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Saana Korkki: Effects of healthy ageing on the precision of episodic memory

Abstract

Episodic memory decline is one of the hallmarks of human cognitive ageing, but our
understanding of the neurocognitive mechanisms underlying this decline remains
limited. In particular, it is unclear whether healthy ageing differentially affects distinct
components of episodic memory retrieval; specifically, the probability of successfully
retrieving information from memory, and the quality, or precision, of the retrieved
memory representations. The research reported in this PhD thesis used continuous
measures of memory retrieval to dissociate these two alternative sources of age-related
memory deficits and their cognitive and neural underpinnings, providing more detailed
insight into the nature of age-related episodic memory decline.

Two behavioural experiments reported in Chapter 2 provided initial evidence for
differential effects of healthy ageing on the success and precision of episodic memory
retrieval, suggesting greater sensitivity of mnemonic precision to age-related declines.
Chapter 3 assessed whether these decreases in memory precision are specific to long-
term memory or may be explained by age-related decreases in the fidelity of perceptual
or working memory processes. The results from this experiment demonstrated that age-
related reductions in the precision of episodic memory retrieval persisted after
controlling for decreases in the fidelity of perception and working memory, suggesting

a predominantly long-term memory basis for this deficit.

The functional and structural magnetic resonance imaging experiments reported in
Chapters 4 and 5 sought to elucidate the neural basis of age-related changes in the
success and precision of episodic memory retrieval. Results from Chapter 4 revealed
distinct encoding and retrieval contributions to the decreases in these two aspects of
memory retrieval exhibited by older adults. At retrieval, age-related reductions in
activity associated with successful memory retrieval were observed in the
hippocampus, while decreases in activity underlying the precision of memory retrieval
were evident in the angular gyrus. Furthermore, at encoding, age-related decreases in
activity predicting both later success and precision of memory retrieval were evident in
the fusiform gyrus, while prefrontal reductions were observed in the encoding activity
predicting the subsequent success of memory retrieval only. In addition to these
functional changes, Chapter 5 provided evidence for the role of structural integrity of



the lateral parietal cortex in individual differences in mnemonic precision across older

adults.

Together, the results reported in this thesis highlight the sensitivity of memory
precision to age-related cognitive decline, and suggest both distinct and common
factors underlying age-related decreases in the success and precision of episodic

memory retrieval.
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Chapter 1

Chapter 1: General introduction

Healthy ageing is associated with various cognitive and neural changes most notably
affecting the integrity of flexible, higher-order cognitive processes, such as the ability to
learn and retain information in memory over both short and longer time scales (Park et
al., 2002). In particular, episodic memory, a consciously accessible form of memory for
previously experienced events bound to a specific spatio-temporal context (Tulving,
1985), exhibits pronounced declines in older age (Park et al., 2002; Rénnlund, Nyberg,
Backman, & Nilsson, 2005). Episodic memory function typically begins to decline at
around the age of 60 (Ronnlund et al., 2005; Schaie, 1994), and in many people exhibits
greater age-related losses in comparison to other forms of long-term memory, such as
semantic memory, the memory for general knowledge and facts (Nyberg, Backman,
Erngrund, Olofsson, & Nilsson, 1996; Nyberg et al., 2003; Ronnlund et al., 2005), as
well as non-consciously accessible forms of memory, such as priming and procedural
memory (Henson et al., 2016; Nilsson, 2003; Nyberg et al., 1996). However, despite the
well-known vulnerability of episodic memory to age-related decline, the specific
neurocognitive mechanisms underlying this decline remain unclear. Prior studies have
suggested ageing to affect both the likelihood of successful retrieval of information from
memory (e.g., Cansino et al., 2018; Naveh-Benjamin, 2000), and the quality and
specificity of the retrieved information (e.g., Addis, Wong, & Schacter, 2008; Koutstaal
& Schacter, 1997; Trelle, Henson, Green, & Simons, 2017), but distinguishing between
these two potential sources of age-related memory impairments has been difficult in
previous paradigms relying on categorical measures of memory accuracy or participants’

subjective ratings of retrieval quality.

To gain more detailed insight into the exact nature of episodic memory declines in older
age, the research presented in the current thesis uses fine-grained, continuous measures
of memory retrieval in combination with mixture modelling of participants’ retrieval
errors. In the four experimental chapters presented in this thesis, | use continuous
measures of memory retrieval to disentangle the effects of healthy ageing on two
separable aspects of episodic memory: the probability of successfully retrieving
information from memory, and the quality, or precision, of the retrieved memories, as
well as their cognitive and neural underpinnings. Before presenting findings from these
experiments, | will here provide an overview of previous research motivating the current

experiments. | will first discuss the neural basis of episodic memory and age-related
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memory impairments, focusing on the medial temporal, prefrontal and parietal lobes due
to their previously-demonstrated involvement in young adults in the memory paradigm
employed in the current experiments, as well as being implicated in age-related episodic
memory decline. | will then discuss the general pattern of age-related episodic memory
changes, presenting evidence for age-related changes in memory quality. Lastly, 1 will
review emerging evidence from younger populations demonstrating the dissociability of
the success and precision of episodic memory retrieval, and conclude with an overview

of the research presented in the experimental chapters of the thesis.

Neural substrates of episodic memory

Following the findings of amnesia associated with medial temporal lesions (Scoville &
Milner, 1957), the role of the medial temporal lobes, and the hippocampus in particular,
in forming and retaining episodic memories has been widely recognized (Eichenbaum,
2000; Moscovitch, Cabeza, Winocur, & Nadel, 2016; Squire, 1992). During memory
formation, the hippocampus is thought to play a critical role in integrating multiple event
details that constitute an experience into a coherent episodic representation (Eichenbaum,
Yonelinas, & Ranganath, 2007; Squire & Zola-Morgan, 1991). The role of the
hippocampus in binding episodic details during encoding has been contrasted to the
function of other medial temporal regions (Davachi, 2006). For instance, while the
perirhinal cortex has been implicated in encoding of item information and the
parahippocampal cortex in encoding of contextual attributes of previous experiences
(e.g., Davachi, Mitchell, & Wagner, 2003), the hippocampus is thought to bind these
elements together into a conjunctive memory representation (Komorowski, Manns, &
Eichenbaum, 2009; Ranganath, 2010).

During memory acquisition, the hippocampus is also thought to allow for overlapping
experiences to be represented in an orthogonalized manner via the mechanism of pattern
separation (McClelland, McNaughton, & O’Reilly, 1995; Norman & O’Reilly, 2003).
Specifically, hippocampal pattern separation enables the storage of similar inputs as
distinct representations in order to avoid catastrophic interference (Norman & O’Reilly,
2003; Yassa & Stark, 2011). Pattern separation has most notably been attributed to the
dentate gyrus (DG) subfield of the hippocampus (Bakker, Kirwan, Miller, & Stark, 2008;
Berron et al., 2016; Leutgeb, Leutgeb, Moser, & Moser, 2007), due to the sparse
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representational properties of this region (Norman & O’Reilly, 2003; Treves & Rolls,
1994). At retrieval, the hippocampus supports the recollection of previous experiences
via the mechanism of pattern completion, enabling the recovery of a complete
hippocampal memory representation in response to a partial or degraded input
(McClelland et al., 1995; Norman & O’Reilly, 2003; Treves & Rolls, 1994). Following
the reinstatement of the hippocampal pattern, the hippocampus is thought to facilitate
reinstatement of the retrieved information in the neocortical regions originally involved
in encoding the information (Danker & Anderson, 2010; McClelland et al., 1995).
Consistent with this proposal, functional neuroimaging studies have demonstrated event-
specific patterns of encoding activity to be reinstated in cortical regions during memory
retrieval (Kuhl & Chun, 2014; Ritchey, Wing, LaBar, & Cabeza, 2013; Staresina,
Henson, Kriegeskorte, & Alink, 2012; Wing, Ritchey, & Cabeza, 2015), with
hippocampal retrieval activity correlating with the degree of this reinstatement (Staresina
etal., 2012).

Beyond the medial temporal lobes, the lateral prefrontal cortex has been implicated in
memory control processes that direct the encoding and retrieval of information in a goal-
oriented manner (Eichenbaum, 2017; Fletcher & Henson, 2001; Moscovitch, 1992;
Simons & Spiers, 2003). The ventrolateral and dorsolateral parts of the prefrontal cortex
are thought to exhibit a degree of functional specialization during both memory encoding
and retrieval (Blumenfeld & Ranganath, 2007; Simons & Spiers, 2003). During
encoding, the ventrolateral prefrontal cortex has been proposed to mediate the selection
and elaboration of relevant information, while the dorsolateral prefrontal cortex supports
the online organization of the to-be-encoded material (Blumenfeld & Ranganath, 2007;
Simons & Spiers, 2003). Consistent with this proposal, while ventrolateral prefrontal
activations have been observed for semantic elaboration during encoding (Baker,
Sanders, Maccotta, & Buckner, 2001; Otten, Henson, & Rugg, 2001), the dorsolateral
prefrontal cortex is involved, in particular, in tasks requiring the formation of
associations between units of information (Blumenfeld, Parks, Yonelinas, & Ranganath,
2011; Murray & Ranganath, 2007). At retrieval, the ventrolateral prefrontal cortex is
thought to underlie controlled memory access via the specification of appropriate
retrieval cues and the selection of goal-relevant information among competing
representations (Badre & Wagner, 2007; Simons & Spiers, 2003). The dorsolateral

prefrontal cortex, on the other hand, plays a role in post-retrieval monitoring and
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evaluation of the retrieved content in relation to current task goals (Achim & Lepage,
2005; Dobbins, Foley, Schacter, & Wagner, 2002; Henson, Shallice, & Dolan, 1999).

The role of the lateral parietal cortex in episodic memory has also evoked growing
interest in recent years (Cabeza, Ciaramelli, & Moscovitch, 2012; Moscovitch et al.,
2016; Rugg & King, 2018; Wagner, Shannon, Kahn, & Buckner, 2005). The ventrolateral
part of the parietal lobe, in particular the angular gyrus, typically exhibits increased
activation during successful episodic memory retrieval (Rugg & Vilberg, 2013).
According to attentional accounts, the ventrolateral parietal cortex may support “bottom-
up” attentional processing, where salient aspects of information retrieved from memory
trigger a shift in attentional focus toward the internal representation of the retrieved
content (Cabeza, 2008; Cabeza, Ciaramelli, Olson, & Moscovitch, 2008; Ciaramelli,
Grady, & Moscovitch, 2008; see also Wagner et al., 2005 for a similar proposal). In
contrast, others have proposed a critical role for the lateral parietal cortex in representing
or maintaining the retrieved information online during retrieval (Rugg & King, 2018;
Shimamura, 2011; Simons, Peers, Mazuz, Berryhill, & Olson, 2010; Vilberg & Rugg,
2008; Wagner et al., 2005). Specifically, the ventrolateral parietal cortex has been
proposed to function as a buffer between episodic memory and executive control
processes, where information retrieved from episodic memory is maintained online to

inform decision making (Vilberg & Rugg, 2008; Wagner et al., 2005).

The multi-modal nature of representations maintained in the angular gyrus has been
emphasized by others (Rugg & King, 2018; Shimamura, 2011). During retrieval, the
angular gyrus may bind information across modality-specific cortical sites into an
integrated episodic representation (Bonnici, Richter, Yazar, & Simons, 2016; Rugg &
King, 2018; Shimamura, 2011; Yazar, Bergstrém, & Simons, 2017). The role of this
region can thus be viewed as complementary to that of the hippocampus; while the
hippocampus is thought to bind episodic details at encoding, and to facilitate the
reinstatement of this information in cortical sites during retrieval, the angular gyrus may
play a role in maintaining and representing the reinstated episodic content online until a
mnemonic decision is reached. The representations maintained by the angular gyrus may,
in particular, support the quality and richness of episodic remembering (Rugg & King,
2018; Simons et al., 2010). Lateral parietal lesions have been observed to be associated
with reduced confidence of memory retrieval, as well as decreased frequency of

subjectively ‘remembering’ a past event (Davidson et al., 2008; Simons et al., 2010),
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leading to a proposal of this region supporting subjective aspects of episodic memory in
particular (Ally, Simons, McKeever, Peers, & Budson, 2008; Simons et al., 2010; Yazar,
Bergstrom, & Simons, 2014). In line with this proposal, neuroimaging studies have
displayed activity in the angular gyrus to be associated with the subjective vividness and
detail of retrieved memories in healthy adults (Bonnici et al., 2016; Kuhl & Chun, 2014;
Tibon, Fuhrmann, Levy, Simons, & Henson, 2019; Vilberg & Rugg, 2007, 2009),
providing further evidence for the contribution of this region to qualitative aspects of

episodic memory retrieval.

Whether the angular gyrus may also play a role in the encoding of episodic memories is
less clear. In contrast to increased activity observed for successful episodic memory
retrieval, the ventrolateral parietal cortex typically displays diminished encoding activity
for events that are subsequently remembered (Daselaar et al., 2009; Kim, 2011; Otten &
Rugg, 2001; Uncapher & Wagner, 2009). Similar to retrieval activations, the negative
association between encoding activity and later memory performance has been
interpreted in light of “bottom-up” attentional processing, where a shift in attentional
focus toward irrelevant stimuli or internal thoughts during memory acquisition may be
detrimental for the successful encoding of new information (Cabeza et al., 2012;
Uncapher & Wagner, 2009). A related proposal has been motivated by the notion that
the angular gyrus is a part of the brain’s default-mode-network (DMN) (Buckner,
Andrews-Hanna, & Schacter, 2008). The DMN typically activates during periods of rest
and internally-oriented cognition, but deactivates during externally-oriented cognitive
tasks (Buckner et al., 2008; Buckner & DiNicola, 2019). Reduced encoding activations
in this network may therefore reflect the successful engagement of externally-directed
encoding processes and the suppression of internally-oriented cognition and irrelevant
thoughts (Daselaar, Prince, & Cabeza, 2004; Daselaar et al., 2009; De Chastelaine,
Mattson, Wang, Donley, & Rugg, 2015). However, some evidence has also demonstrated
a positive relationship between encoding activity in the angular gyrus and subsequent
memory retrieval (Maillet & Rajah, 2014b; Tibon et al., 2019), as well as a link between
decreased univariate activity and greater specificity of patterns of activity representing
the to-be-encoded information (Lee, Chun, & Kuhl, 2017). Thus, the exact role of the
ventrolateral parietal cortex, and the angular gyrus more specifically, in episodic memory
encoding remains to be clarified.
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Age-related changes in the neural substrates of episodic memory

Functional neuroimaging studies investigating the neural basis of age-related episodic
memory declines have typically found evidence for age-related reductions in activity in
posterior brain regions, coupled with increases in the prefrontal cortex (Cabeza et al.,
2004; Davis, Dennis, Daselaar, Fleck, & Cabeza, 2008; Maillet & Rajah, 2014a; Wang
& Cabeza, 2016). During encoding of visual stimuli, older adults commonly exhibit
diminished encoding activity in both dorsal and ventral visual regions (Maillet & Rajah,
2014a; Park, Kennedy, Rodrigue, Hebrank, & Park, 2013; Wang & Cabeza, 2016).
Furthermore, perceptual regions are reactivated to a lesser degree in older age during
memory retrieval (McDonough, Cervantes, Gray, & Gallo, 2014), suggesting
impoverished quality of both encoding and retrieval of perceptual details of previous
experiences in older age. Age-related over-recruitment of the lateral prefrontal cortex, on
the other hand, has been observed during both episodic encoding and retrieval (Cabeza
et al., 2004; Gutchess et al., 2005; Morcom, Good, Frackowiak, & Rugg, 2003). The
increases in prefrontal activity have been suggested to reflect compensation for the
decreased activity in posterior brain regions (Davis et al., 2008), however, more recent
evidence favours an interpretation of a decrease in neural efficiency or selectivity leading
to the age-related activity increases (Morcom & Henson, 2018). Age-related reductions
in prefrontal activity have also been observed during both memory encoding and
retrieval, in particular in tasks posing greater demands on strategic processing (Dulas &
Duarte, 2011, 2012). Indeed, age differences in frontal activity may be affected by task
demands, with age-related increases evident when demands on cognitive processing are
relatively low, but decreases observed for cognitively more challenging tasks (Reuter-
Lorenz & Cappell, 2008).

Additionally, hippocampal encoding and retrieval activity has been observed to exhibit
age-related declines (Daselaar, Fleck, Dobbins, Madden, & Cabeza, 2006; Dennis,
Daselaar, & Cabeza, 2007; Dennis, Kim, & Cabeza, 2008). However, findings regarding
age-related changes in this region have not been ubiquitous, and lack of age differences
in activity associated with successful memory encoding and retrieval have also been
reported (De Chastelaine et al., 2015; Vidal-Pifieiro et al., 2018; Wang, Johnson, De
Chastelaine, Donley, & Rugg, 2016). This inconsistency in age-related functional
changes in the hippocampus may be due to differences in the participant groups across

studies. Emerging evidence from longitudinal studies suggests that a decline in
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hippocampal recruitment may be characteristic of older individuals exhibiting memory
decline (Persson et al., 2012), while individuals maintaining their memory abilities may
display hippocampal activation levels comparable to those of the younger adults (Pudas
et al., 2013). Thus, changes in memory-related activity in the hippocampus in older age
may be sensitive to the cognitive status of the individual.

Although, the ventrolateral parietal cortex has received less attention in the aging
literature in comparison to the medial temporal and prefrontal regions, age-related
decreases in activity associated with successful memory retrieval are commonly
observed in this region also (Angel et al., 2013; Daselaar et al., 2006; Duarte, Graham,
& Henson, 2010; Duarte, Henson, & Graham, 2008). Parietal reductions appear to be
particularly evident on tasks requiring retrieval of associative information in contrast to
tasks relying on item memory (reviewed in Wang & Cabeza, 2016). Furthermore, while
in younger adults greater deactivation of the ventrolateral parietal cortex typically
predicts later successful remembering (Daselaar et al., 2009; Kim, 2011; Uncapher &
Wagner, 2009), these negative subsequent memory effects are often reduced in older age
(De Chastelaine et al., 2015; Maillet & Rajah, 2014a; Park et al., 2013), indicating age-
related alterations in lateral parietal recruitment during both episodic memory encoding

and retrieval.

The structural integrity of brain regions underpinning episodic memory has also been
demonstrated to decline with advancing age (Fjell & Walhovd, 2010; Nyberg, Lévdén,
Riklund, Lindenberger, & Bé&ckman, 2012). The grey matter volume of the brain
decreases with older age, affecting most notably the association cortices, in particular the
prefrontal cortex (e.g., McGinnis, Brickhouse, Pascual, & Dickerson, 2011; Raz et al.,
1997; Resnick, Pham, Kraut, Zonderman, & Davatzikos, 2003), whereas the primary
sensory and motor areas are typically considered less vulnerable to age-related declines
(e.g., Allen, Bruss, Brown, & Damasio, 2005; Raz et al., 2005). In the hippocampus, little
grey matter loss may be observed until midlife, after which an accelerated decline
appears to be evident (Coupé, Catheline, Lanuza, & Manjon, 2017; Nobis et al., 2019;
Walhovd et al., 2005; Ziegler et al., 2012). In addition to age-related grey matter changes,
the integrity of both intra- and inter-regional white matter tracts declines in older age
(Bennett & Madden, 2014; Fjell & Walhovd, 2010). As for grey matter, the particular
vulnerability of prefrontal white matter to age-related decline has been noted (Head et
al., 2004; Salat, Tuch, Greve, et al., 2005; Salat, Tuch, Hevelone, et al., 2005), but

7
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decreases are evident widespread across the brain (Barrick, Charlton, Clark, & Markus,
2010; Giorgio et al., 2010).

Alterations in the structural integrity of the brain have been shown to partly mediate age-
related differences in brain function and cognition. Loss of regional grey matter volume
has been demonstrated to partly explain age-related under-recruitment of occipital
regions during episodic memory encoding, as well as age-related increases in lateral
prefrontal and parietal activity observed during retrieval (Kalpouzos, Persson, & Nyberg,
2012). Variation in both grey and white matter integrity of the brain, most frequently in
the hippocampal and prefrontal regions, has further been linked to behavioural
differences in episodic memory performance across older individuals (e.g., Becker et al.,
2015; Head, Rodrigue, Kennedy, & Raz, 2008; Hedden et al., 2016; Henson et al., 2016;
Persson et al., 2012). Studies examining the neuroanatomical substrates of individual
differences in episodic memory performance in older age will be discussed in more detail
in Chapter 5.

Patterns of age-related episodic memory decline

On the behavioural level, age-related declines in episodic memory have often been
attributed to a particular deficit in recollection-based retrieval (Howard, Bessette-
Symons, Zhang, & Hoyer, 2006; Koen & Yonelinas, 2014, 2016; Prull, Dawes, Martin,
Rosenberg, & Light, 2006). Recollection refers to the explicit retrieval of previous events
and their associated qualitative details, such as the spatial or temporal context as well as
perceptual details of a previous event, and is typically contrasted to familiarity; a sense
of knowing that an item was previously encountered without the explicit retrieval of any
associated qualitative details (Yonelinas, 2002; Yonelinas, Aly, Wang, & Koen, 2010).
In prior studies, age-related decreases in recollection have been evident for both objective
and subjective measures (e.g., Koen & Yonelinas, 2016; Prull et al., 2006). For instance,
in source memory tasks where participants are asked to retrieve qualitative information
about the context in which an item was studied, older adults typically display poorer
memory for different source attributes, such as spatial location (Cansino et al., 2018;
Chalfonte & Johnson, 1996; Kukolja, Thiel, Wilms, Mirzazade, & Fink, 2009), temporal
order (Dumas & Hartman, 2003; Parkin, Hunkin, & Walter, 1995), speaker identity
(Simons, Dodson, Bell, & Schacter, 2004), and the encoding task engaged with at study
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(Morcom, Li, & Rugg, 2007). Furthermore, older adults typically report their memory
retrieval to be less frequently accompanied by a subjective experience of recollection
(Bastin & Van der Linden, 2003; Koen & Yonelinas, 2016; Perfect, Williams, &
Anderton-Brown, 1995; Prull et al., 2006). Additionally, comparisons of retrieval
performance for different test formats and the types of information to-be-remembered
have demonstrated that age differences in episodic memory retrieval are greater for recall
in contrast to recognition tasks (Craik & McDowd, 1987; Danckert & Craik, 2013;
Rhodes, Greene, & Naveh-Benjamin, 2019), as well as for retrieval of associative relative
to item information (Old & Naveh-Benjamin, 2008; Spencer & Raz, 1995). While
familiarity is considered sufficient to support the recognition of individual items as
previously encountered, recollection is thought to be required for the retrieval of
associative information as well as for cued and free recall (Yonelinas, 1997, 2002). The
relative vulnerability of recall and associative retrieval to age-related declines is therefore

consistent with a particular deficit in recollection-based retrieval in older age.

