(80)90312-6.

Daneman, M., & Merikle, P. M. (1996). Working memory and language
comprehension: A meta-analysis. Psychonomic Bulletin & Review, 3(4), 422-
433. doi:10.3758/BF03214546

Daneman, M., & Tardif, T. (1987). Working memory and reading skill reexamined.
In M. Coltheart (Ed.), Attention and performance XII. Hillsdale, NJ: Lawrence

Erlbaum Associates Inc.

143



Daselaar, S., & Cabeza, R. (2005). Age-related changes in hemispheric organization.
In R. Cabeza, L. Nyberg, D. Park (Eds.). Cognitive neuroscience of aging:
Linking cognitive and cerebral aging (pp. 325-353). New York, NY US:
Oxford University Press.

Davis, S. W., Dennis, N. A., Daselaar, S. M., Fleck, M. S., & Cabeza, R. (2008). Qué
PASA? The posterior-anterior shift in aging. Cerebral Cortex, 18(5), 1201-
1209. doi:10.1093/cercor/bhm155

De Beni, R., & Palladino, P. (2004). Decline in working memory updating through
ageing: Intrusion error analyses. Memory, 12(1), 75-89.
doi:10.1080/09658210244000568

De Beni, R., Palladino, P., Pazzaglia, F., & Cornoldi, C. (1998). Increases in intrusion
errors and working memory deficit of poor comprehenders. The Quarterly
Journal of Experimental Psychology A: Human Experimental Psychology,
514(2), 305-320. doi:10.1080/027249898391648

De Jong, R. (2000). An intention-activation account of residual switch costs. In S.
Monsell & J. S. Driver (Eds.), Control of cognitive processes: Attention and
performance XVIII (pp. 357-376). Cambridge, MA: MIT Press.

Dempster, F. (1992). The rise and fall of the inhibitory mechanism: Toward a unified
theory of cognitive development and aging. Developmental Review, 12(1), 45-
75. doi:10.1016/0273-2297(92)90003-K.

Dempster, F. N. (1993). Resistance to interference: Developmental changes in a basic

processing dimension. In M. L. Howe & R. Pasnak (Eds.), Emerging themes

144



in cognitive development. Vol. 1: Foundations (pp. 3—27). New York:
Springer—Verlag.

Dempster, F. N. (1995). Interference and inhibition in cognition: An historical
perspective. In F. N. Dempster & C. J. Brainerd (Eds.), Interference and
inhibition in cognition (pp. 3—26). San Diego, CA:Academic Press.

Dennis, N.A. & Cabeza, R. (2008). Neuroimaging of Healthy Cognitive Aging. In
F.E.M. Craik & T. Salthouse (Eds.): Handbook of Aging and Cognition, 3rd
Edition. (pp. 1-55). New York: Psychological Press.

de Ribaupierre, A. (2001). Working memory and attentional processes across the
lifespan. In P. Graf & N. Otha (Eds.), Lifespan development of human memory
(pp. 59-80). Cambridge: MIT Press.

Educational Testing Service (1976). Kit of factor-referenced cognitive tests.
Princeton, NJ: Author.

Emery, L., Hale, S., & Myerson, J. (2008). Age differences in proactive interference,
working memory, and abstract reasoning. Psychology and Aging, 23(3), 634-
645. doi:10.1037/a0012577

Engle, R. (2002). Working memory capacity as executive attention. Current
Directions in Psychological Science, 11(1), 19-23. doi:10.1111/1467-
8721.00160.

Estes, W. K. (1972). An associative basis for coding and organization in memory. In
A. W. Melton & E. Martin (Eds.), Coding processes in human memory (pp.

161-190). Washington, D.C.: Winston.

145



Feyereisen, P., & Charlot, V. (2008). Are there uniform age-related changes across
tasks involving inhibitory control through access, deletion, and restraint
functions? A preliminary investigation. Experimental Aging Research, 34(4),
392-418. doi:10.1080/03610730802271880

Fisk, A. D., Fisher, D. L., & Rogers, W. A. (1992). General slowing alone cannot
explain age-related search effects: Reply to Cerella (1991). Journal of
Experimental Psychology: General, 121(1), 73-78. doi:10.1037/0096-
3445.121.1.73

Friedman, N., & Miyake, A. (2004). The reading span test and its predictive power
for reading comprehension ability. Journal of Memory and Language, 51(1),
136-158. doi:10.1016/j.jm1.2004.03.008.

Gade, M., & Koch, L. (2005). Linking inhibition to activation in the control of task
sequences. Psychonomic Bulletin & Review, 12(3), 530-534.
doi:10.3758/BF03193800

Gamboz, N., Russo, R., & Fox, E. (2002). Age differences and the identity negative
priming effect: An updated meta-analysis. Psychology and Aging, 17(3), 525-
530. doi:10.1037/0882-7974.17.3.525

Gaugler, J.E., Duval, S., Anderson, K.A., & Kane, R.L. (2007). Predicting nursing
home admission in the U.S: a meta-analysis. BMC Geriatriatrics,7, 13.
doi:10.1186/1471-2318-7-13

Gazzaley, A., Clapp, W., Kelley, J., McEvoy, K., Knight, R. T., & D'Esposito, M.
(2008). Age-related top-down suppression deficit in the early stages of

cortical visual memory processing. PNAS Proceedings of the National

146



Academy of Sciences of the United States of America, 105(35), 13122-13126.
doi:10.1073/pnas.0806074105

Gazzaley, A., Cooney, J. W., Rissman, J., & D'Esposito, M. (2005). Top-down
suppression deficit underlies working memory impairment in normal aging.
Nature Neuroscience, 8(10), 1298-1300. doi:10.1038/nn1543

Gick, M., Craik, F., & Morris, R. (1988). Task complexity and age differences in
working memory. Memory & Cognition, 16(4), 353-361.

Giovannetti, T., Bettcher, B., Brennan, L., Libron, D. J., Kessler, R. K., & Duey, K.
(2008). Coftee with jelly or unbuttered toast: Commissions and omissions are
dissociable aspects of everyday action impairment in Alzheimer's disease.
Neuropsychology, 22(2), 235-245. doi:10.1037/0894-4105.22.2.235

Giovannetti, T., Bettcher, B., Libon, D. J., Brennan, L., Sestito, N., & Kessler, R. K.
(2007). Environmental adaptations improve everyday action performance in
Alzheimer's disease: Empirical support from performance-based assessment.
Neuropsychology, 21(4), 448-457. doi:10.1037/0894-4105.21.4.448

Giovannetti, T., Schwartz, M. F., & Buxbaum, L. J. (2007). The coffee challenge: A
new method for the study of everyday action errors. Journal of Clinical and
Experimental Neuropsychology, 29(7), 690-705.
doi:10.1080/13803390600932286

Goschke, T., & Kuhl, J. (1993). Representation of intentions: Persisting activation in
memory. Journal of Experimental Psychology: Learning, Memory, and

Cognition, 19(5), 1211-1226. do0i:10.1037/0278-7393.19.5.1211.