Whereas familiarity is thought to be underpinned by a continuous memory strength
signal, episodic recollection is generally thought to operate in a thresholded manner
(Yonelinas, 1994, 1999; but see Squire, Wixted, & Clark, 2007; Wixted, 2007). In
particular, recollection has been proposed to reflect a ‘some-or-none’ threshold (Harlow
& Donaldson, 2013; Harlow & Yonelinas, 2016; Onyper, Zhang, & Howard, 2010),
where memory retrieval can sometimes categorically fail, leading to no relevant
information being accessed from memory, but when it succeeds, the information
retrieved from memory can vary both in terms of the amount and quality of details
recollected (Harlow & Donaldson, 2013; Harlow & Yonelinas, 2016; Vilberg & Rugg,
2007, 2009). For instance, you may only have a vague memory of parking your bicycle
somewhere outside of the shopping centre before heading in or precisely remember
locking it onto a lamp post on the right hand side of the main entrance. In studies
examining age-related changes in episodic recollection, the focus has typically been on
examining the effects of ageing on the probability of successful recollection, whereas
less is known about whether ageing may also have more subtle effects on the quality of

information successfully recollected from memory.
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Memory quality in ageing

Evidence from studies examining the effects of ageing on autobiographical memory; the
memory for personally experienced past events, suggests that older adults’ recollections
of previous events may be diminished in the richness of specific details associated with
a given memory (Addis et al., 2008; Levine, Svoboda, Hay, Winocur, & Moscovitch,
2002; St. Jacques & Levine, 2007). In particular, older adults typically recall fewer
internal details about a past event, along with an increase in external event details (Addis
etal., 2008; Levine et al., 2002; St. Jacques & Levine, 2007). While internal details refer
to episodic aspects of a previously experienced event, such as the place or time it
occurred as well as the perceptual and emotional details associated with it, external
details refer to semantic information not bound to the specific past event (Levine et al.,
2002). Importantly, the age-related decreases in autobiographical memory detail cannot
be fully accounted for by age-related changes in descriptive style (Gaesser, Sacchetti,

Addis, & Schacter, 2011), suggesting a memory basis for this decline.

In addition to reductions in the amount of information correctly retrieved, older adults
typically also display an increased tendency to falsely recognize novel items as
previously studied (reviewed in Devitt & Schacter, 2016). These increases are
particularly evident in tasks requiring the discrimination of studied items from related
material, such as novel pictures from the same category as studied stimuli (e.g., Koutstaal
& Schacter, 1997) or words semantically associated with a studied word list (e.g.,
Kensinger & Schacter, 1999; Norman & Schacter, 1997). This age-related increase in
susceptibility to false recognition has been proposed to reflect an increased reliance on
gist-like representations of previous events, while the specific details disambiguating
similar events from each other may be encoded and/or retrieved to a lesser degree in older
age (Kensinger & Schacter, 1999; Koutstaal & Schacter, 1997). These results suggest
that the quality of event-specific memory traces may be impoverished in older age,
leading to increases in false recognition of novel items that share similar features with

previously studied items.

Age-related decreases in memory specificity are also implied by age-related increases in
false recognition observed in mnemonic discrimination paradigms (Reagh et al., 2014;
Stark, Yassa, Lacy, & Stark, 2013; Toner, Pirogovsky, Kirwan, & Gilbert, 2009; Trelle
etal., 2017; Yassa et al., 2011). In these paradigms, participants are asked to make fine-

10



Chapter 1

grained distinctions between studied material and perceptually similar lure items, such
as two similar objects or spatial locations (Reagh et al., 2014; Stark, Yassa, & Stark,
2010; Stark et al., 2013). While older adults are often able to correctly recognize studied
items as ‘old’, and to identify unrelated novel items as ‘new’, they typically exhibit
impairments in discriminating between studied and similar lure items (Stark et al., 2013;
Toner et al., 2009; Trelle et al., 2017; Yassa et al., 2011). Indeed, greater dissimilarity of
the perceptual input appears to be required for older adults to be able to successfully
distinguish between studied and novel material, consistent with the notion that an age-
related deficit in pattern separation might underlie these reductions (Yassa et al., 2011,
Yassa & Stark, 2011). The age-related mnemonic discrimination deficits have been
observed for a variety of materials, including everyday objects (Stark et al., 2013; Toner
etal., 2009; Yassaetal., 2011), scenes (Stark & Stark, 2017), and object locations (Reagh
et al., 2016, 2014), but importantly also for stimuli not sharing any conceptual overlap,
such as novel abstract objects (Pidgeon & Morcom, 2014) and phonologically related
words (Ly, Murray, & Yassa, 2013). The age-related increases in false recognition thus
do not appear to be solely driven by the semantic relatedness of the studied and lure items
but can also be induced by perceptual overlap. Indeed, mnemonic discrimination deficits
in older age have been linked to perceptual discrimination ability for abstract object
stimuli (Trelle et al., 2017), suggesting that these declines may partly arise from age-

related deficits in the quality of perceptual representations.

In addition to the changes observed on the behavioural level, computational accounts of
cognitive ageing have proposed reduced specificity, or differentiation, of neural
representations to underlie age-related cognitive decline (Li, Lindenberger, & Sikstrom,
2001; Li, Lindenberger, & Frensch, 2000; Li & Sikstrom, 2002). Age-related decreases
in catecholaminergic, in particular dopaminergic, neuromodulation have been proposed
to decrease the signal-to-noise ratio of neural signalling, resulting in less distinctive
neural representations in older age (Li et al., 2001; Li & Rieckmann, 2014). This model
has further been demonstrated to account for several cognitive changes typically
associated with older age, including deficits in associative memory, susceptibility to
interference, and increases in both intra- and inter-individual behavioural variability (Li
etal., 2001; Li et al., 2000; Li, Naveh-Benjamin, & Lindenberger, 2005).

Findings supporting age-related dedifferentiation, or loss of specificity, of neural activity

have been observed in several functional neuroimaging studies. For instance, on a
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process-level, the brain activity underlying autobiographical versus episodic memory
retrieval (St-Laurent, Abdi, Burianova, & Grady, 2011), as well as implicit versus
explicit memory (Dennis & Cabeza, 2011), has been observed to exhibit greater overlap
in older in comparison to younger adults. Furthermore, the selectivity of neural responses
to different categories of visual stimuli (e.g., faces vs. houses) and to individual
exemplars from the same category (e.g., two different faces) has been demonstrated to
decrease in older age during both mnemonic and perceptual processing (Carp, Park, Polk,
& Park, 2011; Goh, Suzuki, & Park, 2010; Park et al., 2004; St-Laurent, Abdi, Bondad,
& Buchsbaum, 2014; Trelle, Henson, & Simons, 2019; Zheng et al., 2018). At
perception, neural responses in visual regions display reduced category- and item-
specificity (Carp et al., 2011; Goh et al., 2010; Park et al., 2004; Park, Carp, Hebrank,
Park, & Polk, 2010), with the degree of this neural dedifferentiation correlating with
individual differences in cognitive performance across older adults (Park et al., 2010).
Similarly, age-related decreases in the specificity of both category- and item-specific
neural representations have been observed during encoding and retrieval of episodic
memories (Abdulrahman, Fletcher, Bullmore, & Morcom, 2017; Bowman, Chamberlain,
& Dennis, 2019; St-Laurent et al., 2014; Trelle et al., 2019; Zheng et al., 2018, but see
Wang et al., 2016). During memory encoding, the quality of item-specific neural
representations in ventral visual regions has been shown to exhibit age-related decline
(Trelle et al., 2019; Zheng et al., 2018) and to correlate with recognition performance
across older adults (Zheng et al., 2018). On the category level, the specificity of neural
representations corresponding to different visual stimulus categories has been observed
to decline across cortical regions and to account for age differences in the specificity of
neural reinstatement during retrieval (Johnson, Kuhl, Mitchell, Ankudowich, & Durbin,
2015). Others have observed more pronounced effects of age on neural differentiation
during memory retrieval. For instance, Abdulrahman et al. (2017) observed no age
differences in the quality of neural representations corresponding to two different
encoding tasks during memory formation, but rather a reduced specificity of
reinstatement of this information during retrieval in older age. Similarly, St-Laurent and
colleagues (2014) observed reduced specificity of neural reinstatement of encoding
activity patterns corresponding to individual video clips that could not be explained by
age differences in neural specificity at encoding. The specificity of neural reinstatement
was further observed to correlate with memory performance in both young and older

adults in this study. Thus, although the evidence is not entirely consistent, the quality of
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neural representations during both memory encoding and retrieval appears to exhibit age-
related declines and to be associated with individual differences in memory performance

in older age.

Distinguishing the success and precision of episodic memory retrieval

The evidence described above highlights the possibility that age-related memory
reductions may at least in part result from declines in the quality and specificity of
information retained in memory. However, thus far studies have predominantly relied on
categorical measures of memory performance or participants’ subjective reports to
investigate age-related changes in memory quality. Typically, these paradigms are unable
to separate memory quality from other aspects of memory retrieval. To obtain a more
direct behavioural measure of memory fidelity, more recent studies in younger adults
have begun to employ continuous measures of memory performance, in which
participants recreate attributes of studied items, such as their location or colour, using a
continuous response scale (e.g., Brady, Konkle, Gill, Oliva, & Alvarez, 2013; Harlow &
Donaldson, 2013; Richter, Cooper, Bays, & Simons, 2016). This approach enables more
fine-grained assessment of retrieval performance, as well as the segregation of different
types of memory errors by modelling the distribution of participants’ retrieval errors
across trials (e.g., Bays, Catalao, & Husain, 2009; Zhang & Luck, 2008). Most
commonly, data from these types of continuous report tasks has been analysed with a
two-component mixture model consisting of a von Mises distribution (i.e., the circular
equivalent of a Gaussian distribution) and a circular uniform distribution (e.g., Brady et
al., 2013; Richter, Cooper et al., 2016). This model assumes that on a proportion of trials
the participant successfully retrieves some information about the cued item attribute.
Retrieval from memory is assumed to be noisy, leading to a Gaussian distribution of
recall errors centred at a mean error of zero degrees from the target feature value. In
contrast, on some trials, memory retrieval is assumed to fail to bring any diagnostic
information about the target to mind, leading to the participant selecting a random
location on the response wheel. Such guess responses are assumed to be uniformly
distributed around the circular space, captured by the second mixture component. By
fitting this mixture model to participants’ retrieval errors, two parameters capturing two

theoretically distinct sources of memory error can be estimated: the probability of
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successful memory retrieval (i.e., the proportion of responses stemming from the target
von Mises distribution) and the precision of memory retrieval (i.e., the concentration, or

“peakedness”, of the von Mises distribution).

While this model was originally developed for analysis of continuous report data in
working memory (Zhang & Luck, 2008), more recent studies employing similar
paradigms in long-term memory have demonstrated that retrieval from long-term
memory can also be characterized by a combination of memory failures leading to
random guessing and variability in the fidelity with which memories are successfully
retrieved (Harlow & Donaldson, 2013; Harlow & Yonelinas, 2016; Richter, Cooper et
al., 2016). Although the probability of successful retrieval and memory precision have
been observed to correlate across participants, the majority of variance in each measure
is nevertheless unaccounted for by the other, suggesting that they may capture at least
partially separable aspects of memory performance (Richter, Cooper et al., 2016). These
two aspects of memory retrieval have also been shown to be associated with different
metacognitive judgements; with participants being able rate their confidence separately
for the success and the precision of their memory retrieval (Harlow & Yonelinas, 2016).
Thus, in addition to being objectively dissociable (e.g., Harlow & Donaldson, 2013;
Richter, Cooper et al., 2016), the success and precision of memory retrieval appear to be

associated with distinct phenomenological characteristics (Harlow & Yonelinas, 2016).

Further evidence supporting the dissociability of the success and precision of episodic
memory retrieval has been provided by studies demonstrating that experimental
manipulations can selectively affect each of these aspects of memory retrieval. For
instance, while engaging in retrieval practice has been demonstrated to enhance the later
probability of successfully retrieving a memory, the precision with which the memory is
recalled appears to be unaffected (Sutterer & Awh, 2016). In contrast, negative emotional
stimuli have been observed to enhance the precision, but not the success, of later memory
retrieval (Xie & Zhang, 2017). The reinstatement of positive and negative encoding
contexts has also been demonstrated to have opposing effects on the success and
precision of episodic memory retrieval (Xie & Zhang, 2018). While the reinstatement of
a positive encoding context has been shown to lead to increases in the probability of
successful memory retrieval, reinstatement of a negative context increases the precision
of retrieved memories (Xie & Zhang, 2018). Over shorter term, the degree of perceptual

overlap between studied items and subsequently presented interfering stimuli has further
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been observed to differentially affect the probability of successful memory retrieval and
memory precision (Sun et al., 2017). Thus, the probability of successful memory retrieval
and memory fidelity appear to be differentially sensitive to experimental manipulations
affecting encoding (Xie & Zhang, 2017), post-encoding (Sun et al., 2017), and retrieval
(Xie & Zhang, 2018) processes.

Moreover, impairments in episodic memory performance in different populations have
been attributed to declines in distinct components of memory retrieval. In a recent study,
high-functioning individuals with autism spectrum disorder were observed to exhibit
decreases in successful memory retrieval, while no evidence for comparable declines in
memory precision was observed (Cooper et al., 2017). In contrast, individuals with
medial temporal lobe resection have been observed to display reductions in memory
precision, along with intact probability of successful memory retrieval (Nilakantan,
Bridge, VanHaerents, & Voss, 2018). Thus, the success and precision of memory
retrieval appear to be differentially affected not only by experimental manipulations, but

also by neurological condition.

In addition to being separable on the behavioural level, the success and precision of
episodic memory retrieval have been demonstrated to rely on distinct neural substrates
(Richter, Cooper et al., 2016). In a recent fMRI study, Richter, Cooper and colleagues
(2016) observed hippocampal retrieval activity to predict the binary success of memory
retrieval on a trial-wise basis, while activity in the angular gyrus predicted trial-by-trial
estimates of the graded precision of memory retrieval. In line with these findings,
transcranial magnetic simulation of the lateral parietal cortex has been observed to
increase the precision of object location retrieval, while not affecting the probability of
successful memory retrieval (Nilakantan, Bridge, Gagnon, VanHaerents, & Voss, 2017).
However, it should be noted that this finding was suggested to reflect modulation of the
wider hippocampal-posterior medial memory network, rather than the lateral parietal
cortex specifically (Nilakantan et al., 2017). Indeed, the connectivity between the angular
gyrus and regions of both the posterior-medial and anterior-temporal memory networks
has been observed to increase with greater precision of memory retrieval (Cooper &
Ritchey, 2019), highlighting the contribution of a more distributed network of brain

regions to memory precision.
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In addition to the lateral parietal cortex, others have emphasized a critical role for the
medial temporal lobes in the retrieval of precise memories (Montchal, Reagh, & Yassa,
2019; Nilakantan et al., 2018; Stevenson et al., 2018; Yonelinas, 2013). For instance,
gamma power in the hippocampal CA1 subfield has been shown to correlate with the
precision of memory retrieval, but also to predict retrieval success (Stevenson et al.,
2018). Furthermore, Montchal and colleagues (2019) recently observed that activity in
the lateral entorhinal cortex, perirhinal cortex and the hippocampus increased with
greater precision of temporal memory retrieval. However, similar effects were also
reported in regions beyond the medial temporal lobes, specifically the medial prefrontal
cortex, angular gyrus and precuneus (Montchal et al., 2019). Furthermore, Montchal and
colleagues (2019) only investigated activity associated with a categorical distinction
between memories retrieved with low versus high precision and did not compare these
effects to the difference in activity for successful versus unsuccessful retrieval. It is
therefore unclear whether activity in all of the regions above predicts the precision of
memory retrieval on a continuous scale (as demonstrated for angular gyrus in Richter,
Cooper et al., 2016) or whether it is sensitive to a more coarse distinction between high
and low fidelity memory retrieval and whether these effects are distinct from those

observed for successful versus unsuccessful retrieval.

Thus, emerging evidence suggests that the mixture modelling approach may be useful
for more detailed characterization of episodic memory on both the cognitive and neural
level. However, it should be noted that the degree to which the two parameters of memory
performance obtained from this model reflect distinct psychological constructs has been
questioned (Schurgin, Wixted, & Brady, 2018). Recently, Schurgin et al. (2018) provided
evidence to suggest that a simpler one-parameter model may better account for the
distribution of retrieval errors in both working and long-term memory. In particular,
Schurgin et al. (2018) argued that after taking into account the non-linear relationship
between physical and psychological stimulus spaces, performance in a continuous report
task can be described by a signal detection process, with one parameter capturing
memory strength. Similarly, in WM, neural-level models have proposed changes in the
gain of neuronal populations encoding stimulus features to account for recall errors
resembling both memory imprecision and guessing (Bays, 2014, 2015; Taylor & Bays,
2019).

16



Chapter 1

While in WM increasing numbers of studies have sought to evaluate mathematical
models accounting for the distribution of recall errors in continuous report tasks (e.g.,
Bays et al., 2009; Fougnie, Suchow, & Alvarez, 2012; van den Berg, Shin, Chou, George,
& Ma, 2012; Zhang & Luck, 2008), to date the existing literature on long-term memory
has predominantly relied on the von Mises and uniform mixture model described
previously (e.g., Brady et al., 2013; Cooper & Ritchey, 2019; Richter et al., 2016;
Stevenson et al., 2018; Xie & Zhang, 2017). Although debate regarding the theoretical
interpretation of the mixture model parameters is emerging (Schurgin et al., 2018), they
nevertheless provide a good descriptive account of the distribution of retrieval errors in
continuous report paradigms (Bays & Taylor, 2019). Thus, to facilitate the comparison
of the current findings to existing research on LTM in younger populations (e.g., Brady
et al., 2013; Richter, Cooper et al., 2016), as well as to findings from short-term memory
in older age (Noack, Lévdén, & Lindenberger, 2012; Peich, Husain, & Bays, 2013), this
two-component mixture model will also be employed for data analysis in the experiments
presented in the current thesis. In Chapters 2-3, | will further compare this model to a
more complex model assuming a further component of retrieval error: non-target reports

resulting from misbinding of object features (Bays et al., 2009; Peich et al., 2013).

Thesis overview

The research presented in the current thesis aims to provide more detailed insight into
the specific nature of age-related memory impairments; specifically whether they may
result from a decreased probability of successfully retrieving information from memory
or from reductions in the quality, or precision, of the retrieved information. Across four
experimental chapters, | use continuous measures of memory retrieval, which have been
successfully employed to dissociate the success and precision of memory retrieval in
younger adults (e.g., Brady et al., 2013; Harlow & Donaldson, 2013; Richter, Cooper et
al., 2016), to examine the effects of healthy ageing on these two components of episodic

memory retrieval and their cognitive and neural underpinnings.

The two behavioural experiments described in Chapter 2 aimed to examine the effects of
healthy ageing on the success and precision of memory retrieval for different features of
episodic memories. In these experiments, young and older adults encoded visual object
displays, and at retrieval reconstructed different features (object location, colour and
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orientation) of the encoded displays using a continuous response dial. Findings across
the two experiments provided consistent evidence for an age-related decline in memory
precision across retrieval of different object features, whereas significant age-related
reductions in the probability of successful memory retrieval were observed in the object
orientation condition only. The age-related declines in memory precision for object
locations were further disproportionate to any age differences in the probability of
successful memory retrieval in both Experiment 1 and 2, suggesting that this aspect of

memory retrieval may be more sensitive to age-related decline.

The behavioural experiment described in Chapter 3 sought to assess whether the age-
related reductions in mnemonic precision are specific to long-term memory processes or
may arise from age-related decreases in the fidelity of perceptual or working memory
representations. In this experiment, young and older adults completed a perceptual,
working memory (WM) and long-term memory (LTM) version of the continuous report
task used in Chapter 2, but this time assessing object colour only. Interestingly, results
from this experiment demonstrated age-related decreases in response precision in all
three tasks, suggesting that the age-related declines in representational fidelity were not
limited to long-term memory retrieval. Examining the relationship between individual
differences in the precision of perception, WM and LTM further indicated a significant
relationship between the precision of working memory and long-term memory retrieval
in older age. However, significant age-related reductions in the precision of long-term
memory retrieval still persisted after controlling for variability in the fidelity of both
perception and working memory. Thus decreases in the precision of WM appear to play
arole in the age-related reductions in LTM memory precision, but cannot solely account
for these decreases, suggesting additional age-related degradation of information retained
in LTM.

The findings from Chapter 3, demonstrating that WM precision contributes but does not
fully explain the age-related loss of LTM precision, highlight the possibility of both
encoding and retrieval contributions to the age-related declines. In Chapter 4, | used
functional magnetic resonance imaging (fMRI) in combination with the continuous
report task to more directly assess the integrity of encoding and retrieval processes
underlying the success and precision of episodic memory retrieval. In this experiment,
both the probability of successful memory retrieval and memory precision were observed

to be significantly reduced in the older group. These behavioural decreases were
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accompanied by age differences in both encoding and retrieval activity associated with
each memory component. During retrieval, older adults demonstrated reduced
hippocampal activity associated with successful memory retrieval, and a reduced
relationship between activity in the angular gyrus and the precision of memory retrieval.
This is consistent with previous evidence from younger adults implicating these two
regions as underlying distinct aspects of retrieval performance (Richter, Cooper et al.,
2016). Furthermore, while encoding activity predicting both later memory accessibility
and precision was reduced in the older group in the fusiform gyrus, age-related reductions
in the prefrontal cortex were observed only for activity associated with the later success
of memory retrieval. These results thus highlight distinct encoding and retrieval

contributions to age-related decreases in the success and precision of memory retrieval.

In the experiments presented in Chapters 2-4, older adults displayed considerable
variability in both the probability of successful memory retrieval and the precision of the
retrieved information. In Chapter 5, | sought to examine the contribution of structural
integrity of the brain regions underpinning episodic memory to this variability.
Specifically, | used voxel-based morphometry (VBM) to examine the relationship
between variation in regional grey matter volume and individual differences in the
success and precision of memory retrieval in older age. Consistent with findings from
Chapter 4, suggesting a role for the angular gyrus in memory precision deficits in older
age, the results from this experiment demonstrated a positive relationship between grey
matter volume in the angular gyrus and the precision of memory retrieval in older age.
Importantly, this relationship persisted after controlling for variability in the probability
of successful retrieval, indicating a contribution over and above any relationship shared

with retrieval success.

Together, the findings from the four experimental chapters highlight the sensitivity of
memory precision to age-related decline and provide evidence to suggest that both
distinct and shared neurocognitive factors contribute to age-related decreases in the
success and precision of episodic memory retrieval. In Chapter 6, | will present a
discussion of these findings in relation to previous accounts of age-related memory

deficits, identifying outstanding questions and providing directions for further research.
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Chapter 2: Distinguishing the effects of healthy ageing on the success

and precision of episodic memory retrieval

Episodic memory declines in older age, but it is unresolved whether these declines may
reflect a reduced probability of successfully retrieving information from memory, or
more qualitative changes in the fidelity with which memory traces can be encoded into
and retrieved from memory. The two behavioural experiments presented in this chapter
used continuous measures of episodic memory retrieval in combination with mixture
modelling of participants’ retrieval errors to distinguish between these two potential
accounts of age-related memory deficits. In each experiment, young and older
participants encoded stimuli displays consisting of everyday objects varying along
different perceptual features (e.g., location, colour and orientation) in a circular space.
At test, participants recreated the features of the studied objects using a continuous
response dial. Results from the first experiment provided evidence for an age-related
reduction in the precision of object-location retrieval, whereas no significant age
differences in the probability of successful location retrieval were observed. In the
second experiment, | examined whether age-related declines in mnemonic precision may
extend to other types of information retrieved from long-term memory. Results from the
second experiment displayed consistent age-related declines in memory precision across
different object features (location, colour, orientation), whereas significant age
differences in the probability of successful memory retrieval were evident in the
orientation condition only. Together, the findings from this chapter provided evidence
for age-related declines in the precision of episodic memory retrieval, and suggest that

healthy ageing may differentially affect distinct components of episodic memory.

Introduction

In studies investigating age-related episodic memory changes, participants’ memory
performance is typically measured using categorical response options, for example by
asking a participant to judge whether a test stimulus has been previously encountered
(“old”) or not (“new”). While affording categorical distinctions between successful and
unsuccessful memory retrieval, these types of measures are unable to fully capture the
multifaceted nature of episodic recollection. Indeed, increasing evidence suggests that

instead of an “all-or-none” process, varying only in the dichotomy between successful
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and unsuccessful retrieval, episodic recollection likely operates in a “some-0r-none”
manner, where the quality, or precision, of the successfully retrieved information can
vary on a graded scale (Harlow & Donaldson, 2013; Onyper et al., 2010; Yonelinas &
Parks, 2007). To investigate these more fine-grained variations in episodic memory,
recent studies have begun to utilize continuous measures of retrieval performance, where
participants are asked to reconstruct aspects of the studied stimuli using a continuous,
analogue scale. Studies employing these types of tasks in younger adults have
demonstrated the success and precision of memory retrieval to be separable components
of long-term memory (Harlow & Donaldson, 2013; Harlow & Yonelinas, 2016; Richter,
Cooper et al., 2016), which can be selectively affected by experimental manipulations
(e.g., Sutterer & Awh, 2016; Xie & Zhang, 2017), brain stimulation (Nilakantan et al.,
2017), and developmental condition (Cooper et al., 2017). Furthermore, these two
aspects of episodic memory have been observed to rely on dissociable brain regions
during memory retrieval, with retrieval success scaling with hippocampal activity and
retrieval precision with activity in the angular gyrus (Richter, Cooper et al., 2016). Given
the dissociable neurocognitive profiles of these two subcomponents of episodic memory
retrieval in younger adults, it is possible that the success and precision of memory

retrieval may also be differentially sensitive to age-related cognitive decline.

Prior studies have typically focused on assessing age-related changes in the success of
episodic memory retrieval (e.g., Cansino et al., 2018; Naveh-Benjamin, 2000; Simons et
al., 2004). However, in addition to decreases in successful memory retrieval, several
strands of evidence suggest that memory function in older age might at least to some
extent be constrained by reductions in the quality and specificity of information retained
in memory. For instance, age-related increases in false memory have been interpreted as
resulting from an increased reliance on gist-like representations of previous events
coupled with diminished encoding and retrieval of specific stimuli details (Dennis, Kim,
& Cabeza, 2007; Dennis, Kim, et al., 2008; Kensinger & Schacter, 1999; Koutstaal &
Schacter, 1997). Previous research has also demonstrated greater age differences in
episodic recollection when participants are required to retrieve more detailed information
about the study event (Luo & Craik, 2009), and that older adults tend to recall less
specific details of events from their personal pasts in comparison to younger adults
(Addis et al., 2008; Levine et al., 2002). Furthermore, although older adults commonly

display a preserved ability to recognise studied items as previously encountered, and to
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identify dissimilar novel items as new, mnemonic discrimination of studied items from
perceptually similar lures is typically impaired in older age (Stark et al., 2013; Toner et
al., 2009; Yassa et al., 2011), implying a reduced level of detail of the retained memory

representations in older age.

In addition to these behavioural findings, age-related reductions in memory fidelity
would be predicted by previous accounts proposing increased neural noise (i.e., increased
uncertainty of neural signalling) to lead to more variable and less precise perceptual and
cognitive representations in older age (e.g., Welford, 1958, 1981). Consistent with these
accounts, age-related increases in discriminal dispersion have previously been
demonstrated for short-term memory retrieval (Allen, Kaufman, Smith, & Propper, 1998;
Noack et al., 2012), and modelled by age-related increases in internal noise (Allen et al.,
1998). More recent computational models have proposed age-related changes in
neuromodulation to underlie decreased neural signal-to-noise ratio leading to less precise
representations (Li, Lindenberger, & Sikstrom, 2001; Li & Sikstrém, 2002). In line with
these accounts, neuroimaging studies have demonstrated age-related decreases in the
quality and specificity of neural representations corresponding to different stimuli or task
contexts during both encoding and retrieval of episodic memory (Abdulrahman et al.,
2017; Bowman et al., 2019; St-Laurent et al., 2014; Trelle et al., 2019; Zheng et al.,
2018), potentially constraining the precision with which memory representations can be

formed as well as recovered in older age.

Despite proposals of reduced memory quality in ageing, the majority of previous
behavioural investigations have tended to rely on categorical measures of memory
performance, which are unable to discern whether age-related performance reductions
are due to changes in the success or precision of memory retrieval. For instance, a failure
to correctly retrieve a specific study detail in a categorical memory task could reflect a
failure to access the information in question, or decreased fidelity of the retrieved
information, leading to selection of an incorrect retrieval response. In working memory
(WM) research, continuous report tasks, providing a more direct measure of memory
fidelity, have been fruitful in elucidating the specific components of short-term memory
degradation in older age, revealing age-related decreases in mnemonic precision and
increases in binding errors, whereas no age differences in the success of memory retrieval
were detected (Peich et al.,, 2013). This approach has recently been extended to

investigate age-related changes in object-spatial location binding in long-term memory,
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suggesting that the precision of LTM retrieval might similarly be sensitive to age-related
decline (Nilakantan et al., 2018).

The experiments presented in the current chapter employed a continuous report
paradigm, adapted from recent work in younger adults (Richter, Cooper et al., 2016), to
better characterize the nature of age-related changes in episodic memory. Specifically, |
aimed to distinguish whether age-related memory decreases may reflect a reduced
probability of successfully retrieving information from memory, and/or decreased
precision of the retrieved information. In two experiments, healthy younger and older
participants encoded visual stimulus displays consisting of everyday objects varying
along different perceptual features in a circular space. At test, participants were asked to
recreate the features of the studied objects using a continuous response dial, allowing for
detailed assessment of retrieval performance. Fitting a mixture model (Bays et al., 2009;
Zhang & Luck, 2008) to participants’ retrieval error data allowed the estimation of both
the probability of successful retrieval and the precision of the retrieved information from
the same data, distinguishing between these two alternative sources of memory errors in
older age. In addition to these two memory components, | also examined whether binding
errors (i.e., mistakenly reporting the probed feature of another, uncued, item from the
same study display) may contribute to memory performance in either age group. These
types of errors have been demonstrated to contribute to age differences in short-term
memory (Peich et al., 2013), suggesting a possible role for misbinding of object features

in the age-related long-term memory reductions also.

The first experiment presented in the current chapter examined the effects of healthy
ageing on the success and precision of object location retrieval. While no significant age
differences in the probability of successful memory retrieval were observed, this
experiment revealed significant age-related declines in the fidelity with which object
locations were retrieved from memory. In the second experiment, | sought to further
assess whether these age-related deficits in memory precision were specific to the
retrieval of object locations or evident across different types of information retained in
long-term memory. In the second experiment, participants encoded and retrieved objects
varying in three different perceptual features (location, colour and orientation) in a
circular space. Age-related deficits in memory precision were consistently observed
across the feature conditions, whereas significant age-related reductions in the rate of

successful memory retrieval were evident in the orientation condition only. Orientation
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was also the condition exhibiting the lowest retrieval success in the younger adults,

suggesting a potential effect of task difficulty.

General methods

In each experiment, participants encoded object stimulus displays and later recreated the
features (location, colour, or orientation) of the studied objects as precisely as they could
using a 360-degree response dial. Both studied feature values and participants’ responses
mapped onto a circular space, enabling the distinction between the probability of
successful memory retrieval (i.e., probability of retrieving some information about the
correct target feature value) and the precision of retrieved information (i.e., variability in
successful target retrieval) with a mixture modelling approach derived from working
memory research (Bays et al., 2009; Zhang & Luck, 2008), but more recently also applied
to long-term memory studies (e.g., Brady et al., 2013; Richter, Cooper et al., 2016). At
the beginning of each experiment, participants completed a demographic questionnaire
and the Shipley Institute of Living Vocabulary Scale (SILVS) (Zachary & Shipley, 1986)
measure of crystallized intelligence. To exclude any older participants displaying signs
of cognitive impairment, the older adults additionally completed the Montreal Cognitive
Assessment (MoCA) (Nasreddine et al., 2005), a standardized 10-minute pen-and-paper
screening tool for detection of mild cognitive impairment. Before each of the continuous

report tasks, participants completed practice trials of the task.

Participants

Participants for both experiments were native English-speakers who reported normal or
corrected-to-normal vision, no colour blindness, and no current or historical diagnosis of
any psychiatric or neurological condition, or learning difficulty. Participants were
recruited via online and community advertisements and a volunteer database at the
Memory Lab of the University of Cambridge. Older participants scored in the healthy
range (26 or above) on the MoCA (Nasreddine et al., 2005). Participants gave written
and informed consent in a manner approved by the Cambridge Psychology Research
Ethics Committee, and were compensated for their participation at the rate of £7.50 per

hour.
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Data analysis

Retrieval error on each trial was calculated as the angular difference between
participants’ response value and the target feature value (0 + 180 degrees). To distinguish
between different sources of memory errors (i.e., reduced retrieval success vs. reduced
memory precision), a probabilistic mixture model was fitted to participants’ error data
(Bays et al, 2009; Zhang & Luck, 2008) (code available at
http://www.paulbays.com/code/JV10/index.php) (see Figure 1A). In this model two
sources of error contribute to participants’ performance: variability, that is, noise, in
reporting the correct feature value when information about the target has been retrieved,
and a proportion of trials where memory retrieval has failed and responses reflect random
guessing. These two sources of error are modelled by two components: a von Mises
distribution (circular equivalent of a Gaussian distribution) centred at a mean error of
zero degrees from the target value, with a concentration K, and a circular uniform
distribution with a certain probability pU. The concentration parameter, K, of the von
Mises distribution captures variability in successful target retrieval (higher values reflect
higher precision), and the probability of the uniform distribution, pU, reflects the
likelihood of random guess responses, evenly distributed around the circular space. The
probability of successful memory retrieval (pT) can be estimated as the probability of
responses stemming from the target von Mises distribution (pT = 1 — pU). Maximum
likelihood estimates of the success (pT, probability of responses stemming from the
target von Mises distribution) and precision (K, concentration of the von Mises
distribution) of memory retrieval were obtained for each participant and experimental
condition using an Expectation-Maximization (EM) algorithm (Bays et al., 2009). A
range of initial parameter values were used to ensure that the global maxima parameter
estimates were obtained (Bays et al., 2009). The probability of uniform (pU) and target
(pT) responses were constrained between 0 and 1. Kappa had a minimum value of 0,

corresponding to a flat, or uniform, distribution, but no upper bound.

This mixture model has previously been shown to best characterize younger adults’ long-
term memory performance in an equivalent task (Richter, Cooper et al., 2016). To ensure
that the model also provided the best fit for the older adults’ data, I further compared this
model to two alternative models (see Figure 1B). The first of these alternative models
consisted of a target von Mises distribution alone. This model is characterized by one

parameter corresponding to concentration (K) of the von Mises distribution and assumes
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that on all trials the participant successfully retrieves some information about the target
feature value, with a variable degree of noise. The second alternative model consisted of
a von Mises distribution centred at the target feature value, a circular uniform
distribution, as well as von Mises distributions centred at the non-target feature values
from the same encoding display. In this model, participants’ performance reflects
variability in successful retrieval, random guessing, as well as non-target errors (i.e.,
mistakenly reporting a cued feature value of another item from the same study display)
(Bays et al., 2009). In addition to the probability of successful memory retrieval (pT), the
probability of guessing (pU), and the precision (K) of successful memory retrieval, this
model includes an additional parameter capturing the probability of non-target reports
(PNT). Note that this model assumes that non-target features are recalled with similar

precision as the target features (Bays et al., 2009).

Consistent with previous results from younger adults (Richter, Cooper et al., 2016), a
combination of the target von Mises and uniform distributions was found to fit the current
data better than either of these two alternative models for both the younger and older
adults, as indicated by a lower Bayesian information criterion (BIC) for this model in
comparison to the two alternative models (see Tables 2 and 4). This model was therefore
fitted to participants’ data in each experiment. Effects of group and task condition on the
mean parameter estimates were assessed by t-tests and ANOVAs. Greenhouse-Geisser
correction was applied when the assumption of sphericity was not met in the ANOVA:s.
For statistical analyses conducted on individual participant parameter estimates, outliers
were excluded with a pre-defined criterion of a retrieval success (pT) or precision (K)

estimate more than three standard deviations from the group mean.

Due to the relatively small number of trials per feature condition in the second
experiment, | further replicated all analyses by modelling performance across all trials
and participants in each age group and task condition (minimum number of trials per
condition via this method was 1920 trials). This approach is less susceptible to noise in
parameter estimates in the cases of individual participants with poor performance (cf.,
Cooper et al.,, 2017). For the aggregate analyses, the statistical significance of the
observed age differences on each parameter estimate were assessed via permutation tests,
where participants’ data was remodeled over 1000 iterations of random participant-to-

group assignments. To obtain a two-tailed p-value, the absolute observed group
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difference was compared to the distribution of permuted group differences across the

iterations.

Model fits were visualized with MATLAB MemToolbox (Suchow, Brady, Fougnie, &
Alvarez, 2013; available at http://visionlab.github.io/MemToolbox/). Two-tailed p-
values are reported for all analyses. For any non-significant findings observed in the main
analyses, | performed complementary Bayesian analyses to assess the strength of
evidence in favour of the null hypothesis. Bayes Factors were calculated with JASP
version 0.10.2 (JASP team, 2019) using default priors (for t-tests a Cauchy distribution
with a scale parameter (r) =.707, for ANOVAs a multivariate Cauchy distribution with
r =.50, both centred at zero). A Bayes factor (BFo1) of > 3 in favour of the null hypothesis
was interpreted as positive evidence for the null hypothesis (Jeffreys, 1961). For the
model comparison analyses, a BIC difference > 2 was interpreted as positive evidence
for the preferred model (Raftery, 1995).
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Figure 1. A) The probabilistic mixture model fitted to participants’ retrieval error data
consisted of a von Mises distribution (circular equivalent of a Gaussian distribution)
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centred at the target feature value (with a concentration, K), and a circular uniform
distribution (with a probability, pU). Success of memory retrieval was defined as the
probability of responses stemming from the target von Mises distribution (pT), and
precision as the concentration (K) of the von Mises distribution. B) This model (Model
A) was compared to two alternative models (Models B and C) capturing participants’
performance in each experiment. Model B consisted of a von Mises distribution centred
at the target (T) feature value only. Model C included a target von Mises and uniform
distribution, as well as von Mises distributions centred at the non-target (NT) features
values from the same encoding display.

Experiment 1

The first experiment of the current chapter aimed to examine whether age-related
declines in episodic memory are attributable to reduced probability of successful memory
retrieval, or to reduced precision of the retrieved memories. Young and older adults
completed a continuous object location report task requiring participants to encode
stimulus displays consisting of three everyday objects overlaid on a scene background.
The location of each object on its associated background was pseudo-randomly selected
from a circular space. At retrieval, participants were asked to recreate the locations of
studied objects by moving the object back to its original position as accurately as they

could using a continuous response dial.

Methods
Participants

Twenty younger adults (19-23 years old), and 22 older adults (60-73 years old)
participated in Experiment 1. One older adult participant with a precision estimate > 3
SDs from the group mean was excluded from the analyses conducted on individual
participant parameter estimates, leaving 20 younger and 21 older adults contribute to the
analyses (see Table 1 for participant demographics). Sensitivity analysis indicated that
this sample size enabled the detection of a significant difference between the age groups
of the size of d = 0.90 at alpha < .05 with the power of 0.80. Older adults reported a

marginally higher number of years of formal education than younger adults, t(39) = 1.86,
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p =.070, d = 0.59. Moreover, the older adults also had higher scores than the younger
adults on the SILVS (Zachary & Shipley, 1986), t(39) = 6.01, p < .001, d = 1.86, as
typically observed in studies of cognitive ageing (Verhaeghen, 2003), indicating higher

crystallized intelligence in the older group.

Table 1. Participant demographic information in Experiment 1 (means and standard

deviations).

Younger adults Older adults
N 20 21
Age 20.60 (0.99) 67.14 (3.61)
Gender (N) 12M,8F 10M,11F
Years of education 16.35 (1.04) 17.48 (2.50)
SILVS 32.15 (2.89) 36.52 (1.63)
MoCA n/a 27.95 (1.16)

Note. M = males, F = females.

Materials

The stimuli consisted of 180 images of distinct everyday objects, and 60 images of
outdoor scenes. Object and scene images were obtained from existing stimuli sets
(objects: Brady, Konkle, Alvarez, & Oliva, 2008; Konkle, Brady, Alvarez, & Oliva,
2010; scenes: Richter, Cooper et al., 2016) and Google image search. Three object
images were randomly allocated to each scene image, forming a total of 60 trial-unique
stimulus displays (750 x 750 pixels). The objects were each overlaid on the background
scene in a location pseudo-randomly selected from a 360-degree circle with a radius of
247 pixels, with a minimum distance of 62.04 degrees to ensure that the object locations
did not overlap on any given study display. Stimulus displays were generated once, and

all participants learned the same displays.

Design and procedure

The location memory task consisted of 120 retrieval trials, divided into 5 study-test
blocks (see Figure 2). In each study phase, participants viewed 12 stimulus displays for
9s each. Participants were instructed to try and memorise the appearance of each of the
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displays the best they could, paying particular attention to the identity and location of
each of the objects. The study phase was followed by a 30s delay, during which
participants counted backwards by threes aloud, to prevent rehearsal of the studied
stimuli. In the test phase, participants were first presented with a previously studied scene
image with no objects overlaid on it for 9s, during which they were instructed to think
about which objects had been associated with the given scene and where they had been
located. Participants were then asked to sequentially reconstruct the locations of two out
of three objects that had been associated with the scene as precisely as they could (one
object on the screen at a time). Each object initially appeared in a random location on the
associated background, along with a response dial. Participants were able to move the
object clockwise and anti-clockwise around the 360-degree response dial by pressing the
left and right arrow keys on the keyboard, and confirmed their answer by pressing the
space bar. Response time was not limited to avoid disadvantaging the older adults;
however, participants were encouraged to try and respond within 15s. The passing of 15s
was indicated by the central retrieval cue (“Location”) changing colour from white to
red. Participants in both groups responded within the first 15s on 98% of trials.
Participants completed 24 location retrieval trials in each block. Encoding and retrieval
trials were separated by a central fixation cross of 1s. The allocation of displays to task
blocks and the order of display presentation at study and test was randomised across
participants. Which two out of the three studied objects per display were selected for
location retrieval, and their test order, were randomized but kept constant across
participants.

30



Chapter 2
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Self-paced
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Figure 2. Example study and test trials in the location memory task in Experiment 1.
Participants viewed stimulus displays (stimulus duration: 9s) consisting of three objects
overlaid on a scene background, and later recreated the locations of two objects
associated with each display, by moving the object around a 360-degree response dial
via keypress. Retrieval error on each trial was calculated as the angular deviation between

participants’ response value and the target location value (0 + 180 degrees).

Results

The distributions of participants’ retrieval errors, calculated as the angular difference
between the studied target feature value and the participant’s response value, across the
120 retrieval trials in each age group are displayed in Figure 3. Mean absolute retrieval
error across trials was significantly higher in the older (M: 29.61, SD: 11.81) in
comparison to the younger adults (M: 21.46, SD: 8.75), t(39) = 2.50, p =.017, d = 0.78,
indicating that overall task performance was lower in the older group. The older adults
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also demonstrated significantly longer reaction times (M: 6.46s, SD: 1.68s) in
comparison to the younger adults (M: 4.66s, SD: 1.35s), t(39) = 3.79, p=.001, d = 1.19.
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Figure 3. Distribution of retrieval errors (response feature value — target feature value)
in the A) young and B) older adults. Coloured lines (dark blue: younger adults, light blue:
older adults) indicate response probabilities predicted by the mixture model with target
von Mises and circular uniform components (model fit to aggregate data in each group
for visualization), illustrating similar retrieval success (similar height of the uniform
components), but reduced memory precision in the older group (broader Gaussian

component).