147



Grady, C. L., Maisog, J. M., Horwitz, B., Ungerleider, L. G., Mentis, M.J., Salerno,
J.A.,...Haxby, J.A. (1994). Age-related changes in cortical blood flow
activation during visual processing of faces and location. The Journal of
Neuroscience, 14(3, Pt 2), 1450-1462.

Grady, C. L., Springer, M. V., Hongwanishkul, D., Mclntosh, A. R., & Winocur, G.
(2006). Age-related changes in brain activity across the adult lifespan. Journal
of Cognitive Neuroscience, 18(2), 227-241. doi:10.1162/jocn.2006.18.2.227

Graf, P. (1990). Life-span changes in implicit and explicit memory. Bulletin of the
Psychonomic Society, 28(4), 353-358.

Grange, J. A., & Houghton, G. (2011). Task preparation and task inhibition: A
comment on Koch, Gade, Schuch, & Philipp (2010). Psychonomic Bulletin &
Review, 18(1), 211-216. doi:10.3758/s13423-010-0023-3

Grange, J.A., Juvina, 1., &, Houghton, G. (2012). On costs and benefits of n-2
repetitions in task switching: towards a behavioural marker of cognitive
inhibition. Psychological Research. In press.

Greenwood, P. M. (2000). The frontal aging hypothesis evaluated. Journal of The
International Neuropsychological Society, 6(6), 705-726.
doi:10.1017/S1355617700666092

Guerreiro, M. S., Murphy, D. R., & Van Gerven, P. M. (2010). The role of sensory
modality in age-related distraction: A critical review and a renewed view.

Psychological Bulletin, 136(6), 975-1022. doi:10.1037/a0020731

148



Hafkemeijer, A., van der Grond, J., & Rombouts, S.A. (2012). Imaging the default
mode network in aging and dementia. Biochimica et Biophysica Acta,
1822(3), 431-441. doi:10.1016/j.bbadis.2011.07.008

Hale, S., Myerson, J., Emery, L. J., Lawrence, B. M., & DuFault, C. (2007). Variation
in working memory due to typical and atypical development. In A. Conway,
C. Jarrold, M. Kane, A. Miyake, & J. Towse. (Eds), Variation in working
memory (pp. 194-224). New York, NY US: Oxford University Press.

Harnishfeger, K. (1995). The development of cognitive inhibition: Theories,
definitions, and research evidence. In F. N. Dempster, C. J. Brainerd (Eds.) ,
Interference and inhibition in cognition (pp. 175-204). San Diego, CA US:
Academic Press. doi:10.1016/B978-012208930-5/50007-6

Hasher, L., Lustig, C., & Zacks, R. (2007). Inhibitory mechanisms and the control of
attention. In A. Conway, C. Jarrold, M. Kane, A. Miyake, & J. Towse. (Eds),
Variation in working memory (pp. 227-249). New York, NY US: Oxford
University Press.

Hasher, L., Stoltzfus, E., Zacks, R., & Rypma, B. (1991). Age and inhibition. Journal
of Experimental Psychology: Learning, Memory, and Cognition, 17(1), 163-
169. doi:10.1037/0278-7393.17.1.163.

Hasher, L., & Zacks, R. (1988). Working memory, comprehension, and aging: A
review and a new view. The psychology of learning and motivation: Advances
in research and theory, Vol. 22 (pp. 193-225). San Diego, CA US: Academic

Press

149



Hasher, L., Zacks, R., & May, C. (1999). Inhibitory control, circadian arousal, and
age. In D.Gopher & A. Koriat (Eds), Attention and performance XVII:
Cognitive regulation of performance:Interaction of theory and application
(pp. 653-675). Cambridge, MA: The MIT Press.

Hertzog, C. (2008). Theoretical approaches to the study of cognitive aging: An
individual differences perspective. In S. M. Hofer & D. F. Alwin (Eds.),
Handbook of Cognitive Aging (pp. 34-49). Thousand Oaks, CA: Sage
Publications.

Houghton, G. (1990). The problem of serial order: A neural network model of
sequence learning and recall. In R. Dale, C. Mellish, & M. Zock (Eds.),
Current research in natural language generation (pp. 287-319). London:
Academic Press.

Houghton, G., Glasspool, D. W., & Shallice, T. (1994). Spelling and serial recall:

Insights from a competitive queuing model. In G. D. A. Brown & N. C. Ellis

(Eds), Handbook of spelling: Theory, process, and intervention (pp. 365-404).

Chichester, UK: John Wiley & Sons.

Houghton, G., & Grange, J. A. (2011). CDF-XL: Computing cumulative distribution

functions of reaction time data in Excel. Behavior Research Methods, 43(4),

1023-1032. do0i:10.3758/s13428-011-0119-3

Houghton, G., & Tipper, S.P. (1996). Inhibitory mechanisms of neural and cognitive

control: Applications to selective attention and sequential action. Brain and

Cognition, 30, 20-43. doi: 10.1006/brcg.1996.0003

150



Humphreys, G., & Forde, E. (1998). Disordered action schema and action
disorganisation syndrome. Cognitive Neuropsychology, 15, 771-811.

Humphreys, G.W., Forde, M.E., & Francis, D. (2000). The organization of sequential
actions. In S. Monsell & J. Driver (Eds.), Attention and Performance XVIII
(pp. 427-442). Cambridge, MA: MIT Press.

Humphreys, G. W., Forde, E. E., & Riddoch, M. (2001). The planning and execution
of everyday actions. In B. Rapp (Ed.), The handbook of cognitive
neuropsychology: What deficits reveal about the human mind (pp. 565-589).
New York, NY US: Psychology Press.

Jarrold, C., & Bayliss, D. (2007). Variation in working memory due to typical and
atypical development. In A. Conway, C. Jarrold, M. Kane, A. Miyake, & J.
Towse. (Eds), Variation in working memory (pp. 134-161). New York, NY
US: Oxford University Press.

Jost, K., Bryck, R. L., Vogel, E. K., & Mayr, U. (2011). Are old adults just like low
working memory young adults? Filtering efficiency and age differences in
visual working memory. Cerebral Cortex, 21(5), 1147-1154.
doi:10.1093/cercor/bhq185

Kail, R., & Salthouse, T. A. (1994). Processing speed as a mental capacity. Acta
Psychologica, 86(2-3), 199-225. doi:10.1016/0001-6918(94)90003-5

Kane, M., Conway, A., Hambrick, D., & Engle, R. (2007). Variation in working
memory capacity as variation in executive attention and control. In A.
Conway, C. Jarrold, M. Kane, A. Miyake, & J. Towse. (Eds), Variation in

working memory (pp. 21-46). New York, NY US: Oxford University Press.