Comparison of the three alternative models characterizing participants’ error
distributions indicated that, consistent with previous findings from younger adults
(Richter, Cooper et al., 2016), participants’ performance in the current task was best
characterized by a mixture of random guessing and variability in successful memory
retrieval as indicated by a lower BIC for this model in comparison to the two alternative
models (see Table 2). To quantify the success and precision of memory retrieval, the
preferred mixture model consisting of the target von Mises and uniform distributions was
fitted to participants’ retrieval error data, yielding maximum likelihood estimates of the
probability of successful memory retrieval (pT), and the precision of successful memory

retrieval (K) for each participant (see Figure 4).

Examination of age differences in the model-estimated success of memory retrieval,

defined as the probability of responses stemming from the von Mises distribution around
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the target feature value (pT), indicated no significant differences in the mean probability
of retrieval success between the younger (M: 0.81, SD: 0.13) and older (M: 0.80, SD:
0.13) adults, t(39) = 0.43, p = .669, BFo1 = 3.04. In contrast, the precision of memory
retrieval, defined as the concentration of the target von Mises distribution (K), was
significantly reduced in the older (M: 10.14, SD: 5.25) in comparison to the younger (M:
31.89, SD: 19.37) adults, t(39) = 4.96, p <.001, d = 1.55, indicating increased variability,
i.e., noise, in target retrieval in the older group. The findings from the analyses conducted
on the individual participant parameter estimates were further confirmed by aggregate
analyses where the retrieval error data was modelled across all trials and participants in
each age group. Permutation tests indicated no significant age differences in the
aggregate estimates of the probability of successful memory retrieval (young: 0.82, old:
0.77, p = .407), but a significant decline in retrieval precision in the older group (young:
24.30, old: 10.35, p < .001).

To examine whether the observed age-related declines in memory precision were
significantly greater than any age differences in retrieval success, participants’ retrieval
success and precision estimates were converted to z-scores. A mixed ANOVA with the
factors of memory measure (retrieval success vs. precision) and age group (young vs.
old) displayed a significant interaction between memory measure and age group, F(1,
39) = 6.00, p = .019, partial n?> = 0.13, indicating disproportionate age-related declines
in memory precision. Age-related differences in memory performance in Experiment 1
were thus characterized by a selective deficit in the precision of episodic memory

retrieval.

Table 2. Mean BIC difference between the preferred model (Model A: target von Mises
distribution + uniform distribution) and the two alternative models (Model B: target von
Mises distribution; Model C: target von Mises distribution + uniform distribution + non-

target von Mises distributions) in each age group.

Younger adults Older adults
BIC BIC BIC BIC
ModB-ModA ModC-ModA ModB-ModA ModC-ModA
74.72 441 28.41 4.62

Note. Mod A = Model A; Mod B = Model B; Mod C = Model C.
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Figure 4. Distribution of model-estimated A) probability of successful memory retrieval
(pT) and B) memory precision (K) in the younger and older adults. Boxplots display the
median and upper and lower quartiles, and the error bars the largest/smallest value within
1.5 interquartile range from the upper/lower quartile. Jittered data points display

individual participant parameter estimates.

Experiment 2

Following the finding of reduced precision of location memory retrieval in Experiment
1, I next explored whether this deficit may extend to the retrieval of different types of
information from LTM. In younger adults, different object attributes have been shown to
be independently remembered or forgotten from long-term memory (Brady et al., 2013;
Utochkin & Brady, 2019). Similarly, the fidelity with which different event features are
remembered has been found to be behaviourally unrelated and to rely on distinct neural
circuits (Cooper & Ritchey, 2019). The relative memory independence for different
object features in younger adults suggests scope for variability in age differences in the
precision of memory retrieval across different object features. Thus, in the second
experiment | aimed to assess whether the observed age-related declines in memory
precision were specific to retrieval of spatial locations, or whether they may extend to

different object features retained in long-term memory.

In Experiment 2, participants encoded and retrieved stimulus displays consisting of three
everyday objects that varied in terms of their locations, colours and orientations in
circular spaces. At test, participants recreated the appearance of each feature using the
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continuous response dial. | further assessed whether age-related reductions in the
objective precision of memory retrieval may be accompanied by age-related changes in
the subjective quality of retrieved memories, by asking participants to rate the subjective

vividness of their memory retrieval for each display on a continuous scale.

Methods
Participants

Twenty-four younger (18-28 years old) and 24 older adults (62-79 years old) participated
in Experiment 2. Two younger adults and one older adult outlier (parameter estimates >
3 SDs from the group mean) were excluded from the analyses, leaving 22 younger adults
and 23 older adults to contribute to the analyses based on individual participant parameter
estimates (see Table 3 for participant demographics). Sensitivity analyses indicated that
this sample size enabled the detection of a main effect of age of the size of Cohen’s f =
0.33, and an interaction between age and feature condition of the size of Cohen’s f =0.21
at alpha < .05 with the power of 0.80 in the ANOVAs. Six of the older adults had also
participated in Experiment 1 (no overlap in task stimuli). No significant differences in
memory performance (mean absolute retrieval error across trials) were detected between
these six participants and the remaining older adults, t(21) = 1.44, p = .165. The older
adults reported a significantly higher number of years of formal education than younger
adults, t(43) = 2.66, p = .011, d = 0.80, and scored on average higher on the SILVS
(Zachary & Shipley, 1986), t(42) = 4.20, p <.001, d = 1.26.

Table 3. Participant demographic information in Experiment 2 (means and standard

deviations).

Younger adults Older adults
N 22 23
Age 20.95 (2.46) 71.91 (4.65)
Gender (N) 12M,10F 12M,11F
Years of education 16.05 (1.43) 17.83 (2.81)
SILVS? 33.77 (3.66) 37.41 (1.76)
MoCA n/a 28.22 (1.17)

Note. M = males, F = females. 2 SILVS score missing for one older adult due to
experimenter error.
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Materials

Stimuli for the continuous report task in Experiment 2 consisted of 120 images of distinct
everyday objects and 40 images of textured backgrounds. The object images were
obtained from an existing colour-rotated stimuli set (Brady et al., 2013, available at
http://timbrady.org/stimuli/ColorRotationStimuli.zip), and the background images from
Google Image Search (no overlap in stimuli with Experiment 1). Objects displaying
rotational symmetry or associated with a particular colour were excluded from the
stimuli. The stimuli were randomly allocated to form a total of 40 trial-unique study
displays each consisting of three objects overlaid on a texture background. In Experiment
2, the objects on each display varied along three perceptual features: location, colour and
orientation. Values for each of these features were pseudo-randomly drawn from a
circular space (0-360 degrees) with the constraint of a minimum distance of 62.04
degrees between two features of the same type on each display. This minimum distance
was required to create non-overlapping object locations, and was for consistency also

applied to the other two feature dimensions. All participants studied the same displays.

Design and procedure

The continuous report task used in Experiment 2 consisted of 10 study-test blocks (see
Figure 5). In each study phase, participants sequentially viewed four stimulus displays
(stimulus duration: 12s), and were instructed to memorize each display the best they
could, including both the background image and the identity and appearance (location,
colour and orientation) of each of the objects. In the test phase, participants were first
asked to rate the vividness of their memory for each display, and to base this vividness
judgement on how vividly they could recall the appearance of all of the three objects
associated with that display. Participants were presented with the background image
only, along with a question “How vividly do you remember this display?” in the centre
of the image. After a 2s delay, a response scale was added and participants could indicate
the vividness of their memory by moving a slider on a 100-point continuous scale (0 =
“not vivid”, 100 = “very vivid”). After the vividness rating, participants sequentially
reconstructed the features (location, colour, and orientation) of two out of the three
objects on each display. For feature retrieval, the test object initially appeared in a
randomly allocated location, colour and orientation on the associated background along
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with the response dial. A central cue noted the feature being tested (“Location”,
“Colour”, or “Orientation”), and after responding to one of the feature questions,
participants’ reconstruction of that feature’s appearance remained unchanged for the
following feature questions for the same object. As in Experiment 1, the test phase was
self-paced, but participants were encouraged to respond within 15s. The study and test
trials were separated by a fixation cross of jittered duration (400ms to 2500ms, mean:

1025ms), and the study and test phases by a 10s delay.

Participants completed 40 vividness trials, and 240 feature retrieval trials (80 per feature)
in total. The allocation of study displays to task blocks and the order of display
presentation at study and test was randomized across participants. Selection of two
objects from each display for feature retrieval and their test order was randomized but
kept constant across participants. The order of feature questions for each object was
pseudo-randomised across participants with the constraint of no individual feature tested
more than 4 consecutive times in the same sequential position (i.e., first, second, or third),

and with each feature tested 26-28 times in each position.
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Figure 5. Participants studied stimulus displays consisting of three objects varying along
three features: location, colour and orientation (stimulus duration: 12s). For each display,
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participants first rated the vividness of their memory retrieval, and then recreated the
features of two out of the three objects on each display, using the continuous response
dial.

Results

Table 4. Mean absolute error (degrees) and reaction time (s) in each age group and

feature condition. Standard deviations reported in parentheses.

Younger adults Older adults
Absolute error RT Absolute error RT
Location 28.13 (14.22) 3.86 (0.94) 32.11 (16.16) 6.69 (1.48)
Colour 38.33 (14.80) 5.67 (1.00) 50.07 (15.17) 9.32 (2.32)
Orientation 51.36 (16.58) 4.43 (1.03) 64.86 (19.63) 7.56 (1.74)

Distributions of retrieval errors in each feature condition and age group in Experiment 2
are displayed in Figure 6. A mixed ANOVA with the factors of age group (young vs.
old) and feature condition (location, colour, orientation) indicated a main effect of age,
F(1, 43) =5.22, p = .027, partial ? = 0.11, on mean absolute error in Experiment 2 (see
Table 4). Furthermore, there was a marginal interaction between age group and feature
condition, F(1.68, 72.15) = 3.30, p = .051, partial n?> = 0.07, BFo1 = 0.63 (Greenhouse-
Geisser corrected). Absolute error did not significantly differ between the age groups in
the location condition, t(43) = 0.88, p = .386, BFo1 = 2.49. However, the older adults
displayed significantly higher mean absolute error than the younger adults in the colour,
t(43) = 2.63, p = .012, d = 0.78, and orientation, t(43) = 2.49, p = .017, d = 0.74,

conditions.

Furthermore, a mixed ANOVA with the factors of age group (young vs. old) and feature
condition (location, colour, orientation) indicated a main effect of age on reaction times,
F(1, 43) = 61.03, p <.001, partial n*> = 0.59 (see Table 4). Although there was a marginal
interaction between age group and feature condition, F(1.37, 58.82) = 3.25, p = .064,
partial n*> = 0.07, BFo1 = 0.82 (Greenhouse-Geisser corrected), significant age-related

increases in reaction times were observed across the location, t(43) = 7.60, p <.001, d =
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2.26, colour, t(43) = 6.80, p < .001, d = 2.03, and orientation, t(43) = 7.30, p <.001,d =

2.17, conditions.
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Figure 6. Distribution of retrieval errors in each feature condition in the A) younger and
B) older adults. Coloured lines (dark blue: younger adults, light blue: older adults)
illustrate response probabilities predicted by the mixture model (model fit to aggregate

data for visualization).

Table 5. Mean BIC difference between the preferred model (Model A: target von Mises
+ uniform) and the two alternative models (Model B: target von Mises; Model C: target

von Mises + uniform + non-target von Mises) in each age group.

Younger adults Older adults
BIC BIC BIC BIC
Mod B-Mod Mod C - Mod Mod B-Mod Mod C - Mod
A A A A
Location 19.63 3.80 7.86 411
Colour 17.81 3.85 5.21 3.77
Orientation 26.09 4.16 11.64 3.93

Note. Mod A = Model A; Mod B = Model B; Mod C = Model C.
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As in Experiment 1, model comparison analyses indicated that the combination of target
von Mises and uniform distributions provided a better fit for the current data than two
alternative models, as indicated by a lower BIC for this model in both age groups (see
Table 5). This model was fitted to data from each individual participant and feature
condition (see Figure 7). A mixed ANOVA with the factors of age group (young vs. old)
and feature condition indicated no significant main effect of age group, F(1, 43) = 2.29,
p =.138, BFo1 = 1.63, but a significant effect of feature, F(2, 86) = 85.26, p <.001, partial
n?> = 0.67, on the mean model-estimated probability of successful memory retrieval.
Importantly, there was a significant interaction between age group and feature, F(2, 86)
= 5.03, p = .009, partial n*> = 0.11, indicating that age differences in retrieval success
varied across the three feature conditions (see Table 6). No significant age differences in
the probability of successful retrieval were observed in the location, t(43) = 0.13, p =
.901, BFo1 = 3.37, or colour, t(43) = 1.34, p = .186, BFo1 = 1.64, conditions. However,
the older adults exhibited significantly lower probability of successful memory retrieval
than younger adults in the orientation condition, t(43) = 2.45, p = .018, d = 0.73. The
orientation condition also had the lowest retrieval success out of the three feature
conditions in the younger group (lower retrieval success than colour, t(21) = 4.17, p <
.001, d = 0.89, and location, t(21) = 8.01, p < .001, d = 1.71), indicating that the only
significant age differences in retrieval success were observed for the condition that also

resulted in the lowest probability of successful memory retrieval in the younger group.

In contrast, for retrieval precision, a mixed ANOVA with the factors of age group (young
vs. old) and feature condition (location, colour, orientation) displayed a significant main
effect of age group, F(1, 43) = 11.54, p = .001, partial n> = 0.21, indicating reduced
precision of memory retrieval in the older group (see Table 6). Age differences in
retrieval precision did not significantly vary across the feature conditions, F(2, 86) =
0.14, p = .872, BFo1 = 7.28, suggesting a comparable degree of loss of mnemonic

precision across different object features retained in LTM.
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Table 6. Mean model-estimated probability of successful memory retrieval (pT) and
memory precision (K) in each age group and feature condition. Standard deviations

reported in parentheses.

Younger adults Older adults
pT Kappa pT Kappa

Location 0.81 (0.18) 11.44 (4.94) 0.82 (0.20) 7.35 (3.66)
Colour 0.70 (0.19) 9.30 (5.11) 0.62 (0.22) 6.23 (5.15)
Orientation 0.54 (0.21) 12.72 (7.31) 0.37 (0.25) 9.61 (5.97)
A) - B) a0
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Figure 7. Distribution of model-estimated A) probability of successful memory retrieval
(pT) and B) memory precision (K) in each age group and feature condition (Loc =
location, Col = colour, Ori = orientation). Boxplots display the median and upper and
lower quartiles, and error bars the largest/smallest value within 1.5 interquartile range
from the upper/lower quartile. Jittered data points display individual participant

parameter estimates.

Of note, two older participants had a retrieval success estimate close to zero in the
orientation condition, suggesting that responses in the orientation condition for these two
participants reflected mainly guessing. Exclusion of these two participants from the
memory precision analysis similarly resulted in a significant main effect of age on
memory precision, F(1, 41) =9.39, p =.004, partial n*=0.19, and no interaction between
age group and feature condition, F(2, 82) = 0.26, p = .776, BFo1 = 6.43, as the main

analysis described above. A significant interaction between age group and feature
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condition was also observed for the probability of successful memory retrieval after the
exclusion of these two participants, F(1.73, 70.78) = 5.21, p = .011, partial #*> = 0.11.
However, note that the age difference in retrieval success in the orientation condition was
marginal after the exclusion of these two participants, t(41) = 1.99, p = .054, d = 0.60,
BFo1 = 0.71. No significant age differences in the probability of successful memory
retrieval were detected in the location, t(41) = 1.00, p =.322, BFo1 = 2.22, or colour, t(41)
=0.91, p =.367, BFo1 = 2.39, condition in this analysis either.

Results obtained from the analysis of individual participant parameter estimates were
further supported by results from permutation tests conducted on the aggregate estimates
of the probability of successful memory retrieval (pT) and memory precision (K). The
aggregate estimates were computed by modelling data across all participants for each age
group and feature condition separately. Consistent with the results of the analysis
conducted on individual participant parameter estimates, results from the aggregate
analyses indicated no significant age differences in the probability of successful memory
retrieval in the location (young: 0.78, old: 0.79, p = .890), and colour conditions (young:
0.67, old: 0.59, p = .145), however the older adults exhibited significantly lower success
of memory retrieval than the younger adults in the orientation condition (young: 0.51,
old: 0.36, p =.036). Retrieval precision, on the other hand, was significantly reduced in
the older group in the location (young: 11.12, old: 6.46, p = .002), colour (young: 8.72,
old: 4.26, p <.001) and orientation (young: 12.54, old: 8.84, p = .032) conditions in the

aggregate analyses also.

Comparing the magnitude of age differences in the success and precision of memory
retrieval for each feature condition with separate mixed ANOVAs with the factors of
memory measure (retrieval success vs. precision) and age group (young vs. old) provided
evidence for a significantly disproportionate deficit in retrieval precision in the location
condition, F(1, 43) = 5.52, p = .023, partial *> = 0.11, but not in the colour, F(1, 43) =
0.17, p = .679, BFo1 = 3.51, or orientation, F(1, 43) = 0.33, p = .570, BFo1 = 2.91,

conditions (estimates of retrieval success and precision z-scored).

Despite reductions in objective precision of memory retrieval, the mean subjective
ratings of memory vividness did not significantly differ between the age groups, t(43) =
0.71, p = .485, BFo1 = 2.77, with both age groups rating their memory retrieval as
moderately vivid (younger: M: 45.09, SD: 13.12, older: M: 49.65, SD: 27.42, on a scale

42



Chapter 2

0-100). Mean memory vividness did not significantly correlate with the success
(younger: r=.23, p =.313, BFo1 = 2.35; older: r =-.06, p =.791, BFo1 = 3.74) or precision
(younger: r = .15, p = .507, BFo1 = 3.08; older: r = .07, p = .748, BFo1 = 3.69) of memory

retrieval, collapsed across the feature conditions in either age group.

Discussion

In Experiment 2, I assessed the fidelity of participants’ long-term memory retrieval for
three different object features. Consistent with results from Experiment 1, | here observed
significant age-related declines in the precision of episodic memory retrieval across the
features tested, indicating consistent age-related declines of memory fidelity across
different types of information retained in LTM. In the present experiment, significant
age-related reductions in the probability of successful memory retrieval were also
observed in the orientation condition. This was also the condition resulting in the lowest
retrieval success out of the three feature conditions in the younger adults (see Cooper et
al., 2017 for similar results), potentially suggesting an influence of task difficulty.
However, it should be noted that while the complementary Bayesian analyses provided
positive evidence for age-invariant probability of successful memory retrieval in the
location condition, considerable support for this null hypothesis was not observed in the
colour condition. Furthermore, despite reductions in objective measures of performance,
the older adults did not display decreases in the subjective vividness of their memory
retrieval, consistent with previous reports of lack of age-related decline in memory
vividness (Johnson et al., 2015; St-Laurent et al., 2014).

General Discussion

Declines in episodic memory retrieval are consistently observed with healthy ageing
(Grady, 2012; Hedden & Gabrieli, 2004; Nyberg et al., 2012). While a wealth of studies
has investigated the effects of ageing on the success of episodic memory retrieval (e.g.,
Cansino et al., 2018; Naveh-Benjamin, 2000; Simons et al., 2004), less is known about
whether ageing may also affect the fidelity of retrieved memories (Nilakantan et al.,
2018). In the current chapter, | sought to better characterize the nature of age-related

declines in episodic memory retrieval by distinguishing whether age-related changes may
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reflect reduced probability of successfully retrieving information from memory, and/or
decreased precision of the retrieved memory representations. In two experiments, |
consistently observed age-related reductions in the precision of episodic memory
retrieval. These declines in mnemonic precision were evident across different types of
information retrieved from long-term memory (object location, colour and orientation).
In contrast to memory precision, significant age-related decreases in the probability of
successful memory retrieval were observed only in the orientation condition in
Experiment 2. This was also the condition resulting in the lowest retrieval success in the
younger adults, suggesting an effect of task difficulty. Together, these results highlight
the contribution of reduced memory fidelity to age-related episodic memory
impairments, and suggest that the success and precision of episodic memory retrieval

might be differentially sensitive to age-related decline.

The current findings of decreased memory precision in older age are consistent with
previous proposals of age-related reductions in the quality, and specificity, of memory
representations (Burke et al., 2018; Goh, 2011; Li et al., 2001; Trelle et al., 2017, 2019).
However, while previous behavioural investigations have often relied on subjective
judgements or categorical measures of memory success to draw inferences about age-
related changes in memory quality, the current paradigm provided a more direct
behavioural measure of memory fidelity, unconfounded by age-related changes in the
success of memory retrieval. A similar paradigm has recently been used by Nilakantan
et al. (2018), who also demonstrated intact probability of successful object-location
retrieval but reduced memory precision in older age, consistent with the current findings
from Experiment 1. However, in addition to object location retrieval, the findings from
Experiment 2 demonstrated that the age-related declines in memory precision extend to
different object features (colour and orientation) stored in long-term memory. These
results suggest that decreases in memory precision may be a consistent feature of age-
related memory decline, and not specific to the type of material tested. Indeed, such
material-independent declines would be predicted by previous accounts proposing
increases in neural noise to limit the fidelity of memory representations in older age
(Welford, 1958, 1981; Li et al., 2001).

In contrast to memory precision, significant age-related decreases in the probability of
successful memory retrieval were detected in the current experiments only in the

orientation condition of Experiment 2. This relative sparing of retrieval success in older
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age is consistent with the idea that while memory for the gist of an event, or stimulus,
might be preserved in ageing, the more fine-grained details tend to be lost (Dennis, Kim,
et al., 2007, 2008; Kensinger & Schacter, 1999; Nilakantan et al., 2018). Other previous
studies have, however, demonstrated robust age-related declines in the success of
episodic recollection (e.g., Cansino et al., 2018; Simons et al., 2004). This apparent
discrepancy between the current results and previous findings may be partially explained
by age-related decreases on categorical measures of memory success in previous studies
being at least to some extent attributable to reduced fidelity of the underlying memory
representations, rather than a failure to retrieve the representations per se (Nilakantan et
al., 2018). For instance, a failure to discriminate between two similar sources of
memories, such as between two female or two male voices (Simons et al., 2004), could
result from a noisier memory representation of the source, leading to the selection of an

incorrect retrieval response, and thereby reduced retrieval success.

However, it should be noted that the Bayes factor analyses only provided positive
evidence in favour of age-invariant probability of successful memory retrieval in the
location conditions of Experiment 1 and 2. Although no significant differences in the
probability of successful memory retrieval were detected in the colour condition of
Experiment 2, numerically the success of memory retrieval was lower in the older
relative to the younger group in this condition. It therefore remains to be clarified how
selective the memory precision deficits in older age are. However, the finding that age-
related declines in memory precision were observed even when retrieval success was
matched between the age groups, and that these declines were disproportionate to any
age differences in retrieval success in the locations conditions of Experiment 1 and 2,

suggests that memory precision may be more sensitive to age-related cognitive decline.

Age-related changes in retrieval success were observed in in the current experiments only
in the orientation condition, which may reflect the relatively high task difficulty of this
condition (as indicated by lower retrieval success in this condition in comparison to the
location and colour conditions in younger adults), rather than an impairment specific to
the retrieval of object orientations. Indeed, previous evidence from younger adults using
a similar paradigm has demonstrated that the orientation condition tends to be more
difficult than the location or colour conditions. (Cooper et al., 2017). Emergence of age-
related decreases in the probability of successful memory retrieval with increased task

difficulty is consistent with the notion of exaggerated age differences in cognitive
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performance with increased task demands (Reuter-Lorenz & Cappell, 2008). These
findings suggest that while the success of memory retrieval may remain at a level similar
to the young in the older group when task demands are relatively low, multiple aspects
of memory retrieval might begin to break down when task demands are increased.
However, given that task difficulty was confounded with feature condition in the current
experiment, future research using different load manipulations on the same feature
condition is required to distinguish between feature-based and task difficulty-based

interpretations.

Interestingly, previous research has demonstrated older age to be associated with
increases in false memory, including associative and misattribution errors (reviewed in
Devitt & Schacter, 2016). In addition to assessing age-related changes in the success and
precision of memory retrieval, | also assessed whether increases in binding errors may
contribute memory performance using a model comparison approach. Specifically, 1
compared the model consisting of target von Mises and uniform distributions to a model
additionally incorporating von Mises distributions around the non-target feature values
from the same encoding display. In this alternative model, participants are assumed to
also make binding errors, where they report a cued feature or a non-target item from the
same study display (e.g., reporting the location of another object from the same study
display as the object tested) (Bays et al., 2009). However, the model comparison
indicated that the combination of target von Mises and uniform distributions provided a
better fit for the current data than this alternative model in both age groups, thus
providing little evidence for binding errors in either young or older adults. In the current
experiments, a minimum distance of 60 degrees was enforced between any two features
of the same kind on any given encoding display (to ensure non-overlapping object
locations). It may be that this minimum distance was sufficient to make the object
features more distinguishable in memory, thereby reducing the likelihood of mistakenly
reporting a cued feature of a non-target item. It is also possible that rather than making
binding errors between the objects from the same study display, participants may have
made binding errors across study displays, potentially driven by semantic or perceptual
similarity of the items themselves rather than the shared context (i.e., background
pictures). Future experiments could distinguish these hypotheses by manipulating the
semantic and perceptual relatedness of stimuli both within and across study displays.
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The current findings of differential effects of ageing on the success and precision of
episodic memory retrieval may suggest distinct neurocognitive factors contributing to
age-related changes on each component. At the neural level, previous results by Richter,
Cooper and colleagues (2016) in younger adults have demonstrated the success and
precision of episodic memory retrieval to rely on dissociable brain regions of the core
recollection network, with retrieval success associated with activity in the hippocampus,
and retrieval precision scaling with activity in the angular gyrus. Given the putative roles
of the hippocampus and angular gyrus in the success and precision of episodic memory
retrieval, respectively, it might be that the behavioural results observed in the current
chapter are reflected in distinct age-related functional and structural alterations in these

two brain regions. This question will be examined in Chapter 4 and 5.

In conclusion, the current chapter provided evidence for age-related declines in the
precision of episodic memory retrieval. Age-related decreases in memory fidelity were
evident even in the absence of age differences in the probability of successful retrieval,
suggesting that this aspect of episodic retrieval may be more sensitive to age-related
degradation in the healthy population. Interestingly, previous studies have shown the
precision of working memory retrieval to also decline in older age (Noack et al., 2012;
Peich et al., 2013; Pertzov, Heider, Liang, & Husain, 2015). In the next chapter, I will
explore the potential contribution of decreased fidelity of perception and/or working
memory to the age-related deficits in the precision of episodic memory retrieval.
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Chapter 3: Precision of perception, working memory and long-term

memory in older age

Results from the two experiments presented in Chapter 2 demonstrated consistent age-
related declines in memory precision across different object features retained in long-
term memory. A question arising from these findings is whether the age-related declines
in mnemonic precision are specific to long-term memory retrieval, or whether they may,
at least to some extent, be explained by age-related declines in the fidelity of perceptual
and/or working memory representations. In the present chapter, healthy young and older
adults completed a perceptual, WM and LTM version of the continuous report task for
object colour, enabling the examination of age-related changes in the fidelity of all three
cognitive processes. In addition to the declines in LTM precision previously observed in
Chapter 2, results from the current chapter demonstrated additional evidence for age-
related declines in the precision of object colour reports in perception and WM.
Moreover, the precision of WM predicted individual differences in the precision of LTM
in the older group. Critically, however, significant age-related decreases in LTM
precision persisted after controlling for variability in the fidelity of both perception and
working memory, suggesting additional age-related degradation of information retained
in LTM.

Introduction

In addition to changes in higher cognition, decreases in sensory function become evident
in older age (Faubert, 2002; Liu & Yan, 2007; Owsley, 2011). The fidelity of visual
perception for different stimulus attributes such as spatial contrast (Derefeldt,
Lennenstrand & Lundh, 1979; Elliott, Whitaker, & MacVeigh, 1990; Owsley, Sekuler,
& Siemsen, 1983) and motion (Bennett, Sekuler, & Sekuler, 2007; Snowden &
Kavanagh, 2006; Trick & Silverman, 1991), as well as the quality of more complex
perceptual representations comprising conjunctions of multiple stimulus features (Ryan
et al., 2012), has been demonstrated to degrade in older age. Additionally, age-related
decreases in the fidelity of perceptual processing have been implied by functional
neuroimaging studies demonstrating age-related reductions in the activity of visual
regions across a range of cognitive tasks (Cabeza et al., 2004; Davis et al., 2008; Li et

al., 2015; Spreng, Wojtowicz, & Grady, 2010). In addition to the age-related decreases
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in task-related brain activity, the selectivity of neural responses in visual regions during
perception of different stimulus categories (Carp et al., 2011; Park et al., 2004; Park et
al., 2010) as well as exemplars from the same category (Goh et al., 2010) declines in
older age. Reductions in representational specificity in visual regions have been found to
correlate with individual differences in an independent set of tasks of fluid cognitive
processing in older age (Park et al., 2010), suggesting a contribution of reduced fidelity

of visual processing to declines in higher order cognition in older age.

A relationship between sensory and cognitive declines in older age has been highlighted
in several studies, with measures of sensory acuity accounting for a substantial
proportion of age-related variance in higher order cognitive tasks (Baltes &
Lindenberger, 1997; Lindenberger & Baltes, 1994). While some have attributed this
relationship to reflect a common cause, such as neural degeneration, leading to declines
in both the sensory and cognitive domain (Baltes & Lindenberger, 1997; Lindenberger
& Baltes, 1994), others have proposed a more direct influence of sensory decreases on
cognitive performance (Monge & Madden, 2016; Schneider & Pichora-Fuller, 2000).
According to the information degradation hypothesis, deterioration of sensory inputs
leads to impoverished perceptual representations of external stimuli, which in turn may
have cascading effects on the integrity of higher-order cognitive processes, such as
memory (Monge & Madden, 2016). Consistent with this hypothesis, experimental
manipulations affecting the fidelity of sensory inputs at encoding have been
demonstrated to lead to reductions in memory performance in younger adults (Murphy,
Craik, Li, & Schneider, 2000; Pichora-Fuller, Schneider, & Daneman, 1995). As the
fidelity of memory representations is essentially constrained by the fidelity of sensory
inputs at encoding (Ma, Husain, & Bays, 2014), it is possible that age-related declines in
the precision of visual perception may partially contribute to the age-related deficits

observed in the precision of LTM retrieval.

Additionally, the ability to retain and manipulate information in working memory
declines with older age (Brockmole & Logie, 2013; Dobbs & Rule, 1989; Oberauer,
2005; Salthouse & Babcock, 1991). While a distinction between short-term, or working,
memory and long-term memory as separate systems has traditionally been emphasized
(e.g., Atkinson & Shiffrin, 1968; Baddeley, & Hitch, 1974), increasing evidence suggest
that WM and LTM may at least to some degree share similar operating mechanisms and
neural substrates (Brady, Konkle, Alvarez, & Oliva, 2013; McElree, 2006; Nairne, 2002;
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Ranganath & Blumenfeld, 2005; Yonelinas, 2013). Several studies have highlighted a
particular role of WM in the successful formation of long-term memories (Blumenfeld
& Ranganath, 2006; Davachi, Maril, & Wagner, 2001; Greene, 1987; Hartshorne &
Makovski, 2019; Ranganath, Cohen, & Brozinsky, 2005). The influence of WM on
successful LTM encoding appears to be particularly prominent in the early stages of WM
maintenance (Naveh-Benjamin & Jonides, 1984; Ranganath et al., 2005), perhaps

reflecting a stage where the memory trace is still in a labile state (McGaugh, 2000).

A relationship between WM and LTM has also been evident in studies of cognitive
ageing, where reductions in WM often partially account for age-related deficits in
episodic memory tasks (Bender & Raz, 2012; Hertzog, Dixon, Hultsch, & MacDonald,
2003; Hultsch, Hertzog, & Dixon, 1990; Memel, Woolverton, Bourassa, & Glisky, 2018;
Park et al., 2002, 1996). This link has often been interpreted in light of reduced
processing resources (e.g., Bender & Raz, 2012; Hertzog et al., 2003; Park et al., 2002),
or more specific components of WM, such as binding deficits (Bartsch, Loaiza, &
Oberauer, 2019; Chen & Naveh-Benjamin, 2012). However, in addition to decreases in
WM capacity and binding highlighted in previous studies (e.g., Brockmole & Logie,
2013; Oberauer, 2005), more recent research has shown that impoverished precision of
working memory representations contributes to age-related short-term memory deficits
(Noack et al., 2012; Peich et al., 2013; Pertzov et al., 2015). Moreover, findings from
younger adults have led to the proposal that WM and LTM may exhibit similar
constraints on representational fidelity (Brady et al., 2013, but see Biderman, Luria,
Teodorescu, Hajaj, & Goshen-Gottstein, 2019), suggesting a potential link between WM
and LTM precision declines in older age. Indeed, the precision of short- and long-term
retrieval has been demonstrated to correlate in the domain of auditory memory in younger
adults (Van Hedger, Heald, & Nusbaum, 2018), however to date no such relationship
between individual differences in the precision of WM and LTM for visual information

has been reported.

The aim of the present experiment was to examine whether age-related declines in the
precision of episodic memory retrieval may partially be explained by age-related declines
in the fidelity of perception and/or working memory. Healthy younger and older
participants completed a perceptual, WM and LTM version of the continuous report task
for object colour. Colour was chosen as the test feature as previous research in younger

adults employing a similar task has found colour to be a sufficiently sensitive feature for
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investigating the fidelity of perception, WM and LTM (Brady et al., 2013). Given that
the precision of memory representations is constrained by the fidelity of sensory inputs
(Ma, Husain, & Bays, 2014), age-related reductions in the fidelity of perceptual
processing may partially account for the loss of episodic memory precision. Furthermore,
given the evidence for age-related decreases in WM precision (Peich et al., 2013; Pertzov
et al., 2015), decreased fidelity of WM may alternatively, or additionally, contribute to
reduced precision of LTM in older age. However, measures of WM often do not fully
account for the age-related deficits in LTM (e.g., Bartsch et al., 2019; Stine & Wingfield,
1987), suggesting that there may be additional loss of fidelity as information is retained
in memory over longer time scales. A relationship between perceptual, working memory
and long-term memory precision would be in line with accounts proposing that common
neural representations may serve different cognitive functions, including perception,
short-term and long-term memory (Bussey & Saksida, 2007; Cowell, Bussey, & Saksida,
2010; Nadel & Peterson, 2013).

Methods
Participants

Twenty-six younger (18-30 years old), and 24 older adults (60-82 years old) took part in
the current experiment. Two younger adults were excluded from the experiment prior to
data analysis, one due to a counterbalancing, and one due to a failure to attend the second
study session. Furthermore, two younger and two older adult outliers (retrieval success
or precision estimate > 3 SDs from the group mean) were excluded from the analyses
based on individual participant parameter estimates, leaving 22 younger and 22 older
adults to contribute to the analyses (see Table 1 for participant demographics). Sensitivity
analyses indicated that this sample size enabled the detection of a significant relationship
between a predictor and an outcome variable in the within-group linear regression
analyses of the size of Cohen’s 2 = 0.39 at alpha < .05 with the power of 0.80.
Furthermore, a mean difference between the age groups of the size of Cohen’s d = 0.86
could be detected at alpha < .05 with the power of 0.80.

Participants were all native English-speakers, reported normal or corrected-to-normal
visual acuity, normal colour vision, and no current or historical diagnosis of any

psychiatric or neurological condition, or learning impairment. Participants were recruited
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via online and community advertisements and volunteer databases at the Memory Lab of
the University of Cambridge. None of the participants had taken part in the previous
behavioural experiments described in Chapter 2. Older adults reported a significantly
higher number of years of formal education than younger adults, t(42) = 2.70, p = .010,
d = 0.82, and scored significantly higher on the SILVS (Zachary & Shipley, 1986), t(42)
=6.91, p<.001, d=2.08.

Table 1. Participant demographic and neuropsychological test data (means and

standard deviations).

Younger adults Older adults p-value

N 22 22 -
Age (years) 22.55 (3.54) 69.09 (6.12) -
Gender (N) 6M,16F 4 M, 18F -
Education (years) 16.36 (2.65) 19.07 (3.87) .010
SILVS 32.55 (3.73) 38.41 (1.40) <.001
MoCA n/a 28.14 (1.25) -
Trails A (sec) 36.68 (28.30) 50.41 (20.41) 072
Trails B (sec)? 68.35 (37.72) 79.52 (25.80) 231
ROCF Copy 34.86 (1.32) 34.80 (1.47) 872
ROCF Immediate 24.82 (5.53) 19.20 (7.59) .008
ROCF Delayed 24.66 (6.33) 19.27 (7.40) 013
Verbal Paired Associates Immediate 27.91 (4.37) 23.00 (6.91) .007
Verbal Paired Associates Delayed 7.91 (0.43) 7.23 (1.23) .018
Letter fluency 49.86 (10.29) 55.18 (10.21) .093
Digit span forward 12.23 (2.31) 11.05 (2.84) 137
Digit span backward 8.59 (2.58) 8.00 (2.18) 416

Note. P-values for independent samples t-tests comparing younger and older adults. M =
males; F = females; ROCF = Rey-Osterrieth Complex Figure.  Scores on the Trail
making B task excluded from two younger, and one older participant due to experimenter
error.

Materials

Stimuli for all the colour report tasks consisted of 540 images of distinct everyday objects
obtained from existing colour-rotated and standard object stimuli sets (Brady et al., 2008;
Brady et al., 2013). Objects that had a strong association with a particular colour were
excluded from the stimuli. The object images that were in their original colours were first
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transformed to the same hue of red as the colour-rotated object stimuli (Brady et al.,
2013) in the Commission Internationale de 1’Eclairage (CIE) L*a*b* colour space
(MATLAB scripts available at https://bradylab.ucsd.edu/stimuli.html). The object
images were then randomly allocated to each task type, with 120 objects allocated to the
LTM task, 360 objects to the WM task, and 60 objects to the perceptual task. For the
LTM and WM tasks, 3 objects were randomly allocated for each study display, creating
a total of 40 trial-unique stimulus displays for the LTM task, and 120 trial-unique
stimulus displays for the WM task. The objects were overlaid on a grey background, in
a colour and location pseudo-randomly chosen from circular parameter spaces with a
minimum constraint of 62.04 degrees between two feature values of the same type on
any given study display. This minimum distance was required to create non-overlapping
object locations, but was for consistency with the experiments presented in Chapter 2
also applied in the colour domain.

To ensure that the amount of visual input was consistent across tasks, stimulus displays
in the perception task also comprised three objects overlaid on a grey background.
However, as this task involved no demands on memory, three versions of the same object
presented in different colours were used (see Figure 1). A total of 60 stimulus displays
were created for the perception task. As in the memory tasks, the colour and location of
the objects on each display were pseudo-randomly chosen from circular parameter spaces
with a minimum constraint of 62.04 degrees. All participants viewed the same displays.

Design and procedure

Participants attended two testing sessions, with a minimum one week delay between the
sessions (delay for younger adults M: 11.45 days, SD: 6.57, older adults M: 10.82 days,
SD: 7.05, no significant difference between the groups, t(42) =0.31, p =.758). In addition
to the three colour report tasks, participants completed a battery of standard
neuropsychological tests including measures of verbal (Verbal Paired Associates, WMS-
I11) (Wechsler, 1997b) and non-verbal memory (Rey-Osterrieth Complex Figure test)
(Osterrieth, 1944), executive function (Verbal fluency, Trails A & B) (Delis, Kaplan, &
Kramer, 2001), and working memory (Digit span forward and backward, WAIS-III)
(Wechsler, 1997a). Participants’ performance on the neuropsychological tasks is
presented in Table 1. The assignment of the colour report tasks and the
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neuropsychological tests to each testing session was counterbalanced across participants,
with the WM and LTM colour report tasks completed in separate sessions to minimize

fatigue effects.

The LTM task consisted of 120 colour retrieval trials, divided into 8 study-test blocks
(see Figure 1). In each study phase, participants sequentially viewed five stimulus
displays (stimulus duration: 9s), separated by a 1s central fixation cross. Participants
were instructed to try and memorize the colour and identity of each object the best they
could. The study phase was followed by a 30s delay filled with counting backwards by
threes aloud, to prevent rehearsal of the studied stimuli. In the test phase, participants
recreated the colours of all the three objects of each display studied in the preceding block
(15 retrieval trials per block). The test object initially appeared in a randomly allocated
colour, but in its studied location as location was not tested in the current experiment.
Participants were able to change the colour of the object by moving a slider around the
360-degree response dial with the left and right arrow keys on a keyboard, and pressed
the space bar to confirm their answer. Similar to the tasks described in Chapter 2,
response time in the test phase was not limited, but participants were encouraged to
respond within 15s. After 15s had passed the feature label (“Colour”) in the centre of the
screen changed colour from white to red. The retrieval trials were separated by a 1s
central fixation cross. The allocation of study displays to each task block, the order of
study and test trials within each block, and the order of objects to test per display was
randomised across participants. The initial colour the object appeared in at test was

randomised, but kept constant across participants.

The WM task also consisted of 120 colour retrieval trials, divided into 8 blocks of 15
trials each (see Figure 1). In contrast to the LTM task, here participants studied only one
stimulus display at a time (stimulus duration: 3s). A shorter encoding duration was used
in the WM task, in comparison to the LTM task, to avoid ceiling-level performance in
the young group. To prevent reliance on sensory memory, each study display was
followed by presentation of a coloured mask image for 100ms, after which a central
fixation cross was presented for 900ms. After the total delay of 1s, participants
reconstructed the colour of one of the three objects from the preceding display using the
continuous response dial. Participants were only tested on one object per display to
ensure a consistent study-test delay. As in the LTM task, the test object appeared in its

original location but in a randomly allocated colour. The selection of the object to test
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per display and its initial colour at test were randomised, but again kept constant across
participants. The order of trials was randomized across participants. Response time in the
test phase was not limited, but participants were encouraged to respond within 15s. Each

test trial was separated by a 1s central fixation cross.

The perceptual task included 60 trials, divided into two blocks of 30 trials each (see
Figure 1). On each trial, participants saw two displays side-by-side on the screen. One of
the displays had three versions of the same object presented in different colours. The
other display had one test object, the colour of which participants were able to adjust
with the response dial. The side of presentation of the display and test object on each trial
(left vs. right) was randomised across participants. The participants’ task was to match
the colour of the test object to the colour of the object in the same relative location on the
other display, surrounded by a white square. Similar to the memory tasks, the test object
initially appeared in a randomly allocated colour. The selection of the object to test per
display was randomized but kept constant across participants, and the order of trials
randomized across participants. Response time in the test phase was not limited, but
participants were encouraged to respond within 15s. Each test trial was followed by a 1s

central fixation cross.
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LTM - Encoding

9s
LTM - Retrieval

0.9s
Perception Salipacod

Self-paced

Figure 1. Example trials in each of the three colour report tasks. In the LTM task
participants studied five stimulus displays in a row (9s each), before retrieving the
colours of all objects after a 30s delay. In the WM task, participants studied one stimulus
display at a time (3s each), and retrieved the colour of one object after 1s delay. In the
perception task, participants matched the colour of one object per display while the

stimulus display was simultaneously in view.
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Data analysis

For each task, error on each trial was calculated as the angular deviation between
participants’ response value and the target colour value (0+180 degrees). As in Chapter
2, | first compared three possible models capturing participants performance in each of
the tasks: 1) a model consisting of a target von Mises distribution only where
participants’ responses were assumed to reflect variability in target reports only, 2) a
model comprising a combination of a target von Mises and uniform distribution where
participants’ responses reflect variability in target reports and random guessing, and 3) a
model including a target von Mises distribution, a uniform distribution and von Mises
distributions centred at the non-target feature values from the same encoding display
where participants’ responses reflect variability in target reports, random guessing, and
non-target reports. Although findings from Chapter 2 indicated that the model with target
von Mises and uniform components best characterized long-term memory data in both
age groups, previous research has displayed age-related increases in binding errors in
working memory (Peich et al., 2013), suggesting that incorporating a further non-target
component may better account for the older adults’ working memory data. However,
consistent with Chapter 2, the model consisting of a target von Mises and uniform
distributions was observed to provide the best fit in each age group and task version (see
Table 3). Accordingly, the model consisting of a target von Mises and a uniform
distribution was fitted to error data in each task. The model was fitted separately to data
from each individual, yielding estimates of the success (pT; probability of the responses
stemming from the target von Mises distribution) and precision (K; concentration of the

von Mises distribution) of target reports.