151



Kiesel, A., Steinhauser, M., Wendt, M., Falkenstein, M., Jost, K., Philipp, A. M., &
Koch, I. (2010). Control and interference in task switching—A review.
Psychological Bulletin, 136(5), 849-874. doi:10.1037/a0019842

Kim, S., Hasher, L., & Zacks, R. T. (2007). Aging and benefit of distractibility.
Psychonomic Bulletin & Review, 14(2), 301-305. doi:10.3758/BF03194068

Kimberg, D. Y., & Farah, M. J. (1993). A unified account of cognitive impairments
following frontal lobe damage: The role of working memory in complex,
organized behavior. Journal of Experimental Psychology: General, 122,411
428.

Kirchner, W. K. (1958). Age differences in short-term retention of rapidly changing
information. Journal of Experimental Psychology, 55(4), 352-358.
doi:10.1037/h0043688

Klein, R. M. (2000). Inhibition of return. Trends In Cognitive Sciences, 4(4), 138-
147. doi:10.1016/S1364-6613(00)01452-2

Koch, 1., Gade, M., Schuch, S., & Philipp, A. M. (2010). The role of inhibition in task
switching: A review. Psychonomic Bulletin & Review, 17(1), 1-14.
doi:10.3758/PBR.17.1.1

Koch, 1., Philipp, A. M., & Gade, M. (2006). Chunking in task sequences modulates
task inhibition. Psychological Science, 17(4), 346-350. doi1:10.1111/;.1467-
9280.2006.01709.x

Kramer, F.A., Humphrey, D.G., Larish, J.F.., Logan, G.D., & Strayer, D.L. (1994).

Aging and inhibition: Beyond a unitary view of inhibitory processing in

152



attention. Psychology and Aging, 9(4), 491-512. doi: 10.1037/0882-
7974.9.4.491

Kray, J., & Lindenberger, U. (2000). Adult age differences in task switching.
Psychology and Aging, 15(1), 126-147. doi:10.1037/0882-7974.15.1.126

Kwong See, S. T., & Ryan, E. (1995). Cognitive mediation of adult age differences in
language performance. Psychology and Aging, 10(3), 458-468.
doi:10.1037/0882-7974.10.3.458

Kyllonen, P., & Christal, R. (1990). Reasoning ability is (little more than) working-
memory capacity?!. Intelligence, 14(4), 389-433. doi:10.1016/S0160-
2896(05)80012-1.

Langley, L. K., Fuentes, L. J., Vivas, A. B., & Saville, A. L. (2007). Aging and
temporal patterns of inhibition of return. The Journals of Gerontology: Series
B: Psychological Sciences and Social Sciences, 62B(2), P71-P77.

Lemke, U., & Zimprich, D. (2005). Longitudinal changes in memory performance
and processing speed in old age. Aging, Neuropsychology, and Cognition,
12(1), 57-77. doi:10.1080/13825580590925116

Levitt, T., Fugelsang, J., & Crossley, M. (2006). Processing speed, attentional
capacity, and age-related memory change. Experimental Aging Research,
32(3), 263-295. doi:10.1080/036107306006991138.

Levy-Bencheton, J. (2006). 4 study of age group differences in multiple measures of
executive functioning. Unpublished doctoral dissertation, Concordia

University, Quebec.

153



Li, K. H. (1999). Selection from working memory: On the relationship between
processing and storage components. Aging, Neuropsychology, and Cognition,
6(2), 99-116. doi:10.1076/anec.6.2.99.784

Li, K.Z.H., Blair, M., & Chow, S.M. (2010). Sequential performance in young and
older adults: evidence of chunking and inhibition. Aging, Neuropsychology,
and Cognition, 17(3), 270-295.

Li, K. Z. H., & Dupuis, K. (2008). Attentional switching in the sequential flanker
task: Age, location, and time course effects. Acta Psychologica, 127(2), 416-
427. doi:10.1016/j.actpsy.2007.08.006.

Li, K. H., Krampe, R. H., & Bondar, A. (2005). An ecological approach to studying
aging and dual-task performance. In R. W. Engle, G. Sedek, U. von Hecker,
D. N. Mclntosh (Eds.) , Cognitive limitations in aging and psychopathology
(pp- 190-218). New York, NY US: Cambridge University Press.
doi:10.1017/CB0O9780511720413.009

Li, K. H., & Lindenberger, U. (2002). Relations between aging sensory/sensorimotor
and cognitive functions. Neuroscience and Biobehavioral Reviews, 26(7),
777-783. doi:10.1016/S0149-7634(02)00073-8

Li, K. Z. H., Lindenberger, U., Riinger, D., & Frensch, P. (2000). The role of
inhibition in the regulation of sequential action. Psychological Science, 11(4),
343-347. doi:10.1111/1467-9280.00268.

Li, S-C., Lindenberger, U., & Sikstrom, S. (2001). Aging cognition: From
neuromodulation to representation. Trends in Cognitive Sciences, 5(11), 479-

486. doi:10.1016/S1364-6613(00)01769-1

154



Light, L. L. (1992). The organization of memory in old age. In F. M. Craik, T. A.
Salthouse (Eds.), The handbook of aging and cognition (pp. 111-165).
Hillsdale, NJ England: Lawrence Erlbaum Associates, Inc.

Light, L. L., Zelinski, E. M., & Moore, M. (1982). Adult age differences in reasoning
from new information. Journal of Experimental Psychology: Learning,
Memory, And Cognition, 8(5), 435-447. doi:10.1037/0278-7393.8.5.435

Lindenberger, U., & Baltes, P. B. (1994). Sensory functioning and intelligence in old
age: A strong connection. Psychology and Aging, 9(3), 339-355.
doi:10.1037/0882-7974.9.3.339

Lindenberger, U., & Pétter, U. (1998). The complex nature of unique and shared
effects in hierarchical linear regression: Implications for developmental
psychology. Psychological Methods, 3(2), 218-230. doi:10.1037/1082-
989X.3.2.218

Luppa, M., Luck, T., Weyerer, S.W., Konig, H-H., Bréhler, E., & Riedel-Heller, S.G.
(2010). Prediction of institutionalization in the elderly. A systematic review.
Age and Ageing, 39, 31-38. doi: 10.1093/ageing/afp202

Lustig, C., Hasher, L., & Tonev, S. (2006). Distraction as a determinant of processing
speed. Psychonomic Bulletin & Review, 13(4), 619-625.

Lustig, C., Hasher, L., & Zacks, R. (2007). Inhibitory deficit theory: Recent
developments in a 'new view'. In D. S. Gorfein & C. M. MacLeod (Eds),
Inhibition in cognition (pp. 145-162). Washington, DC US: American

Psychological Association. doi:10.1037/11587-008.

155



Lustig, C., May, C., & Hasher, L. (2001). Working memory span and the role of
proactive interference. Journal of Experimental Psychology: General, 130(2),
199-207. doi:10.1037/0096-3445.130.2.199.

Lustig, C., Snyder, A. Z., Bhakta, M., O'Brien, K. C., McAvoy, M., Raichle, M. E.,
Morris, J.C., & Buckner, R.L. (2003). Functional deactivations: Change with
age and dementia of the Alzheimer type. Proceedings of the National
Academy of Sciences of the United States of America, 100, 14504-14509.

MacLeod, C. M. (1991). Half a century of research on the Stroop effect: An
integrative review. Psychological Bulletin, 109(2), 163-203.
doi:10.1037/0033-2909.109.2.163

MacLeod, C., Dodd, M., Sheard, E., Wilson, D., & Bibi, U. (2003). In opposition to
inhibition. In B. H. Ross (Ed.), The psychology of learning and motivation:
Advances in research and theory, Vol. 43 (pp. 163-214). New York, NY, US:
Elsevier Science.

Madden, D.J. (2001). Speed and timing of behavioral processes. In J.E. Birren &
K.W. Schaie (Eds.), Handbook of the psychology of aging. 5th ed (pp. 288-
312). Academic Press; San Diego, CA.

Marsh, R., Hicks, J., & Bryan, E. (1999). The activation of unrelated and canceled
intentions. Memory & Cognition, 27(2), 320-327.

May, C., Hasher, L., & Kane, M. (1999). The role of interference in memory span.

Memory & Cognition, 27(5), 759-767.

156



Maylor, E.A., Birak, K.S., Schlaghecken, F. (2011). Inhibitory motor control in old
age: evidence for de-automatization? Frontiers in Psychology, 2(132), 1-9.
doi: 10.3389/fpsyg.2011.00132

Maylor, E., & Henson, R. (2000). Aging and the Ranschburg effect: No evidence of
reduced response suppression in old age. Psychology and Aging, 15, 657-670.
doi: 10.1037/0882-7974.15.4.657

Maylor, E., Schlaghecken, F., & Watson, D. (2005). Aging and inhibitory processes
in memory, attentional, and motor tasks. In R. W. Engle, G. Sedek, U. von
Hecker, & D. N. Mclntosh (Eds), Cognitive limitations in aging and
psychopathology (pp. 313-345). New York: Cambridge University Press.

Mayr, U. (2001). Age differences in the selection of mental sets: The role of
inhibition, stimulus ambiguity, and response-set overlap. Psychology and
Aging, 16(1), 96-109. doi:10.1037/0882-7974.16.1.96.

Mayr, U. (2002). Inhibition of action rules. Psychonomic Bulletin & Review, 9(1), 93-
99.

Mayr, U. (2007). Inhibition of task sets. In D. S. Gorfein, C. M. MacLeod (Eds.) ,
Inhibition in cognition (pp. 27-44). Washington, DC US: American
Psychological Association. doi:10.1037/11587-002

Mayr, U. (2009). Sticky plans: Inhibition and binding during serial-task control.
Cognitive Psychology, 59(2), 123-153. doi1:10.1016/j.cogpsych.2009.02.004

Mayr, U., & Keele, S. W. (2000). Changing internal constraints on action: The role of
backward inhibition. Journal of Experimental Psychology: General, 129(1),

4-26. do1:10.1037/0096-3445.129.1.4

157



McCabe, J., & Hartman, M. (2003). Examining the locus of age effects on complex
span tasks. Psychology and Aging, 18(3), 562-572. doi:10.1037/0882-
7974.18.3.562

McCabe, D., Robertson, C., & Smith, A. (2005). Age differences in Stroop
interference in working memory. Journal of Clinical and Experimental
Neuropsychology, 27(5), 633—644. doi:10.1080/13803390490919218

McDowd, J. M. (1997). Inhibition in attention and aging. The Journals Of
Gerontology: Series B: Psychological Sciences And Social Sciences, 52B(6),
P265-P273. doi:10.1093/geronb/52B.6.P265

McDowd, J. M., & Shaw, R. J. (2000). Attention and aging: A functional perspective.
In F. M. Craik, T. A. Salthouse (Eds.) , The handbook of aging and cognition
(2nd ed.) (pp. 221-292). Mahwah, NJ US: Lawrence Erlbaum Associates
Publishers.

Miller, B. L., & Cummings, J. L. (2007). The human frontal lobes: Functions and
disorders (2nd ed.). New York, NY US: Guilford Press.

Miyake, A., Friedman, N., Emerson, M., Witzki, A., & Howerter, A. (2000). The
unity and diversity of executive functions and their contributions to complex
'frontal lobe' tasks: A latent variable analysis. Cognitive Psychology, 41(1),
49-100. doi:10.1006/cogp.1999.0734.

Miyake, A., & Shah, P. (1999). Models of working memory.: Mechanisms of active
maintenance and executive control. New York, NY US: Cambridge

University Press.

158



Moscovitch, M., & Winocur, G. (1992). The neuropsychology of memory and aging.
In F. M. Craik, T. A. Salthouse (Eds.), The handbook of aging and cognition
(pp. 315-372). Hillsdale, NJ England: Lawrence Erlbaum Associates, Inc.

Moscovitch, M., & Winocur, G. (1995). Frontal lobes, memory, and aging. In J.
Grafman, K. Holyoak, F. Boller (Eds.), Structure and functions of the human
prefrontal cortex (pp. 119-150). New York, NY US: New York Academy of
Sciences.

Nee, D., Wager, T. D., & Jonides, J. (2007). Interference resolution: Insights from a
meta-analysis of neuroimaging tasks. Cognitive, Affective & Behavioral
Neuroscience, 7(1), 1-17. do1:10.3758/CABN.7.1.1

Neill, W., & Valdes, L. (1992). Persistence of negative priming: Steady state or
decay?. Journal of Experimental Psychology: Learning, Memory, and
Cognition, 18(3), 565-576. doi:10.1037/0278-7393.18.3.565.

Neill, W., Valdes, L., Terry, K., & Gorfein, D. (1992). Persistence of negative
priming: II. Evidence for episodic trace retrieval. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 18(5), 993-1000.
doi:10.1037/0278-7393.18.5.993.

Nigg, J. T. (2000). On inhibition/disinhibition in developmental psychopathology:
Views from cognitive and personality psychology and a working inhibition
taxonomy. Psychological Bulletin, 126(2), 220-246. doi:10.1037/0033-
2909.126.2.220

Noale, M. M., Maggi, S., Minicuci, N. N., Marzari, C. C., Destro, C. C., Farchi, G.

G., & ... Crepaldi, G. G. (2003). Dementia and disability: Impact on mortality.