Outliers with parameter estimates > 3 SDs from the group mean were excluded from the
analyses based on individual participant parameter estimates. As in Chapter 2, results
from the individual participant analyses were validated by modelling data across all
participants in each age group. For these aggregate analyses, the statistical significance
of the observed age differences was assessed via permutation tests, where the
participants’ data was remodelled over 1000 iterations of random participant-to-group
assignment, and the absolute observed group difference was compared to the distribution
of permuted group differences across the iterations. Two-tailed p-values are reported for
all analyses. Where a non-significant result was observed in the main analyses, | further

performed complementary Bayesian analyses to assess the strength of evidence in favour
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of the null hypothesis. Bayes Factors were calculated with JASP version 0.10.2 (JASP
team, 2019) using default priors (for t-tests a Cauchy distribution with r = .707, for
ANOVAs a multivariate Cauchy distribution with r = .50, for linear regression a
multivariate Cauchy distribution with r = .354, all centred at zero). A Bayes factor > 3
was interpreted as positive evidence for the null hypothesis (Jeffreys, 1961). For the
model comparison analyses, a BIC difference > 2 was interpreted as positive evidence
for the given model (Raftery, 1995).

Results

Distributions of errors (0+180 degrees) across all trials in each task and age group are
displayed in Figure 2, and the mean absolute error and reaction time in each task and age
group displayed in Table 2. The older adults exhibited significantly higher mean absolute
error in the WM, t(42) = 2.69, p = .010, d = 0.81, and perception task, t(42) = 3.34, p =
.002, d = 1.01. In the LTM task, age differences in absolute error were marginal, t(42) =
1.84, p=.074, d = 0.55, BFo1 = 0.89. Reaction times were also higher in the older group
in the LTM, t(42) = 2.47, p =.018, d = 0.74, WM, t(42) = 4.53, p < .001, d = 1.37, and
perception task, t(42) = 6.22, p<.001, d = 1.87.

Table 2. Mean absolute error (degrees) and reaction time (s) in each age group and task

version. Standard deviations reported in parentheses.

Younger adults Older adults
Absolute error RT Absolute error RT
LTM 26.68 (10.90) 6.05 (1.87) 32.87 (11.49) 7.46 (1.91)
WM 18.36 (5.42) 4.88 (1.59) 22.74 (5.38) 7.31 (1.96)
Perception 5.16 (1.26) 6.95 (1.57) 6.89 (2.06) 10.76 (2.41)

Comparison of the three alternative models characterizing participants’ performance
indicated that the mixture of a target von Mises and uniform distributions best captured
participants’ performance in each memory task and age group (see Table 3). Note that
although the probability of guessing was close to zero in the perceptual task across
participants, examination of individual participant error plots revealed that a proportion
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of guessing responses were evident for some participants. Modelling the perceptual data

with a mixture of von Mises and uniform distributions ensured that these responses were

accounted for without deflating the estimates of precision (as would be the case if

guessing was present, and a model consisting of a target von Mises distribution only was

fitted to the data). Note that this model also best characterized perceptual data across

participants in each age group (see Table 3). For participants exhibiting no guessing

responses, the probability of the uniform distribution would still be estimated as zero by

this model, therefore not biasing the estimation of the probability of target reports.
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Figure 2. Distribution of errors in the LTM, WM and perception colour report tasks in

the A) younger and B) older adults. Coloured lines (dark blue: younger adults, light blue:

older adults) illustrate response probabilities predicted by the mixture model (model

fitted to aggregate data for visualization). Note the different scaling of the y-axes for the

perception task.
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Table 3. Mean BIC difference between the preferred model (Model A: target von Mises
+ uniform) and the two alternative models (Model B: target von Mises, Model C: target

von Mises + uniform + non-target von Mises) in each age group.

Younger adults Older adults
BIC BIC BIC BIC
ModB-Mod ModC-Mod ModB-Mod ModC-Mod
A A A A
LTM 26.96 4.31 14.66 4.49
WM 19.78 4.31 17.71 4.02
Perception 7.66 3.32 13.09 3.15

Note. Mod A = Model 2; Mod B = Model B; Mod C = Model C.

Comparison of mean parameter estimates in the LTM task indicated no significant
differences in the probability of successful long-term memory retrieval between the age
groups, t(42) = 0.76, p = .454, BFo1 = 2.67, but a significant decline in memory precision
in the older group, t(42) = 4.12, p <.001, d = 1.24 (see Figure 3 and Table 4). This result
was supported by the aggregate analyses indicating no significant age differences in
retrieval success (young: 0.82, old: 0.77, p = .272), but an age-related decline in memory
precision (young: 10.00 old: 5.68, p <.001). The deficit in LTM precision was observed
to be disproportionate to any age differences in the probability of successful LTM
retrieval as indicated by a significant interaction between the factors of memory measure
(retrieval success vs. precision) and age group (young vs. old) in a mixed ANOVA, F(1,

42) = 4.26, p = .045, partial n? = 0.09 (retrieval success and precision estimates z-scored).

Similarly, in WM, no significant age differences in the probability of successful memory
retrieval were observed, t(42) = 0.80, p = .428, BFo1 = 2.60, but the older group displayed
a significant reduction in memory precision, t(42) = 3.12, p = .003, d = 0.94, relative to
the younger adults (see Figure 3 and Table 4). The aggregate analysis of WM retrieval
error data similarly indicated no significant differences in the probability of successful
retrieval (young: 0.91, old: 0.90, p = .667), but a significant decline in memory precision
in the older group (young: 11.73, old: 5.68, p < .001). However, no evidence for a
significantly disproportionate deficit in memory precision in the WM task was observed,
F(1, 42) = 2.15, p = .150, BFo1 = 1.13 (estimates z-scored).
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Lastly, the age groups did not differ significantly in terms of the probability of reporting
the correct target colour in the perception task, t(42) = 1.70, p = .097, BFo1 = 1.07 (see
Figure 3 and Table 4). However, even in the perceptual task, the older adults were
significantly less precise at matching the colour of the objects than the younger adults,
t(42) = 3.40, p =.001, d = 1.03 (see Figure 3 and Table 4), despite the stimulus display
being simultaneously in view as participants selected their response. Similarly, in the
aggregate analysis no significant differences in the probability of reporting the correct
target colour were detected between the age groups (young: 0.99, old: 0.98, p = .103),
however the older adults were significantly less precise (young: 88.45, old: 52.60, p <
.001). No evidence for a significantly disproportionate deficit in precision in the

perceptual task was observed, F(1, 42) = 1.33, p =.256, BFo1 = 1.82 (estimates z-scored).

Table 4. Mean model-estimated probability of target reports (pT) and precision (K) in

each age group and task version. Standard deviations reported in parentheses.

Younger adults Older adults
pT Kappa pT Kappa
LTM 0.83 (0.15) 11.10 (5.03) 0.80 (0.14) 6.30 (2.17)
WM 0.92 (0.07) 12.57 (5.27) 0.91 (0.07) 8.44 (3.28)
Perception 1.00 (0.01) 98.63 (41.31) 0.99 (0.01) 64.51 (22.44)
A) 10 B) C)
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Figure 3. Distribution of the model-estimated A) probability of target reports (pT) and
B) precision (K) in the LTM, WM and perceptual task in each age group. Boxplots

display the median and upper and lower quartiles, and error bars the largest/smallest
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value within 1.5 interquartile range from the upper/lower quartile. Jittered data points

display individual participant parameter estimates.

In each age group separately, | examined the effects of perceptual precision and WM
precision alone, as well as the combination of these two variables, on the precision of
LTM retrieval using linear regression (see Figure 4). In younger adults, a model including
both perceptual and WM precision as predictor variables did not significantly predict the
precision of LTM retrieval, R?=.12, F(2, 19) = 1.24, p = .311, BFo1 = 2.22, nor did either
of these two variables alone (perception: R? = .11, F(1, 20) = 2.54, p = .126, BFo1 = 1.07;
WM: R2= .01, F(1, 20) = 0.14, p = .717, BFo1 = 2.48). In contrast, in the older group, a
model including both perceptual and WM precision was a significant predictor of LTM
precision, R?=.36, F(2, 19) = 5.45, p =.014. This result was driven by a significant effect
of WM precision on LTM precision, R? = .35, F(1, 20) = 10.67, p = .004, whereas
perceptual precision alone did not significantly predict LTM precision in the older group,
R?= .12, F(1, 20) = 2.68, p = .117, BFo1 = 1.03. In order to examine whether the
relationship between WM precision and LTM precision significantly differed between
the younger and older adults, | further computed a cross-group regression analysis of
LTM precision with the predictors of age group and WM precision. The interaction term
between age group and WM precision was not significant in this model however, t(40) =
1.03, p =.307, BFo1= 1.65, therefore not providing evidence for a significantly different
relationship between WM and LTM precision between the age groups.

Additionally, linear regression analyses indicated a trend for perceptual precision to
predict WM precision in both the younger, R? = .15, F(1, 20) = 3.60, p = .072, and older
adults, R?= .15, F(1, 20) = 3.41, p = .080. A trend for a relationship between the success
of WM and LTM retrieval was also evident in the young, R?>= .16, F(1, 20) = 3.68, p =
.069, but not in the older group, R?= .00, F(1, 20) = 0.05, p = .825, BFo1 = 2.56. The
success of WM retrieval was not significantly related to LTM precision (young: R?=.01,
F(1, 20) = 0.15, p = .705, BFo1 = 2.47; old: R?= .01, F(1, 20) = 0.16, p = .698, BFo1 =
2.46) in either age group. Note that the relationship between the probability of successful
target reports in the perceptual task and other performance measures was not examined
due to lack of variability on this measure in both age groups (younger adults M: 1.00,
SD: 0.01, older adults M: 0.99, SD: 0.01).
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Given that WM precision accounted for 35% of variance in the precision of LTM
retrieval in the older group, | next examined whether the age-related deficits in LTM
precision persisted after controlling for the age-related reductions in the precision of WM
retrieval. Critically, significant age-related declines in the precision of LTM retrieval
were still observed in an ANCOVA after controlling for variability in WM precision,
F(1, 41) = 10.23, p = .003, partial n*> = .20, and after controlling for variability in both
WM and perceptual precision, F(1, 40) = 6.41, p = .015, partial *> = .14.
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Figure 4. Relationship between LTM and WM precision, and LTM and perceptual
precision in the A) younger and B) older adults. Note the different scaling of axes

between the age groups.

Discussion

The present experiment examined whether age-related declines in the precision of

episodic memory retrieval may be partially, or fully, explained by age-related decreases
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in the fidelity of perception and/or working memory. Consistent with findings from
Chapter 2, | here observed significant age-related declines in the precision of LTM
retrieval for object colours. Additionally, age-related decreases in precision were evident
in the older group in both the perceptual and the working memory task. In contrast, no
significant age differences in the probability of successful target reports were detected in
any of the three tasks. However, given the weak evidence provided by the Bayesian
analyses in favour of these null findings, the selectivity of precision deficits in the current
tasks remains unclear. Examination of the relationships between perceptual, WM and
LTM indicated a significant contribution of WM precision to individual differences in
the precision of LTM retrieval in older age. However, age-related declines in the
precision of LTM still persisted after controlling for variability in the fidelity of both
perception and WM. Together, these findings suggest a contribution of decreases in WM
precision to declines in the precision of LTM in older age, but indicate that the age-
related reductions in LTM precision cannot fully be explained by differences in the
fidelity of information processed at lower levels, suggesting additional degradation of

information retained in LTM.

The current result of reduced precision of WM retrieval in older age is consistent with
previous findings demonstrating age-related decreases in the fidelity of short-term
memory retrieval (Noack et al., 2012; Peich et al., 2013; Pertzov et al., 2015). While
previous studies have employed simple shape stimuli such as coloured squares (Noack
et al., 2012) and bars (Peich et al., 2013), as well as more complex but unfamiliar object
stimuli (Pertzov et al., 2015), the current results further extend the findings of age-related
loss of WM precision to features bound to familiar objects. Interestingly, in a previous
study employing continuous assessment of working memory retrieval, age-related
increases in binding errors (i.e., mistakenly reporting the cued feature of an uncued object
from the same encoding display), in addition to decreases in memory precision, were
observed (Peich et al., 2013). In contrast, in the current experiment, the model with von
Mises and uniform components was found to provide a better fit for participants’ working
memory (as well as perceptual and long-term memory) performance than a model further
incorporating von Mises distributions around the non-target feature values from the same
encoding display. Therefore, evidence for the presence of binding errors in either of the
age groups was not observed in the current WM, or the LTM and perception, tasks. It

may be that this discrepancy between the current and previous findings can be partially
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explained by differences in stimuli used. In contrast to the simple shape stimuli employed
Peich and colleagues (2013), the object stimuli used in the current experiment may have
resulted in enhanced performance because participants could draw on each object’s rich,
semantic representation, with which to bind the individual target features. This
hypothesis is in line with previous reports demonstrating a benefit of real-word object
stimuli for working memory performance (Brady, Stérmer, Alvarez, 2016), as well as
preserved ability to utilize semantic information to support memory functioning in older
age (Crespo-Garcia, Cantero, & Atienza, 2012; Mohanty, Naveh-Benjamin, &
Ratneshwar, 2016; Naveh-Benjamin, Craik, Guez, & Kreuger, 2005).

In addition to the mean level declines in WM precision detected in the older group,
variability in WM precision was a significant predictor of the precision of LTM retrieval
in the older adults. This is in line with previous findings demonstrating a relationship
between WM and LTM performance in older age (Bender & Raz, 2012; Hertzog et al.,
2003; Hultsch et al., 1990; Park et al., 2002, 1996). However, while the contribution of
WM to age-related LTM deficits has often been interpreted in light of reduced processing
resources (e.g., Bender & Raz, 2012; Hertzog et al., 2003; Park et al., 2002), as well as
binding deficits (Bartsch et al., 2019; Chen & Naveh-Benjamin, 2012), the current
experiment provided novel evidence for a contribution of reduced precision of WM
representations to declines in the quality of LTM retrieval in older age. This relationship
may reflect an influence of WM on the formation of long-term memories (Blumenfeld
& Ranganath, 2006; Davachi et al., 2001; Ranganath et al., 2005), where the precision
of long-term memory representations may be constrained by the fidelity of this
information in working memory during encoding. Alternatively this relationship could
arise via a common mechanism, such as decreased signal-to-noise ratio of neural
processing (Li et al., 2001; Welford, 1981), or attentional limitations at encoding (Craik,
Govoni, Naveh-Benjamin, & Anderson, 1996; Naveh-Benjamin, Craik, Perretta, &
Tonev, 2000), constraining the fidelity of mnemonic representations over both short and

long term in older age.

Interestingly, no significant relationship between WM and LTM precision was detected
in the current data in the younger adult group. However, the Bayes factor analyses did
not provide strong evidence in favour of these null results, and furthermore no significant
differences in the relationship between WM and LTM precision were detected between

the age groups. It is possible that the failure to detect such effects could reflect ceiling
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effects in memory precision in the younger adults. Whether WM precision might predict

the precision of LTM retrieval in younger adults also therefore remains to be determined.

In addition to declines in memory precision, the fidelity of reconstructing the object
colours in the perceptual task exhibited age-related declines also. This is in accordance
with previous reports displaying age-related changes in colour discrimination (Fiorentini,
Porciatti, Morrone, & Burr, 1996; Knoblauch, Vital-Durand, & Barbur, 2001). Despite
significant age-related declines, variability in perceptual fidelity was not a significant
predictor of the precision of LTM retrieval in the older, or younger, group. Indeed, in
contrast to the memory tasks, the fidelity of colour reports in the perception task was
high in both age groups. Given the limited power of the current sample size to detect
smaller effects (such as R? ~ 0.1 observed for the relationship between perceptual and
LTM precision in the current data), as well as the weak evidence in support of the null
finding observed in the Bayesian analysis, a subtler contribution of perceptual fidelity to
the fidelity of LTM memory retrieval cannot be excluded. Indeed, a trend for a positive
relationship between perceptual precision and WM precision was observed in both age
groups, suggesting that the fidelity of perceptual processing may be related to the fidelity
of short-term memory retrieval, even if not of long-term memory. It may also be that
tasks assessing the fidelity of more complex perceptual representations, rather than single
object attributes, may better predict LTM performance in older age (Trelle et al., 2017).
Furthermore, although the lack of response time limit should have minimized the
contribution of potential age differences in sensorimotor accuracy to performance
differences in the perceptual, and the memory tasks, a potential contribution of
sensorimotor decreases to the observed age differences cannot be excluded. However,
controlling for perceptual task performance in the memory precision analyses should

have minimised any influence of perceptual or sensorimotor differences.

Critically, the results of the current experiment demonstrated that significant age-related
declines in the precision of LTM retrieval persisted after controlling for individual
differences in the precision of perception and WM representations. This finding indicates
that age-related declines in the fidelity of information processed at lower levels could not
fully account for the age-related deficit in LTM precision. These results are in line with
previous studies demonstrating that while WM deficits may contribute to age-related
declines in LTM performance, they cannot solely account for the LTM impairments (e.g.,

Bartsch et al., 2019; Stine & Wingfield, 1987). For instance, a recent study demonstrated
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that despite matching WM binding performance between younger and older adults,
significant declines in LTM performance on an associative retrieval task still persisted
(Bartsch et al., 2019). Consistent with this, the current findings suggest additional age-
related degradation of information retained in LTM over and above that explained by age
differences in WM precision. An interesting question for future studies to address is
whether this decline in memory fidelity may reflect a loss of memory precision over time,

and/or additional noise arising during retrieval.

To conclude, the findings from the current experiment demonstrated age-related declines
in the fidelity of object colour representations across perception, WM and LTM. While
variability in WM precision predicted the precision of LTM retrieval in the older group,
differences in perceptual processing were not a significant contributor to individual
differences in the fidelity of LTM retrieval. Importantly, significant age differences in
the precision of LTM retrieval persisted after controlling for variability in the fidelity of
both perception and WM, suggesting additional age-related degradation of memory
precision during storage and/or retrieval from LTM. The experiment presented in the
next chapter will use fMRI to more directly assess the contribution of age-related changes

during memory encoding and retrieval to declines in the precision of episodic memory.
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Chapter 4: Encoding and retrieval contributions to age-related

changes in the success and precision of episodic memory

The behavioural experiments described in the previous chapters showed evidence for
differential effects of healthy ageing on the success and precision of episodic memory,
however the neural mechanisms underlying age-related changes in these two memory
components are yet to be characterized. Previous findings from younger adults have
suggested retrieval activity in dissociable brain regions to support the success and
precision of episodic memory, with the binary success of memory retrieval scaling with
hippocampal activity and the graded precision of retrieved memories with activity in the
angular gyrus (Richter, Cooper et al., 2016). However, less is known about whether
separable encoding mechanisms may also contribute to the later accessibility and fidelity
of episodic memories, and if the neural activity underlying these two aspects of episodic
memory differs in older age. The experiment presented in the current chapter used
functional magnetic resonance imaging (fMRI) combined with a continuous report task,
adapted from the behavioural experiments described in previous chapters, to investigate
age-related changes in the encoding and retrieval activity supporting the success and
precision of episodic memory. The experiment aimed to assess 1) whether age-related
decreases in retrieval success and memory precision may be associated with distinct
neural changes in the hippocampus and angular gyrus during memory retrieval, 2)
whether distinct encoding mechanisms may support the later success and precision of
episodic memory, and 3) if the encoding activity contributing to later memory success

and precision differs between younger and older adults.

Introduction

Recently, there has been growing interest in the neural basis of episodic memory
precision in younger adults (Cooper & Ritchey, 2019; Montchal, Reagh, & Yassa, 2019;
Nilakantan et al., 2017; Richter, Cooper et al., 2016; Stevenson et al., 2018). However,
little is known about the neural changes that might underlie age-related deficits in the
fidelity of episodic memory retrieval. Episodic memory retrieval is thought to rely on a
network of subcortical and cortical brain regions, including the medial temporal lobe,
medial prefrontal cortex, and medial and lateral parietal cortices (Ranganath & Ritchey,

2012; Rugg & Vilberg, 2013). While previous studies using categorical measures of
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memory performance (e.g., correct/incorrect source memory, remember/know) have
often observed regions within this network to co-activate during successful recollection
(Duarte, Henson, & Graham, 2011; Hayama, Vilberg, & Rugg, 2012; Kim, 2010;
Yonelinas, 2005), more recent evidence using continuous measures of retrieval
performance has suggested dissociable roles for regions of this network in distinct aspect
of episodic memory retrieval (Richter, Cooper et al., 2016). Specifically, Richter, Cooper
and colleagues (2016) demonstrated that while hippocampal activity was increased when
participants successfully retrieved information about a study event versus when they
failed to do so, activity in the angular gyrus tracked the precision of participants’
successfully retrieved memories on a continuous scale (Richter, Cooper et al., 2016).
Consistent with these findings, others have shown parietal event-related potentials
(ERPs) to be sensitive to not only the success of episodic memory retrieval but also to
the quality of the retrieved information (Murray, Howie, & Donaldson, 2015). Moreover,
transcranial simulation of the lateral parietal cortex has been observed to selectively
enhance the precision of episodic recollection (Nilakantan et al., 2017), providing further
evidence for the role of this region in supporting the precision of episodic memory

retrieval.

The proposed roles of the hippocampus and the angular gyrus in the success and precision
of memory retrieval, respectively (Richter, Cooper et al., 2016), are consistent with
previous accounts of hippocampal and parietal contributions to episodic memory
retrieval. In response to a partial cue, the hippocampus is thought to initiate memory
retrieval via the mechanism of pattern completion, providing a thresholded memory
signal denoting instances where a cue either succeeds or fails to elicit recollection
(Norman, 2010; Yonelinas, 2002). When retrieval succeeds, the hippocampus is thought
to facilitate the reinstatement of the retrieved content in the distributed cortical regions
originally encoding the information (Bosch, Jehee, Fernandez, & Doeller, 2014;
McClelland et al., 1995; Staresina et al., 2012; Treves & Rolls, 1994). The angular gyrus
has been proposed to play a role in the online maintenance and representation of the
retrieved memories, integrating information across the multiple domain-specific cortical
regions (Bonnici et al., 2016; Rugg & King, 2018; Shimamura, 2011). In addition to
memory precision, activity in the angular gyrus has also been observed to correlate with
the detail and vividness of episodic memory retrieval (Bonnici et al., 2016; Kuhl & Chun,

2014; Vilberg & Rugg, 2007, 2009), consistent with the view of this region supporting
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qualitative aspects of memory retrieval. However, others have also highlighted a
potential role for the medial temporal lobes in episodic memory precision, in particular
for the retrieval of spatial and temporal aspects of previous experiences (Montchal et al.,
2019; Nilakantan et al., 2018; Stevenson et al., 2018).