159



Dementia and Geriatric Cognitive Disorders, 16(1), 7-14.
doi:10.1159/000069987

Norman, D. A., & Shallice, T. (1986). Attention to action: Willed and automatic
control of behaviour. In R. J. Davidson, G. E. Schwartz, & D. Shapiro (Eds.),
Consciousness and self-regulation: Advances in research and theory (Vol. 4,
pp. 1-18). New York: Plenum.

Oberauer, K. (2001). Removing irrelevant information from working memory: A
cognitive aging study with the modified Sternberg task. Journal of
Experimental Psychology: Learning, Memory, and Cognition, 27(4), 948-957.
doi:10.1037/0278-7393.27.4.948

Oberauer, K. (2005). Binding and inhibition in working memory: Individual and age
differences in short-term recognition. Journal of Experimental Psychology:
General, 134(3), 368-387. doi:10.1037/0096-3445.134.3.368.

Oberauer, K., Sif3, H., Wilhelm, O., & Sander, N. (2007). Individual differences in
working memory capacity and reasoning ability. In A. Conway, C. Jarrold, M.
Kane, A. Miyake, & J. Towse. (Eds), Variation in working memory (pp. 49-
75). New York, NY US: Oxford University Press.

Oberauer, K., Sif3, H., Wilhelm, O., & Wittmann, W. (2003). The multiple faces of
working memory: Storage, processing, supervision, and coordination.
Intelligence, 31(2), 167-193. doi:10.1016/S0160-2896(02)00115-0.

Oberauer, K., Siif, H., Wilhelm, O., & Wittmann, W. (2008). Which working
memory functions predict intelligence?. Intelligence, 36(6), 641-652.

doi:10.1016/;.intell.2008.01.007.

160



Palladino, P. R., & De Beni, R. (1999). Short term and working memory in aging:
Maintenance and suppression. Aging: Clinical and Experimental Research,
11301-306.

Park, D. C., Lautenschlager, G., Hedden, T., Davidson, N. S., Smith, A. D., & Smith,
P. K. (2002). Models of visuospatial and verbal memory across the adult life
span. Psychology and Aging, 17(2), 299-320. doi:10.1037/0882-7974.17.2.299

Park, D. C., & Reuter-Lorenz, P. (2009). The adaptive brain: Aging and
neurocognitive scaffolding. Annual Review of Psychology, 60173-196.
doi:10.1146/annurev.psych.59.103006.093656

Park, D. C., Smith, A. D., Lautenschlager, G., Earles, J. L., Frieske, D., Zwahr, M., &
Gaines, C. L. (1996). Mediators of long-term memory performance across the
life span. Psychology and Aging, 11(4), 621-637. doi:10.1037/0882-
7974.11.4.621

Persad, C., Abeles, N., Zacks, R., & Denburg, N. (2002). Inhibitory changes after age
60 and the relationship to measures of attention and memory. The Journals of
Gerontology: Series B: Psychological Sciences and Social Sciences, 57(3),
P223-PP232.

Persson, J., Lustig, C., Nelson, J. K., & Reuter-Lorenz, P. A. (2007). Age differences
in deactivation: A link to cognitive control?. Journal of Cognitive
Neuroscience, 19(6), 1021-1032. doi:10.1162/jocn.2007.19.6.1021

Philipp, A. M., & Koch, 1. (2006). Task inhibition and task repetition in task
switching. European Journal of Cognitive Psychology, 18(4), 624-639.

doi:10.1080/09541440500423269

161



Pratte, M. S., Rouder, J. N., Morey, R. D., & Feng, C. (2010). Exploring the
differences in distributional properties between Stroop and Simon effects
using delta plots. Attention, Perception, & Psychophysics, 72(7), 2013-2025.
doi:10.3758/APP.72.7.2013

Rafal, R., & Henik, A. (1994). The neurology of inhibition: Integrating controlled and
automatic processes. In D. Dagenbach, T. H. Carr (Eds.), Inhibitory processes
in attention, memory, and language (pp. 1-51). San Diego, CA US: Academic
Press.

Raichle, M.E., MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., &
Shulman GL. (2001). A default mode of brain function. Proceedings of the
National Academy of Sciences of the United States of America, 98(2), 676-82.

Ratcliff, R. (1979). Group reaction time distributions and an analysis of distribution
statistics. Psychological Bulletin, 86(3), 446-461. d0i:10.1037/0033-
2909.86.3.446

Reason, J. (1990). Human error. Cambridge, UK: Cambridge University Press.

Reason, J., & Mycielska, K. (1982). Absent minded? The psychology of mental lapses
and everyday errors. Englewood Cliffs, NJ: Prentice-Hall.

Redick, T. S., Heitz, R. P., & Engle, R. W. (2007). Working memory capacity and
inhibition: Cognitive and social consequences. In D. S. Gorfein, C. M.
MacLeod (Eds.), Inhibition in cognition (pp. 125-142). Washington, DC US:

American Psychological Association. doi:10.1037/11587-007

162



Reuter-Lorenz, P. A., & Campbell, K. A. (2008). Neurocognitive aging and the
compensation hypothesis. Current Directions in Psychological Science, 17(3),
177-182. doi: 10.1111/5.1467-8721.2008.00570.x

Reuter-Lorenz, P. A., & Cappell, K. A. (2008). Neurocognitive aging and the
compensation hypothesis. Current Directions in Psychological Science, 17(3),
177-182. doi:10.1111/5.1467-8721.2008.00570.x

Reuter-Lorenz, P. A., Jonides, J., Smith, E. E., Hartley, A., Miller, A., Marshuetz, C.,
& Koeppe, R. A. (2000). Age differences in the frontal lateralization of verbal
and spatial working memory revealed by PET. Journal of Cognitive
Neuroscience, 12(1), 174-187. doi:10.1162/089892900561814

Reuter-Lorenz, P. A., & Lustig, C. (2005). Brain aging: Reorganizing discoveries
about the aging mind. Current Opinion in Neurobiology, 15(2), 245-251.
doi:10.1016/j.conb.2005.03.016

Reuter-Lorenz, P. A., & Mikels, J. A. (2006). The aging mind and brain: Implications
of enduring plasticity for behavioral and cultural change. In P. B. Baltes, P. A.
Reuter-Lorenz, F. Rosler (Eds.), Lifespan development and the brain: The
perspective of biocultural co-constructivism (pp. 255-276). New York, NY
US: Cambridge University Press. doi:10.1017/CB0O9780511499722.014

Reuter-Lorenz, P. A., & Park, D. C. (2010). Human neuroscience and the aging mind:
A new look at old problems. Journals of Gerontology Series B: Psychological

Sciences and Social Sciences, 65, 405-415. doi:10.1093/geronb/gbq035.

163



Rogers, R. D., & Monsell, S. (1995). Costs of a predictable switch between simple
cognitive tasks. Journal of Experimental Psychology: General, 124(2), 207-
231. doi:10.1037/0096-3445.124.2.207

Rowe, G., Hasher, L., & Turcotte, J. (2008). Age differences in visuospatial working
memory. Psychology and Aging, 23(1), 79-84. doi:10.1037/0882-
7974.23.1.79.

Rowe, G., Hasher, L., & Turcotte, J. (2009). Age and synchrony effects in
visuospatial working memory. The Quarterly Journal of Experimental
Psychology, 62(10), 1873-1880. doi:10.1080/17470210902834852

Rowe, G., Hasher, L., & Turcotte, J. (2010). Interference, aging, and visuospatial
working memory: The role of similarity. Neuropsychology, 24(6), 804-807.
doi:10.1037/a0020244

Salthouse, T. (1991). Mediation of adult age differences in cognition by reductions in
working memory and speed of processing. Psychological Science, 2(3), 179-
183. doi:10.1111/5.1467-9280.1991.tb00127 .x.

Salthouse, T. (1994). The aging of working memory. Neuropsychology, 8(4), 535-
543. do0i:10.1037/0894-4105.8.4.535.

Salthouse, T. (1996). The processing-speed theory of adult age differences in
cognition. Psychological Review, 103(3), 403-428. doi1:10.1037/0033-
295X.103.3.403.

Salthouse, T.A. (2000). Steps toward the explanation of adult age differences in
cognition. In T.J. Perfect & E.A. Maylor (Eds.), Models of Cognitive Aging

(pp- 19-49). Oxford: Oxford University Press.

164



Salthouse, T. A. (2004). What and when of cognitive aging. Current Directions in
Psychological Science, 13(4), 140-144. doi:10.1111/7.0963-
7214.2004.00293.x

Salthouse, T.A., Atkinson, T.M., & Berish, D.E. (2003). Executive functioning as a
potential mediator of age-related cognitive decline in normal adults. Journal
of Experimental Psychology: General, 132(4), 566-594. DOI: 10.1037/0096-
3445.132.4.566

Salthouse, T., & Babcock, R. (1991). Decomposing adult age differences in working
memory. Developmental Psychology, 27(5), 763-776. doi:10.1037/0012-
1649.27.5.763.

Salthouse, T., & Ferrer-Caja, E. (2003). What needs to be explained to account for
age-related effects on multiple cognitive variables?. Psychology and Aging,
18(1),91-110. doi:10.1037/0882-7974.18.1.91.

Salthouse, T., & Meinz, E. (1995). Aging, inhibition, working memory, and speed.
The Journals of Gerontology: Series B: Psychological Sciences and Social
Sciences, 50(6), P297-PP306.

Schelstraete, M., & Hupet, M. (2002). Cognitive aging and inhibitory efficiency in
the Daneman and Carpenter's working memory task. Experimental Aging
Research, 28(3), 269-279. doi:10.1080/03610730290080326

Schlaghecken, F., Birak, K. S., & Maylor, E. A. (2011). Age-related deficits in low-
level inhibitory motor control. Psychology and Aging, 26(4), 905-918.

doi:10.1037/a0023832

165



Schlaghecken, F., Birak, K. S., & Maylor, E. A. (2012a). Age-related deficits in
efficiency of low-level lateral inhibition. Frontiers in Human Neuroscience,
6(102). doi: 10.3389/fnhum.2012.00102

Schlaghecken, F., Birak, K. S., & Maylor, E. A. (2012b). Correction to Schlaghecken,
Birak, and Maylor (2011). Psychology and Aging, 27(2), 541-542.
doi:10.1037/a0028835

Schlaghecken, F., Bowman, H., & Eimer, M. (2006). Dissociating local and global
levels of perceptuo-motor control in masked priming. Journal of Experimental
Psychology: Human Perception and Performance, 32(3), 618-632.
doi:10.1037/0096-1523.32.3.618

Schlaghecken, F., & Maylor, E. (2005). Motor control in old Age: Evidence of
impaired low-level inhibition. The Journals of Gerontology: Series B:
Psychological Sciences and Social Sciences, 60B(3), P158-P161.

Schmiedek, F., Hildebrandt, A., Lovdén, M., Wilhelm, O., & Lindenberger, U.
(2009). Complex span versus updating tasks of working memory: The gap is
not that deep. Journal of Experimental Psychology: Learning, Memory, and
Cognition, 35(4), 1089-1096. doi:10.1037/a0015730.

Schneider, D. W. (2007). Task-set inhibition in chunked task sequences.
Psychonomic Bulletin & Review, 14(5), 970-976. doi:10.3758/BF03194130

Schneider, B. A., & Pichora-Fuller, M. (2000). Implications of perceptual
deterioration for cognitive aging research. In F. M. Craik, T. A. Salthouse
(Eds.) , The handbook of aging and cognition (2nd ed.) (pp. 155-219).

Mahwah, NJ US: Lawrence Erlbaum Associates Publishers.

166



Schwartz, M. (2006). The cognitive neuropsychology of everyday action and
planning. Cognitive Neuropsychology, 23,202-221. doi:
10.1080/02643290500202623

Schwartz, M. F., Buxbaum, L. J., Ferraro, M., Veramonti, T., & Segal, M. (2003).
The Naturalistic Action Test. Bury St. Edmunds, UK: Thames Valley Test
Company.

Sego, S. A., Golding, J. M., & Gottlob, L. R. (2006). Directed Forgetting in Older
Adults Using the Item and List Methods. Aging, Neuropsychology, and
Cognition, 13(1), 95-114. doi:10.1080/138255890968682

Shilling, V. M., Chetwynd, A. A., & Rabbitt, P. A. (2002). Individual inconsistency
across measures of inhibition: An investigation of the construct validity of
inhibition in older adults. Neuropsychologia, 40(6), 605-619.
doi:10.1016/S0028-3932(01)00157-9

Sliwinski, M., & Buschke, H. (1999). Cross-sectional and longitudinal relationships
among age, cognition, and processing speed. Psychology and Aging, 14(1),
18-33. doi:10.1037/0882-7974.14.1.18

Spieler, D. H., Balota, D. A., & Faust, M. E. (1996). Stroop performance in healthy
younger and older adults and in individuals with dementia of the Alzheimer's
type. Journal of Experimental Psychology: Human Perception and
Performance, 22(2), 461-479. doi:10.1037/0096-1523.22.2.461

Statistics Canada. (2007). A portrait of seniors in Canada: Ottawa, ON. Retrieved
March 27, 2012, from http://www.statcan.gc.ca/pub/89-519-x/89-519-

x2006001-eng.pdf

167



Stoltzfus, E., Hasher, L., Zacks, R., Ulivi, M., & Goldstein, L. (1993). Investigations
of inhibition and interference in younger and older adults. Journals of
Gerontology, 48(4), P179-PP188.