Previous neuroimaging investigations have demonstrated age-related decreases in both
hippocampal (Daselaar et al., 2006; Dennis et al., 2008; Giovanello & Schacter, 2012;
Cansino et al., 2015; Tsukiura et al., 2011) and parietal (Angel et al., 2013; Daselaar et
al., 2006; Duarte et al., 2010) retrieval activity associated with comparisons between
successful and unsuccessful memory retrieval. Age-related reductions in hippocampal
activity have often been linked to deficits in retrieving associations between units of
information (e.g., Kukolja, Thiel, Wilms, Mirzazade, & Fink, 2009), or in engaging in
recollection-based retrieval (e.g., Daselaar et al., 2006). Parietal declines have also been
linked to age-related recollection decreases (e.g., Angel et al., 2013; Daselaar et al.,
2006), however, their specific functional role, and whether they may reflect a

contribution distinct from hippocampal decreases, is yet to be established.

In addition to retrieval impairments, deficient encoding of information into memory is
thought to play a role in age-related episodic memory decline (Craik & Rose, 2012). In
younger adults, successful retrieval of episodic memories has been shown to be
associated with increased activity in the medial temporal, prefrontal, and
occipitotemporal regions during encoding (Kim, 2011; Paller & Wagner, 2002; Spaniol
et al., 2009). Of these regions, the hippocampus is thought to bind distinct units of
information together into a coherent memory representation (Davachi, 2006; Moscovitch
et al., 2016; Staresina & Davachi, 2008), while the posterior cortical regions are thought
to be involved in the perceptual processing of the encoded material (Garoff, Slotnick, &
Schacter, 2005; Kim & Cabeza, 2007), and the lateral prefrontal cortex in orchestrating
strategic encoding processes prioritising information relevant for current task goals
(Blumenfeld & Ranganath, 2007; Simons & Spiers, 2003). In contrast to regions
displaying positive subsequent memory effects (i.e., increased encoding activity for
subsequently remembered information), decreases in encoding activity in the
ventrolateral parietal cortex are typically associated with subsequent memory success
(Daselaar et al., 2009; Uncapher & Wagner, 2009). These negative subsequent memory

effects may reflect a shift in attentional focus from internally-oriented processes to
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externally-oriented cognition during memory encoding (Daselaar et al., 2004; Daselaar
et al., 2009).

Despite some work indicating that the encoding correlates of successful memory may
display a degree of specificity to the type of information encoded (e.g., object vs. scene
information) (Staresina, Duncan, & Davachi, 2011), as well as the type of retrieval
process later engaged (e.g., recollection vs. familiarity, or free recall vs. recognition)
(Ranganath et al., 2004; Staresina & Davachi, 2006), the specific encoding substrates
supporting the later access to memory and memory fidelity are currently underspecified.
Indeed, the majority of previous studies investigating the neural basis of memory
precision have focused on examining retrieval, rather than encoding, mechanisms
(Montchal et al., 2019; Murray et al., 2015; Nilakantan et al., 2017; Richter et al., 2016;
Stevenson et al., 2018, but see Cooper & Ritchey, 2019). In addition to being dissociable
at retrieval (Richter, Cooper et al., 2016), it is possible that distinct encoding mechanisms
may support the later success and precision of memory retrieval. While the hippocampus
may support the later successful retrieval of associations between an object and its
features (Davachi, 2006), mnemonic fidelity of object features might be more dependent
on the cortical regions representing this information (Garoff et al., 2005). Whether in
addition to supporting memory fidelity during retrieval, encoding activity in the parietal
cortex may be contribute to later memory quality (e.g., Tibon et al., 2019), is currently
unclear. Furthermore, the prefrontal cortex may support later memory fidelity by
mediating top-down allocation of attentional resources to encoding of goal-relevant
stimulus features, as well as later memory accessibility via the employment of deep and
elaborative encoding strategies enabling the formation of strong associations between an
object and its features (Blumenfeld & Ranganath, 2007; Chun & Turk-Browne, 2007).

Age-related decreases in encoding activity that differentiates successful and unsuccessful
memory formation have typically been observed in visual regions (Maillet & Rajah,
2014a; Park et al., 2013; Wang & Cabeza, 2016), whereas in the prefrontal cortex age-
related increases in subsequent memory effects have frequently been observed (Dennis,
Kim et al., 2007; Duverne, Motamedinia, & Rugg, 2009; Gutchess et al., 2005; Maillet
& Rajah, 2014a; Morcom et al., 2003). The age-related over-recruitment of prefrontal
cortex has often been viewed as compensatory (Davis et al., 2008), however more recent
findings argue against this interpretation (Morcom & Friston, 2012; Morcom & Henson,

2018). Indeed, age-related decreases in prefrontal activity associated with later successful
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memory retrieval have also been frequently reported, in particular for the encoding of
associative memories (Dennis, Hayes, et al., 2008; Dulas & Duarte, 2011; Vidal-Pifieiro
etal., 2018).

Despite the prevalent notion of hippocampal binding deficits playing a key role in age-
related memory decline (e.g., Shing et al., 2010), results regarding functional changes in
this region during episodic encoding have been somewhat inconsistent. Both
hippocampal decreases (Dennis, Daselaar, & Cabeza, 2007; Dennis, Hayes et al., 2008;
Dennis, Kim et al, 2007) and increases (Dulas & Duarte, 2011) for successful memory
encoding have been previously reported, with two recent larger scale studies finding no
effect of age on the magnitude of hippocampal subsequent memory effects across the
lifespan (De Chastelaine et al., 2016; Vidal-Pifieiro et al., 2018). Diminished negative
subsequent memory effects in the parietal cortex have, on the other hand, been more
consistently observed in older age (e.g., De Chastelaine et al., 2015; Maillet & Rajah,
2014a; Miller et al., 2008; Park et al., 2013), potentially reflecting deficient reallocation
of cognitive resources to memory encoding in older age (De Chastelaine et al., 2015; De
Chastelaine, Wang, Minton, Muftuler, & Rugg, 2011).

The fMRI experiment presented in the current chapter sought to gain a more detailed
understanding of the neural basis of age-related episodic memory decline. While
previous investigations have provided evidence for age-related differences in both
encoding and retrieval activity underlying episodic memory, such studies have typically
employed only binary or categorical measures of memory. Accordingly, the knowledge
of the precise role of these changes in distinct aspects of episodic memory function is
still limited. Indeed, to fully understand the specific role of age-related functional
changes in different brain regions, it is important to deconstruct memory performance

into its constituent parts.

In the current experiment, young and healthy older adults completed a version of the
continuous report task in the MRI scanner. This enabled the examination of age-related
changes in both encoding and retrieval activity associated with the (subsequent) success
and precision of memory retrieval. During retrieval, consistent with previous results from
younger adults (Richter, Cooper et al., 2016), hippocampal activity was expected to be
associated with the binary success of memory retrieval, while activity in the angular

gyrus was predicted to correlate with the precision of retrieved memories. Behavioural
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reductions in the success and precision of memory retrieval in older age may thus be
accompanied by decreases in retrieval activity in the hippocampus and angular gyrus,
respectively. Furthermore, at encoding, age-related decreases in hippocampal activity
may be evident for memory success, whereas age-related declines in memory precision
may be more dependent on the integrity of encoding processes in the ventral visual
regions. Moreover, it is possible that encoding alterations in the angular gyrus may play
a role in the decreased precision of episodic memory retrieval in older age. Age-related
encoding decreases in the prefrontal cortex may further contribute to decreases in both
memory components due to the diminished employment of strategic encoding processes

enhancing both the fidelity and accessibility of memory representations.

In addition to these hypothesized regional differences, the selectivity of neural activity
underlying the success and precision of memory retrieval may differ between the age
groups as older age has often been observed to be associated with loss of specificity, or
dedifferentiation, of neural function (Goh, 2011; Koen & Rugg, 2019). For instance,
while younger adults recruit differential neural circuits for explicit versus implicit
memory, as well as for episodic versus autobiographical retrieval, the specificity of
neural activity underlying these cognitive processes has been observed to be reduced in
older age (Dennis & Cabeza, 2011; St-Laurent et al., 2011). Thus, while the younger
adults may recruit distinct encoding and retrieval substrates for the (subsequent) success
and precision of episodic memory, neural activity underlying these two aspects of
memory retrieval may be less dissociable in older age (Goh, 2011; Koen & Rugg, 2019).

Methods
Participants

Twenty-one younger (18-29 years old) and 24 older adults (60-75 years old) took part in
the current experiment. None of the participants had taken part in the experiments
described in the previous chapters. All participants were right-handed, native English-
speakers, had normal or corrected-to-normal vision, no colour blindness, and no current
or historical diagnosis of any neurological, psychiatric, or developmental disorder, or
learning difficulty. Participants further indicated no current use of any psychoactive
medication, and no medical or other contradictions to MRI scanning (e.g., metal

implants, claustrophobia). Two older adults did not complete the full scan session and
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were excluded from the analysis. One older adult was further excluded due to low visual
acuity (as indicated by a visual acuity test prior the scan), and one younger and one older
adult due to excessive movement in the scanner (> 4mm), leaving 20 younger adults and
20 older adults to contribute to the present analyses. Demographic information for the 40
participants is displayed in Table 1. All older volunteers scored within the healthy range
(=26, M: 28.00, SD: 1.32) on the MoCA (Nasreddine et al., 2005) screening test for mild
cognitive impairment. The groups did not differ in terms of number of years of formal
education completed, t(38) = 0.29, p = .783, d = 0.09, however the older adults scored
significantly higher than the younger adults on the SILVS (Zachary & Shipley, 1986)
measure of crystallized intelligence, t(38) = 4.24, p <.001, d = 1.34.

Participants were recruited via the University of Cambridge Memory Lab volunteer
database, University of Cambridge Psychology Department Sona volunteer recruitment
system (Sona Systems, Ltd), and community advertisements. All participants were
reimbursed £30 for the scan session, as well as for any travel expenses occurred, and
gave written informed consent in a manner approved by the Cambridge Psychology

Research Ethics Committee.

Table 1. Participant demographic information: means (standard deviations).

Younger adults Older adults
N 20 20
Age 22.10 (3.10) 70.20 (4.19)
Gender (N) 8M, 12 F 7M,13F
Years of education 16.90 (2.79) 16.60 (3.94)
SILVS 32.50 (3.91) 37.50 (2.70)
MoCA n/a 28.00 (1.32)

Note. M = males, F = females.

Materials

Stimuli for the memory task consisted of 180 scene and 180 object images. The scene
images, depicting outdoor landscapes, were obtained from an existing scene stimuli set
(Richter, Cooper et al., 2016) and Google image search. The object images were obtained

from an existing object stimuli set (Brady et al., 2013) and consisted of distinct everyday
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objects that had been converted to the same initial colour hue. One object image was
randomly paired with each scene image forming a set of 180 trial-unique study displays
(size: 750 x 750 pixels) (see Figure 1). For each display, the location and colour of the
object were randomly chosen from circular parameter spaces (0-360 degrees). All
participants viewed the same encoding displays during the study phase.

Design and procedure

The memory task consisted of 9 study-test blocks (see Figure 1) divided over 9 functional
runs (one study and one test phase per run). In each task block, participants were first
presented with 20 stimuli displays in a row (stimulus duration: 5s), and were instructed
to try to memorize the location and colour of each object the best they could. The study
and test phases were separated by a 10s delay, during which a “Get Ready” message was
displayed on a black screen. In the test phase, participants were asked to reconstruct
either the location or the colour of each object previously studied (one feature question
per object, 20 retrieval trials per block). For each question, the test object reappeared on
its associated background with the word “Location” or “Colour” presented in the centre
of the background to indicate the type of feature question asked on that trial. The initial
appearance of the questioned feature at test was randomly chosen from a circular
parameter space (0-360 degrees), and the appearance of the unquestioned feature
remained unchanged from study to test. In other words, for location questions, the test
object reappeared in its original colour, but in a randomly selected location, whereas for
colour questions the test object reappeared in its original location but in a randomly
chosen colour. Participants were able to change the location or the colour of the object
by moving a slider left and right around a 360-degree response dial using their middle
and index finger on a button box, and were instructed to try and recreate the object’s
original features as accurately as they could. Participants confirmed their answer by
pressing a third key on the button box with their thumb. The retrieval phase was self-
paced with a minimum trial length of 7s and a maximum trial length of 11s. If the
participant responded in under 6.7s, the retrieval display remained on the screen until 7s
had passed before moving on to the next question. If the participant responded in over
6.7s, the retrieval display remained on the screen for another 300ms before moving on to

the next question. The maximum trial length of 11s was selected based on older adults’
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mean reaction time + 2 SDs in a self-paced pilot version of the task to give sufficient
response time for the older adults. Excluding one older participant who reported
difficulty in reaching the thumb button (percentage of trials where no response was
confirmed: 70%; note that this participant had comparable memory performance to the
remaining older adults), the percentage of trials where response selection was not
confirmed in time was very low in each age group (young adults M: 1.36%, SD 1.77%,
older adults M: 2.92%, SD: 3.14%), though there was a trend for a significant difference
between the young and older adults, t(37) = 1.93, p = .062. Furthermore, although mean
response times were faster in the younger group (M: 5.64, SD: 0.68) than in the older
group (M: 6.49, SD: 0.64), t(38) = 4.12, p < .001, d = 1.30, both groups on average
responded well under the 11s limit. In the case a participant failed to confirm their answer
within the maximum allotted time, their last position on the response wheel was recorded

as their answer.

The type of feature question asked for each object was randomised across displays, but
constant across participants. The allocation of stimuli displays to task blocks was
randomised across participants, and the order of study and test trials within each block
pseudorandomised with the constraint of no more than four encoding or retrieval trials
in a row for which the same type of feature question was (subsequently) asked. A total
of 90 location and 90 colour questions were asked across the task, with 10 questions of
each type per task block. Study and test trials were separated by a fixation cross with
jittered duration between 0.4s and 2.4s (mean ISl duration: 1s) drawn from an
approximate Poisson distribution. After five task blocks, participants were given a 10-
minute break from the memory task in the scanner, during which a diffusion-weighted

structural scan was acquired.

Prior to the scan, all participants filled in a consent and MRI screening form, and
completed practice trials of the memory task. After the scan, participants filled in a post-
experiment questionnaire. The older adults further completed the MoCA (Nasreddine et

al., 2005) in a separate behavioural testing session prior to the MRI scan.
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Encoding

os 0.4—2.4s

7-11s

0.4-24s

Figure 1. Examples of study and test trials of the memory task completed in the scanner.
Participants viewed stimuli displays consisting of one object overlaid on a scene
background (stimulus duration: 5s). The location and colour of the object at study were
randomly chosen from circular parameter spaces (0-360 degrees). At test, participants
recreated either the location or the colour of each studied object using a 360-degree

continuous response dial.

Behavioural analysis

Retrieval error on each trial was calculated as the angular deviation between the
participant’s response value and the studied target feature value (0 = 180 degrees). To
distinguish between the success and precision of memory retrieval, a mixture model
(Bays et al., 2009; Zhang & Luck, 2008) was fitted to each participant’s retrieval error
data. This model consisted of a von Mises distribution (circular equivalent of a Gaussian
distribution) centred at the target feature value and a circular uniform distribution,
capturing variability in successful target retrieval and the likelihood of guessing

responses, respectively. Retrieval success was defined as the probability of responses

77



Chapter 4

stemming from the target von Mises distribution (pT) and retrieval precision as the
concentration parameter (K) of the target von Mises distribution. These two parameters
of memory performance were estimated separately for each participant. Due to the low
number of guess trials it was not possible to separate the two feature conditions (location
and colour) for fMRI analyses, (cf., Cooper et al., 2017; Richter, Cooper et al., 2016),

however behavioural performance is reported also separately for each feature condition.

MRI acquisition

MRI scanning took place at the University of Cambridge Medical Research Council
Cognition and Brain Sciences Unit using a 3T Siemens Tim Trio scanner (Siemens,
Germany) with a 32-channel head coil. For each participant, a high resolution whole
brain anatomical image was acquired using a T1-weighted 3D magnetization prepared
rapid gradient echo (MPRAGE) sequence (repetition time (TR): 2.25s, echo time (TE):
3ms, flip angle = 9°, field of view (FOV): 256 x 256 x 192mm, resolution: 1mm isotropic,
GRAPPA acceleration factor 2). Functional data were acquired over 9 runs each
comprising one task block (one study and one test phase), using a single-shot echoplanar
imaging (EPI) sequence (TR: 2s, TE: 30ms, flip angle® = 78, FOV: 192 x 192mm,
resolution: 3mm isotropic). Each volume consisted of 32 sequential oblique-axial slices
(interslice gap: 0.75mm) acquired parallel to the anterior commissure — posterior
commissure transverse plane. The mean number of volumes acquired per functional run
was 162.28 (SD: 8.69) and did not significantly differ between the age groups (younger
adults: 161.60, SD: 9.63, older adults: 164.95, SD: 7.51, t(38) = 1.23, p = .227).

fMRI preprocessing

Data preprocessing and analysis was performed with Statistical Parametric Mapping
(SPM) 12 (https://www.fil.ion.ucl.ac.uk/spm/) implemented in MATLAB R2016a. The
first five volumes of each functional run were discarded to allow for T1 equilibration.
Furthermore, any additional volumes collected after each task block had finished were
discarded for each participant so that the last volume of each run corresponded to a time
point of 2s after the last fixation cross. The functional images were spatially realigned to

the mean image to correct for head motion and temporally interpolated to the middle slice
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to correct for differences in slice acquisition time. The anatomical image was
coregistered to the mean EPI image, bias-corrected and segmented into different tissue
classes (grey matter, white matter, cerebrospinal fluid). These segmentations were used
to create a study-specific structural template image using the DARTEL (Diffeomorphic
Anatomical Registration Through Exponentiated Lie Algebra) toolbox (Ashburner,
2007). The functional data was normalized to MNI space using DARTEL and spatially

smoothed with an isotropic 8mm full-width at half-maximum (FWHF) Gaussian kernel.

fMRI analysis

To distinguish between successful memory retrieval and guessing on a trial-wise basis,
the mixture model (von Mises + uniform distribution) was fitted to all retrieval errors
across all participants (7200 trials in total) in order to calculate a cut-off point where the
probability of participants’ responses stemming from the target von Mises distribution
was less than 5% (cf., Richter, Cooper et al., 2016). This cut-off point was established as
+/- 59 degrees in the current data and was then used to classify each encoding and
retrieval trial as successful (absolute retrieval error < 59 degrees) or unsuccessful
(absolute retrieval error > 59 degrees). For the successful encoding and retrieval trials, a
trial-specific measure of memory precision was further calculated as 180 — participant’s
absolute retrieval error on that trial for higher values (smaller error) to reflect higher
precision (range: 121 — 180). Memory precision was not calculated for unsuccessfully
retrieved trials as responses in this condition were randomly distributed and did not carry
meaningful information about memory quality. The trials were further separated by task
type (encoding vs. retrieval), and the successful trials were separated by the type of
feature tested (location vs. colour). Due to the low number of guessing responses per
feature condition, it was not possible to model unsuccessful trials separately for each
feature condition. Unsuccessful trials were therefore collapsed across the two feature

conditions.

For each participant, a first level General Linear Model (GLM) was constructed
containing six regressors corresponding to each event of interest (3 encoding events:
successful location encoding, successful colour encoding, unsuccessful encoding; 3
retrieval events: successful location retrieval, successful colour retrieval, unsuccessful

retrieval). For the successful encoding and retrieval trials, trial-specific estimates of
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memory precision were further included as parametric modulators comprising four
additional regressors in the model. The precision parametric modulators were rescaled to
the range of 0 — 1 (0 = absolute error of 121, 1 = absolute error of 180) to enable the
direct comparison of retrieval success and precision effects, and then mean centred for
each participant. Neural activity corresponding to the regressors of interest was modelled
with a boxcar function convolved with the canonical hemodynamic response function
(HRF). Encoding trials were modelled with a duration of 5s. Retrieval trials were
modelled with participant’s trial-specific response time, or by a duration of 7s if
participant’s response time did not exceed 7s to ensure that the retrieval event duration
corresponded to the duration that the retrieval display remained on the screen. As the
cognitive and neural processes of interest were assumed to occur throughout the retrieval
event (cf., Grinband, Wager, Lindquist, Ferrera, & Hirsch, 2008), and the older adults on
average displayed higher reaction times than the younger adults (see the Results section),
retrieval trials were modelled with variable duration to ensure that the whole retrieval
event was captured for both age groups. Of note, it is possible that this approach could
have masked effects related to memory precision if event duration and memory precision
were highly correlated. However, across participants the trial-wise correlation between
these two variables did not reach significance during location retrieval in either the
young, r =-.07, z = - .07, t(19) = 1.98, p = .063, or the older adults, r = -.06, z = -.06,
t(19) = 1.50, p = .149 (participant-specific correlations transformed to Fisher’s z before
averaging). For colour trials, a small significant negative correlation was detected in both
the young, r =-.07, z = -.07, t(19) = 2.48, p = .023, and the older adults, r =-.10, z = -
.10, t(19) = 3.64, p = .002, however the majority of variance in these two measures was
still unrelated. Importantly, the correlations did not significantly differ between the age
groups for either location, t(38) = 0.35, p = .731, or colour, t(38) = 0.58, p = .569,

retrieval.

Furthermore, the six participant-specific movement parameters estimated during
realignment (3 rigid-body translations, 3 rotations) were included as covariates in the
first level model to capture any residual movement-related artefacts. Due to the small
number of guessing trials in each functional run, data from all functional runs were
concatenated for each participant (as often done when classifying trials based on memory
performance, c.f., De Chastelaine et al., 2016) and 9 constant block regressors were

included as additional covariates. Autocorrelation in the data was estimated with an
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AR(1) model and a temporal high pass filter with a 1/128 Hz cut-off was used to
eliminate low frequency noise. First level subject-specific parameter estimates were

submitted to second level random effects analyses.

Contrasts

The contrasts for the fMRI analysis focused on identifying regions where encoding
and/or retrieval activity predicted the success and/or precision of memory retrieval across
the age groups, as well as regions that displayed age differences in the relationship
between brain activity and these two aspects of memory retrieval. To examine retrieval
activity associated with the success of memory retrieval, successful retrieval trials were
contrasted to trials where memory retrieval failed (retrieval success effects). To identify
retrieval activity associated with the precision of memory retrieval, correlations between
blood-oxygen-level-dependent (BOLD) signal and the precision parametric modulator
were examined (i.e., linear relationship between BOLD signal and precision parametric

modulator) (retrieval precision effects).