Stroop, J. R. (1935). Studies of interference in serial verbal reactions. Journal of
Experimental Psychology, 18(6), 643-662. doi:10.1037/h0054651

Stuss, D. T., & Knight, R. T. (2002). Principles of frontal lobe function. New Y ork,
NY US: Oxford University Press.
doi:10.1093/acprof:0s0/9780195134971.001.0001

SiB, H., Oberauer, K., Wittmann, W. W., Wilhelm, O., & Schulze, R. (2002).
Working-memory capacity explains reasoning ability--and a little bit more.
Intelligence, 30(3), 261-288. doi:10.1016/S0160-2896(01)00100-3

Sylvester, C., Wagner, T. D., Lacey, S. C., Hernandez, L., Nichols, T. E., Smith, E.
E., & Jonides, J. (2003). Switching attention and resolving interference: fMRI
measures of executive functions. Neuropsychologia, 41(3), 357-370.
doi:10.1016/S0028-3932(02)00167-7

Titz, C. (2010). Adult age differences in working memory: Two complex memory
span experiments. In G. Quentin & R. Menard (Eds.), Handbook of cognitive
aging: Causes, processes and effects (pp. 83-108). New York, N.Y.: Nova
Science.

Titz, C., Behrendt, J., Menge, U., & Hasselhorn, M. (2008). A reassessment of
negative priming within the inhibition framework of cognitive aging: There is
more in it than previously believed. Experimental Aging Research, 34(4), 340-

366. doi:10.1080/03610730802273936

168



Towse, J., & Hitch, G. (2007). Variation in working memory due to normal
development. In A. Conway, C. Jarrold, M. Kane, A. Miyake, & J. Towse.
(Eds), Variation in working memory (pp. 109-133). New York, NY US:
Oxford University

Turner, M., & Engle, R. (1989). Is working memory capacity task dependent?.
Journal of Memory and Language, 28(2), 127-154. doi:10.1016/0749-
596X(89)90040-5.

Unsworth, N., & Engle, R. (2007). On the division of short-term and working
memory: An examination of simple and complex span and their relation to
higher order abilities. Psychological Bulletin, 133(6), 1038-1066.
doi:10.1037/0033-2909.133.6.1038.

Unsworth, N., Redick, T., Heitz, R., Broadway, J., & Engle, R. (2009). Complex
working memory span tasks and higher-order cognition: A latent-variable
analysis of the relationship between processing and storage. Memory, 17(6),
635-654. doi:10.1080/09658210902998047.

Vaughan, L., & Giovanello, K. (2010). Executive function in daily life: Age-related
influences of executive processes on instrumental activities of daily living.
Psychology and Aging, 25(2), 343-355. doi:10.1037/a0017729

Velanova, K., Lustig, C., Jacoby, L. L., & Buckner, R. L. (2007). Evidence for
frontally mediated controlled processing differences in older adults. Cerebral
Cortex, 17(5), 1033-1046. doi: 10.1093/cercor/bhl013

Verbruggen, F., Liefooghe, B., & Vandierendonck, A. (2004). The interaction

between stop signal inhibition and distractor interference in the flanker and

169



Stroop task. Acta Psychologica, 116(1), 21-37.
doi:10.1016/j.actpsy.2003.12.011

Verhaeghen, P., & Basak, C. (2005). Ageing and switching of the focus of attention
in working memory: Results from a modified N-Back task. The Quarterly

Journal of Experimental Psychology A: Human Experimental Psychology,
584(1), 134-154. doi:10.1080/02724980443000241.

Verhaeghen, P., & Cerella, J. (2002). Aging, executive control, and attention: A
review of meta-analyses. Neuroscience and Biobehavioral Reviews, 26(7),
849-857. doi:10.1016/S0149-7634(02)00071-4

Verhaeghen, P., Cerella, J., Bopp, K., & Basak, C. (2005). Aging and varieties of
cognitive control: A review of meta-analyses on resistance to interference,
coordination, and task switching, and an experimental exploration of age-
sensitivity in the newly identified process of focus switching. In R. W. Engle,
G. Sedek, U. von Hecker, & D. N. MclIntosh (Eds), Cognitive limitations in
aging and psychopathology (pp. 160—-189). New York: Cambridge University
Press.

Verhaeghen, P., & De Meersman, L. (1998a). Aging and the Stroop effect: A meta-
analysis. Psychology and Aging, 13(1), 120-126. doi:10.1037/0882-
7974.13.1.120

Verhaeghen, P., & De Meersman, L. (1998b). Aging and the negative priming effect:
A meta-analysis. Psychology and Aging, 13(3), 435-444. doi:10.1037/0882-

7974.13.3.435

170



Verhaeghen, P., Kliegl, R., & Mayr, U. (1997). Sequential and coordinative
complexity in time—accuracy functions for mental arithmetic. Psychology and
Aging, 12(4), 555-564. doi:10.1037/0882-7974.12.4.555.

Verhaeghen, P., Marcoen, A., & Goossens, L. (1993). Facts and fiction about
memory aging: A quantitative integration of research findings. Journals of
Gerontology, 48(4), P157-PP171.

Verhaeghen, P., & Salthouse, T. (1997). Meta-analyses of age—cognition relations in
adulthood: Estimates of linear and nonlinear age effects and structural models.
Psychological Bulletin, 122(3), 231-249. doi:10.1037/0033-2909.122.3.231.

Waters, G., & Caplan, D. (1996). The measurement of verbal working memory
capacity and its relation to reading comprehension. The Quarterly Journal of
Experimental Psychology A: Human Experimental Psychology, 49A(1), 51-79.
doi:10.1080/027249896392801.

Waters, G., & Caplan, D. (2001). Age, working memory, and on-line syntactic
processing in sentence comprehension. Psychology and Aging, 16(1), 128-
144. doi:10.1037/0882-7974.16.1.128.

Watson, D. G., & Maylor, E. A. (2002). Aging and visual marking: Selective deficits
for moving stimuli. Psychology and Aging, 17(2), 321-339. d0i:10.1037/0882-
7974.17.2.321

Wechsler, D. (1981). Manual for the Wechsler Adult Intelligence Scale — Revised.
New York: The Psychological Corporation

Wechsler, D. (1997). Wechsler Adult Intelligence Scale: WAIS-111. Manual. San

Antonio, TX: The Psychological Corporation, 1997.

171



West, R. (1996). An application of prefrontal cortex function theory to cognitive
aging. Psychological Bulletin, 120, 272-292.

West, R., & Alain, C. (2000). Age-related decline in inhibitory control contributes to
the increased Stroop effect observed in older adults. Psychophysiology, 37(2),
179-189. doi:10.1017/S0048577200981460

Yang, L., & Hasher, L. (2007). The enhancing effects of pictorial distraction in older
adults. The Journals of Gerontology: Series B: Psychological Sciences And
Social Sciences, 62B(4), P230-P233. doi:10.1093/geronb/62.4.P230

Yap, M. J., Balota, D. A., Tse, C., & Besner, D. (2008). On the additive effects of
stimulus quality and word frequency in lexical decision: Evidence for
opposing interactive influences revealed by RT distributional analyses.
Journal Of Experimental Psychology: Learning, Memory, and Cognition,
34(3), 495-513. do0i:10.1037/0278-7393.34.3.495

Zacks, R., & Hasher, L. (1997). Cognitive gerontology and attentional inhibition: A
reply to Burke and McDowd. The Journals of Gerontology: Series B:
Psychological Sciences and Social Sciences, 52B(6), P274-P283.

Zacks, R. T., Hasher, L., & Li, K. H. (2000). Human memory. In F. M. Craik, T. A.
Salthouse (Eds.), The handbook of aging and cognition (2nd ed.) (pp. 293-
357). Mahwah, NJ US: Lawrence Erlbaum Associates Publishers.

Zacks, R., Radvansky, G., & Hasher, L. (1996). Studies of directed forgetting in older
adults. Journal of Experimental Psychology: Learning, Memory, and

Cognition, 22(1), 143-156. doi:10.1037/0278-7393.22.1.143.

172



Zanto, T. P., Hennigan, K., Ostberg, M., Clapp, W. C., & Gazzaley, A. (2010).
Predictive knowledge of stimulus relevance does not influence top-down
suppression of irrelevant information in older adults. Cortex: 4 Journal

Devoted to the Study of the Nervous System and Behavior, 46(4), 564-574.

do0i:10.1016/j.cortex.2009.08.003
Zellner, M., & Bauml, K. H. (2006). Inhibitory deficits in older adults-list-method

directed forgetting revisited. Journal of Experimental Psychology: Learning,

Memory, and Cognition, 32(2), 290-300.

173



APPENDIX A

Study 3 additional figures
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Figure 4.7. Log transformed mean RT performance in » - 1 repeat and control
conditions as a function of age and distractor number. Error bars represent + one
standard error of the mean. ms = milliseconds.
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Figure 4.8. Log transformed cumulative distribution frequency plots for n - 1 repeat
and control conditions as a function of age and time bin for the 1-distractor condition.
Error bars represent + one standard error of the mean. ms = milliseconds.
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Figure 4.9. Log transformed cumulative distribution frequency plots for # - 1 repeat
and control conditions as a function of age and time bin for the 2-distractor condition.
Error bars represent + one standard error of the mean. ms = milliseconds.
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Figure 4.10. Log transformed cumulative distribution frequency plots for n - 1 repeat
and control conditions as a function of age and time bin for the 3-distractor condition.
Error bars represent + one standard error of the mean. ms = milliseconds.
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Appendix C

CONSENT TO PARTICIPATE IN SEQUENTIAL ACTION REGULATION
AND WORKING MEMORY

This is to state that I agree to participate in a research study being conducted by Joni
Shuchat and Mervin Blair (514-848-2424, ext. 2247 or karenlilab@gmail.com) under
the supervision of Dr. Karen Li (514-848-2424, ext. 7542 or karen.li@concordia.ca)
in the Psychology Department of Concordia University.

A. PURPOSE

I have been informed that the purpose of the research is to understand the effects of
aging on the ability to regulate a sequence of actions, and on working memory.

B. PROCEDURES

The research will be conducted on the Loyola campus at Concordia University in the
laboratory PY-017. Each participant will be asked to complete a series of background
questionnaires, standard paper-and-pencil tests, and one computerized test of
attention and memory. The computerized test will involve responding to visual
images in a particular order using the mouse. The session will last 90 to 120 minutes.
Each participant will receive 10 dollars an hour or 2 participant pool credits as
compensation.

C. RISKS AND BENEFITS

The risks for this study are very low. The benefits of this study are to gain knowledge
about the effects of aging on the ability to regulate a sequence of actions.

D. CONDITIONS OF PARTICIPATION

* Tunderstand that [ am free to withdraw my consent and discontinue my
participation at anytime without negative consequences.

* Tunderstand that my participation in this study is CONFIDENTIAL.

* Tunderstand that the group results from this study may be published.

I HAVE CAREFULLY READ THE ABOVE AND UNDERSTAND THIS
AGREEMENT. I FREELY CONSENT AND VOLUNTARILY AGREE TO
PARTICIPATE IN THIS STUDY.

NAME (please print):
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SIGNATURE:

Please call me again for participation in other research YES O NO
m

If at any time you have questions about your rights as a research participant, please
contact Adela Reid, Compliance Officer, Concordia University, at (514) 848-2424
ext. 7481 or by e-mail at areid@alcor.concordia.ca.
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Appendix D

CONSENT TO PARTICIPATE IN SEQUENTIAL ACTION REGULATION
AND WORKING MEMORY

This is to state that I agree to participate in a research study being conducted by
Mervin Blair (514-848-2424, ext. 2247 or karenlilab@gmail.com under the
supervision of Dr. Karen Li (514-848-2424, ext. 7542 or karen.li@concordia.ca) in
the Psychology Department of Concordia University.

A. PURPOSE

I have been informed that the purpose of the research is to understand the effects of
aging on the ability to regulate a sequence of actions, and on working memory.

B. PROCEDURES

The research will be conducted on the Loyola campus at Concordia University in the
laboratory PY-017. Each participant will be asked to complete a series of background
questionnaires, standard paper-and-pencil tests, and one computerized test of
attention and memory. The computerized test will involve responding to visual
images in a particular order using the mouse. The session will last 90 to 120 minutes.
Each participant will receive 20 dollars or 2 participant pool credits as compensation.

C. RISKS AND BENEFITS

The risks for this study are very low. The benefits of this study are to gain knowledge
about the effects of aging on the ability to regulate a sequence of actions.

D. CONDITIONS OF PARTICIPATION

* Tunderstand that I am free to withdraw my consent and discontinue my
participation at anytime without negative consequences.

* Tunderstand that my participation in this study is CONFIDENTIAL.

* Tunderstand that the group results from this study may be published.

I HAVE CAREFULLY READ THE ABOVE AND UNDERSTAND THIS

AGREEMENT. [ FREELY CONSENT AND VOLUNTARILY AGREE TO
PARTICIPATE IN THIS STUDY.

NAME (please print):
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SIGNATURE:

Please call me again for participation in other research YES o NO
m

If at any time you have questions about your rights as a research participant, please
contact Adela Reid, Compliance Officer, Concordia University, at (514) 848-2424
ext. 7481 or by e-mail at areid@alcor.concordia.ca.
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