Similarly, for encoding, trials where memory retrieval subsequently succeeded were
contrasted to trials where memory retrieval later failed in order to examine encoding
activity predicting the later success of memory retrieval (subsequent retrieval success
effects). To identify encoding activity associated with later memory precision,
correlations between BOLD signal and the precision parametric modulator were

examined (subsequent precision effects).

For the analysis of encoding activity both positive subsequent memory effects, reflecting
increased encoding activity for trials that were later successfully retrieved or highly
precise (successful > unsuccessful; positive correlation with precision parametric
modulator), as well as negative subsequent memory effects, reflecting decreased
encoding activity for trials that were later successfully retrieved or highly precise
(successful < unsuccessful; negative correlation with precision parametric modulator)
were examined as negative subsequent memory effects have previously been observed
in one of the regions of interest (ROI), the ventrolateral parietal cortex (Daselaar et al.,
2009; Uncapher & Wagner, 2009), and have been shown to be sensitive to ageing (Park
et al., 2013). There were no a priori hypotheses regarding negative retrieval effects.

Therefore the retrieval analyses focused on positive retrieval effects (successful >
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unsuccessful; positive correlation with precision parametric modulator). Age differences
in encoding and retrieval activity associated with the success and precision of memory

retrieval were assessed with two-sample t-tests.

Regions of interest

The analyses focused on a set of a priori ROIs, including the hippocampus (HC), angular
gyrus (AnG), inferior frontal gyrus (IFG) and fusiform gyrus (FFG). The hippocampus
and the angular gyrus were chosen based on previous evidence suggesting distinct
contributions of retrieval activity in these two regions to the success and precision of
episodic memory, respectively (Richter, Cooper et al., 2016), while the inferior frontal
and fusiform gyri were selected based on meta-analytic evidence indicating them as key
regions displaying subsequent memory effects for visual information (Kim, 2011), as
well as due to frequent reports of age-related encoding differences in the inferior frontal
(e.g., Morcom et al., 2010; De Chastelaine et al., 2016b) and fusiform cortex (Maillet &
Rajah, 2014a; Li et al., 2015). Each ROI comprised the whole anatomical region and was
defined by the Automated Anatomical Labelling (AAL) atlas. Separate ROIs for the left
and right hemisphere region were created as the lateralization of cognitive processing is
often reported to be reduced in older age (Cabeza, 2002).

Statistical significance of the results within each anatomical ROI was assessed using
small-volume correction with a peak-level familywise error (FWE) —corrected (based on
random field theory) threshold of p < .05, correcting for the number of voxels in each
ROI. In addition to the ROI analyses, exploratory whole brain analyses were conducted
to identify any additional regions displaying age differences in the current paradigm. To
assess the statistical significance of results from the whole brain analysis, a peak-level
FWE whole brain-corrected threshold of p < .05 in combination with a voxel extent of a
minimum of 5 contiguous voxels was used. Note that the alpha-level for the ROI analysis

was not corrected for the number of ROIs included in the analysis.
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Results
Behavioural results

Distributions of participants’ retrieval errors (angular deviation between participant’s
response value and target feature value) across trials in each age group are displayed in
Figure 2. A mixed ANOVA with the factors of age group (young vs. old) and feature
condition (location vs. colour) indicated a significant main effect of age group, F(1, 38)
= 20.93, p < .001, partial n* = 0.36, on mean absolute error (see Table 2). Although
significant age differences in mean absolute error were observed in both the location,
t(38) =2.98, p =.005, d = 0.94, and the colour, t(38) =5.44, p <.001, d = 1.72, condition,
a significant interaction between age group and feature condition, F(1, 38) = 4.73, p =
.036, partial n?> = 0.11, indicated greater age-related increases in absolute error in the

colour condition.

Furthermore, a mixed ANOVA with the factors of age group (young vs. old) and feature
condition (location vs. colour) indicated a significant main effect of age group, F(1, 38)
= 15.19, p < .001 partial #?> = 0.29, on mean reaction time (see Table 2). Older adults
took significantly longer to respond than the younger adults in both the location, t(38) =
4.74, p <.001, d = 1.50, and the colour condition, t(38) = 2.43, p =.020, d = 0.77. A
significant interaction between age group and feature condition, F(1, 38) =8.93, p =.005,
partial n? = 0.19, indicated greater age-related increases in reaction time in the location

condition.

Table 2. Mean absolute error (degrees) and reaction time (S) in each age group and

feature condition. Standard deviations reported in parentheses.

Younger adults Older adults
Absolute error RT Absolute error RT
Location 24.08 (13.64) 516 (0.74)  36.98(13.74)  6.22 (0.67)
Colour 32.72(1355)  6.24(0.66)  53.31(10.14)  6.78 (0.73)
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Figure 2. Distribution of retrieval errors (response — target) across all participants and
retrieval trials in the A) younger and B) older group (across 3600 trials per group).
Coloured lines (green: younger adults, blue: older adults) illustrate response probabilities
predicted by the mixture model (von Mises + uniform distribution) fitted to aggregate
data from each age group for visualization. The older adults displayed both greater
variability in target responses (reflected in the broader Gaussian distribution) and
increased probability of guessing responses (reflected in the increased height of the

uniform distribution).

Comparison of the model-estimated success (pT), and precision (K) of memory retrieval
computed across the feature conditions indicated that both the probability of successful
memory retrieval, t(38) = 2.57, p =.014, d = 0.81, and the precision of memory retrieval,
t(38) = 4.63, p < .001, d = 1.47, were significantly reduced in the older relative to the
younger group in the current experiment (see Figure 3 and Table 3). Although the effect
size for the age-related difference in memory precision was numerically greater than for
success (consistent with the results reported in previous chapters), direct comparison of
age differences in retrieval success and precision (scores on both measures z-scored for
this analysis) did not provide evidence for a significantly greater deficit in memory
precision, F(1, 38) = 1.47, p = .233.
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Figure 3. Distribution of the model-estimated A) probability of successful memory
retrieval (pT) and B) memory precision (K) in the younger and older adults. Boxplots
display the median and upper and lower quartiles, and error bars the largest/smallest
value within 1.5 interquartile range from the upper/lower quartile. Jittered data points
display individual participant parameter estimates.

Although for the purposes of the fMRI analysis it was not possible to separate the two
feature conditions, on the behavioural level analysis of feature-specific estimates of the
probability of successful memory retrieval (pT) and memory precision (K) was possible.
Examination of the feature-specific estimates of the probability of successful memory
retrieval (pT) with a mixed ANOVA with the factors of age group (young vs. old) and
feature condition (location vs. colour) indicated a significant main effect of age group,
F(1, 38) = 11.45, p = .002, partial n?> = 0.23, and a significant interaction between age
group and feature condition, F(1, 38) = 4.72, p = .036, partial n> = 0.11 (see Table 3).
While the older adults displayed a significantly lower probability of successful memory
retrieval in the colour condition, t(38) = 3.87, p < .001, d = 1.22, age differences in
retrieval success in the location condition did not reach significance, t(38) = 1.80, p =
.081. Similarly, the investigation of feature-specific estimates of memory precision with
a mixed ANOVA with the factors of age group (young vs. old) and feature condition
(location vs. colour) indicated a significant main effect of age group, F(1, 38) = 15.88, p
< .001, partial n* = 0.30, and a significant interaction between age group and feature
condition, F(1, 38) = 11.29, p = .002, partial n*> = 0.23. The older adults exhibited

significantly lower precision of memory retrieval in both the location, t(38) = 3.77, p <
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.001, d = 1.19, and the colour condition, t(38) = 2.76, p = .009, d = 0.87, with greater

age-related declines evident in the location condition.

Direct comparison of age differences in the success and precision of memory retrieval in
each feature condition (estimates z-scored) with mixed ANOVAs including the factors
of age group (young vs. old) and measure (retrieval success vs. precision) did not provide
evidence for significantly greater age differences in the precision of memory retrieval in
either the location, F(1, 38) = 2.03, p = .163, or the colour, F(1, 38) = 0.37, p = .547,

condition.

Table 3. Mean model-estimated probability of successful memory retrieval (pT) and
memory precision (K) computed across features and for each feature condition
separately. Standard deviations reported in parentheses.

Younger adults Older adults
pT Kappa pT Kappa
All 0.76 (0.14) 16.47 (7.66) 0.60 (0.13) 7.98 (3.09)
Location 0.78 (0.15) 35.36 (27.11) 0.69 (0.16) 11.48 (8.20)
Colour 0.76 (0.15) 9.81 (5.10) 0.55 (0.18) 6.02 (3.43)

fMRI results
Retrieval activity associated with memory success and precision across participants

Across the age groups, significant increases in retrieval activity for successful memory
retrieval (successful > unsuccessful) were observed in all the ROIs (see Table 4). Of
these regions, the bilateral hippocampus, left angular gyrus, right inferior frontal gyrus,
and bilateral fusiform gyri also displayed a significant positive relationship between
retrieval activity and the precision of memory retrieval (linear increase in BOLD with
increase in precision parametric modulator) (see Table 4). A trend for a positive
relationship between memory precision and retrieval activity was observed across

participants in the left inferior frontal gyrus also, t(38) = 3.99, p = .061, whereas no
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significant retrieval precision effects were detected in the right angular gyrus (ts < 2.89,

ps > .244).

Table 4. Regions displaying a significant relationship between retrieval activity and the

success and/or precision of memory retrieval across the age groups in the ROl analysis.

Region X y z t p
Successful > unsuccessful

L hippocampus -30 -18 -12 6.42 <.001
R hippocampus 18 -3 -15 5.07 .001
L angular gyrus -39 -57 21 5.20 .001
R angular gyrus 42 -45 36 4.04 021
L inferior frontal gyrus -60 6 12 5.24 .003
R inferior frontal gyrus 57 9 9 7.03 <.001
L fusiform gyrus -30 -33 -27 585 <.001
R fusiform gyrus 48 -66 -18 5.22 .001
Positive relationship with precision

L hippocampus -30 -18 -15 564 <.001
R hippocampus 24 -15 -12 4.58 .003
L angular gyrus -54 -66 33 597 <.001
R inferior frontal gyrus 30 30 -21 4.67 011
L fusiform gyrus -33 -24 -18 4.05 .028
R fusiform gyrus 45 -48 -21 4.30 .016

Note. L = left, R = right.

Age differences in retrieval activity associated with memory success and precision

Investigation of age differences in the retrieval activity associated with the success of

memory retrieval indicated significantly decreased retrieval success effects in the older

group in the left hippocampus (see Table 5 and Figure 4). Although hippocampal activity

was increased for successful memory retrieval when compared to guessing in both age
groups (younger adults: t(19) = 6.58, p < .001, peak: -33, -18, -12; older adults: t(19) =
4.06, p = .034, peak: -30, -18, -15), the magnitude of this effect was significantly

decreased in the older group. No significant age differences in retrieval success effects

were observed in the other ROIs (although note that a marginal reduction was evident in
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the left angular gyrus, t(38) = 3.31, p = .076, peak: -51, -60, 24; other ts < 3.29, ps >
273).

Retrieval activity associated with memory precision, on the other hand, was significantly
reduced in the older group in the left angular gyrus (see Table 5 and Figure 4). While
activity in the left angular gyrus significantly predicted the precision of memory retrieval
in the younger group, t(19) = 5.38, p = .003, peak: -54, -66, 33, this effect did not reach
significance in the older group alone, t(19) = 3.20, p = .154. No significant age
differences in retrieval precision effects were detected in the other ROIs (ts < 2.86, ps >
.186).

Table 5. Regions displaying significant age differences in retrieval success and retrieval

precision effects in the ROI analysis.

Region X y z t p
Retrieval success

Younger adults > older adults

L hippocampus -18 -6 -12 4.17 .009

Retrieval precision
Younger adults > older adults
L angular gyrus -48 -72 33 3.87 021

Note. L = left, R=right.
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Figure 4. Age differences in A) hippocampal retrieval success effects and B) angular
gyrus retrieval precision effects (visualized at an uncorrected threshold of p < .01,
masked with the anatomical ROl image of the left A) hippocampus and B) angular
gyrus). C) Mean betas for the retrieval success and retrieval precision effects in the left
hippocampus and left angular gyrus in young and older adults (extracted from the left
HC and left AnG anatomical ROI for each participant). Error bars display + 1 SEM. YA
= younger adults; OA = older adults.

Direct comparison of retrieval success and retrieval precision effects

To examine whether age differences in the retrieval activity underlying the success and
precision of memory retrieval were specific to the hippocampus and angular gyrus,
respectively, mean beta-values for the retrieval success and retrieval precision contrasts
were extracted for each participant from the left hippocampal and left angular gyrus

anatomical ROI. A mixed ANOVA indicated no significant three-way interaction
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between age group (young vs. old), memory measure (retrieval success vs. precision) and
brain region (left HC vs. left AnG), F(1, 38) = 2.00, p =.166, nor a significant two-way
interaction between age group and region for either retrieval success, F(1, 38) = 0.06, p
= .809, or retrieval precision, F(1, 38) = 2.26, p = .141. Therefore, no evidence for
significantly disproportionate age-related deficits in the retrieval activity underlying one
aspect of memory retrieval were observed in either of these two regions. However,
consistent with previous results (Richter, Cooper et al., 2016) the analysis indicated a
two-way interaction between memory measure and region, F(1, 38) = 4.24, p = .046,
partial n> = 0.10, across the age groups. This appeared to be driven by significantly
greater angular gyrus sensitivity to memory precision than retrieval success, t(39) = 2.71,
p =.010, d = .43, while no significant differences between hippocampal retrieval success
and retrieval precision effects were detected, t(39) = 0.61, p = .542. As indicated by the
lack of a three-way interaction between age group, memory measure and brain region
presented above, the selectivity of retrieval activity underlying these two memory

components did not significantly differ between the young and older adults.

Encoding activity associated with subsequent memory success and precision across

participants

As for successful memory retrieval, increases in brain activity for successful encoding of
object features were widely observed across the ROIs. Apart from the left hippocampus
(ts < 2.91, ps > .151), significant increases in encoding activity for trials that were
subsequently successfully retrieved in comparison to those that were later forgotten
(successful > unsuccessful) were observed across participants in all the other ROIs (see
Table 6). Of these regions, increased encoding activity in the right angular gyrus, bilateral
inferior frontal, and bilateral fusiform gyri also predicted greater subsequent precision of
memory retrieval across the participants (see Table 6) (all other ts < 2.66, ps > .269).

In contrast, negative subsequent memory effects, reflecting decreases in encoding
activity for trials that were later successfully retrieved or highly precise, were observed
across participants in the angular gyrus only (other ts < 3.39, ps > .235) (see Table 6).
Greater encoding deactivation in the right angular gyrus was associated with the
subsequent success of memory retrieval (note that a marginal effect was observed in the
left angular gyrus also, t(38) = 3.38, p = .059), and greater encoding deactivation in the
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bilateral angular gyrus with greater precision of later memory retrieval. Of note, the peaks
of these negative subsequent memory effects differed from those exhibiting positive
subsequent memory effects within the anatomical angular gyrus ROI (see Figure 5 for
positive and negative subsequent memory effects for each age group and memory
measure visualized at an uncorrected threshold). Although most frequently negative, also
positive subsequent memory effects have previously been reported in the ventrolateral

parietal cortex (see Uncapher & Wagner, 2009 for review).

Table 6. Regions displaying a significant relationship between encoding activity and the

subsequent success and/or precision of memory retrieval across the age groups in the

ROI analysis.
Region X y z t p
Successful > unsuccessful
R hippocampus 33 -24 -15 3.84 .019
L angular gyrus -33 -66 42 3.65 .032
R angular gyrus 30 -60 48 6.51 <.001
L inferior frontal gyrus -45 30 18 8.29 <.001
R inferior frontal gyrus 51 39 15 6.74 <.001
L fusiform gyrus -39 -63 -12 9.75 <.001
R fusiform gyrus 30 -57 -12 7.50 <.001
Successful < unsuccessful
R angular gyrus 54 -63 33 5.04 .001
Positive relationship with precision
R angular gyrus 26 -63 48 4.65 .004
L inferior frontal gyrus -45 3 27 5.56 .001
R inferior frontal gyrus 45 6 24 4.63 .013
L fusiform gyrus -45 -57 -15 6.36 <.001
R fusiform gyrus 42 -54 -15 589 <.001
Negative relationship with precision
L angular gyrus -54 -63 33 4.56 .004
R angular gyrus 48 -51 24 5.16 .001

Note. L = left, R = right.
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Age differences in encoding activity associated with subsequent memory success and

precision

Investigation of age differences in the encoding activity predicting the later success of
memory retrieval yielded significant age-related reductions in the bilateral inferior
frontal and fusiform gyri (other ts < 3.07, ps > .161) (see Table 7 and Figures 5 and 6).
In the younger adults, successful memory encoding was associated with significant
increases in bilateral inferior frontal gyri (left: t(19) = 7.84, p = .002, peak: -39, 30, 18;
right: t(19) = 5.85, p = .006, peak: 51, 39, 15) and bilateral fusiform gyri (left t(19) =
10.87, p < .001, peak: -39, -63, -12; right: t(19) = 7.96, p < .001, peak: 33, -30, -21),
while in the older group only the left inferior frontal activity significantly differed
between successful and unsuccessful encoding trials, t(19) = 4.58, p = .045, peak: -51,
36, 3 (other ts < 3.48, ps > .173).

Reductions in subsequent precision effects, on the other hand, were observed in the older
group in the left fusiform gyrus only (other ts < 3.20, ps > .327) (see Table 7 and Figures
5 and 6). Although fusiform encoding activity significantly predicted later memory
precision in both the younger, t(19) = 6.53, p = .001, peak: -39, -54, -9, and older adults
alone, t(19) = 4.28, p =.046, peak: -39, -78, -18, the magnitude of this effect was reduced
significantly in the older group (see Table 7).

Age-related increases (reflecting reduced or lack of deactivation) in negative subsequent
memory effects were observed in the angular gyrus (see Table 7 and Figures 5 and 6).
For encoding activity negatively associated with the subsequent success of memory
retrieval, significant age-related differences were observed in the bilateral angular gyrus.
Where in younger adults greater encoding deactivation of the right angular gyrus was
associated with the later success of memory retrieval, t(19) = 4.66, p = .018, peak: 54, -
63, 33, encoding activity in this region did not predict the success of memory retrieval in
the older group alone (ts < 3.45, p > .126). Although significant age differences in the
negative subsequent retrieval success effects were observed in the left angular gyrus,
encoding activity in this region did not significantly differ for subsequent successful and
unsuccessful memory retrieval in either the young (ts < 3.13, ps > .168) or older (ts <
3.26, ps > .115) adults alone.

Similarly, significant increases in negative subsequent precision effects were observed
in the older group in the right angular gyrus (note that a marginal effect observed in left
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angular gyrus also, t(38) = 3.26, p = .086). Where in younger adults greater deactivation
of the right angular gyrus at encoding was associated with higher subsequent precision
of memory retrieval, t(19) = 5.56, p = .005, peak: 51, -48, 24, activity in this region did
not significantly predict later memory precision in the older adults alone (ts < 3.69, ps >
.090).

Table 7. Regions displaying significant age differences in subsequent retrieval success

and/or precision effects in the ROl analysis.

Region X y z t p
Subsequent retrieval success
Younger adults > older adults

L inferior frontal gyrus -39 30 15 5.10 .003
R inferior frontal gyrus 45 9 24 4.32 .024
L fusiform gyrus -39 -63 -12 6.19 <.001
R fusiform gyrus 30 -57 -9 4.44 .010

Younger adults < older adults
L angular gyrus -51 -72 30 3.71 .027
R angular gyrus 45 -54 33 4,51 .005

Subsequent precision
Younger adults > older adults
L fusiform gyrus -42 -54 -12 3.86 .048

Younger adults < older adults
R angular gyrus 54 -51 24 4.56 .006
Note. L = left, R = right.

Direct comparison of subsequent retrieval success and subsequent precision effects

To examine whether disproportionate age differences in encoding activity associated
with either aspect of later memory retrieval were observed in any of the regions of
interest, mean beta-values for the subsequent retrieval success and subsequent precision
contrasts were extracted for each participant from each anatomical ROI. The interaction
between age group (young vs. old) and memory measure (retrieval success vs. precision)

did not reach significance in any of the ROIs displaying significant age differences in the
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encoding activity predicting later memory performance (Fs < 1.41, ps > .242). The results
therefore did not provide evidence for significantly disproportionate age-related changes
in the encoding activity associated with the later success or precision of memory retrieval
in any of the regions of interest. Furthermore, no significant differences between
subsequent success and subsequent precision effects were detected in any of the regions
of interest, Fs < .060, ps > .443.

Subsequent retrieval success
Younger adults Older adults

Subsequent precision
Younger adults Older adults

a8 S B
PN g;}b o’

, 2

=

Figure 5. Encoding activity scaling with the subsequent A) success and B) precision of
memory retrieval in each age group. Visualized at an uncorrected threshold of p < .01

with a minimum cluster size of 10 voxels.
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Figure 6. Mean beta-values for A) subsequent retrieval success and B) subsequent
precision effects in the young and older adults (mean betas extracted from each

anatomical ROI for each participant). Error bars display + 1 SEM.

Age differences in the lateralization of prefrontal subsequent memory effects

Given previous evidence for reduced lateralization of prefrontal activity in older age
(e.g., Cabeza, 2002; Morcom et al., 2003), | further examined whether the lateralization
of subsequent success and/or precision effects in the inferior frontal gyrus differed
between the age groups. A mixed ANOVA with the factors of age group (young vs. old)
and hemisphere (left vs. right) indicated a significant interaction between hemisphere
and age group for both subsequent success, F(1, 38) = 7.93, p = .008, partial > = 0.17,
and subsequent precision, F(1, 38) = 6.99, p = .012, partial 5> = 0.16, effects. Whereas
in the younger adults greater left than right IFG subsequent memory effects were
observed for both the later success, t(19) = 3.15, p =.002, d = 0.79, and precision, t(19)
= 2.57, p =.019, d = 0.58, of memory retrieval, the left and right IFG encoding activity
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associated with the subsequent success, t(19) = 0.89, p =.386, or precision, t(19) = 0.66,
p =.515, of memory retrieval did not significantly differ in the older group. Furthermore,
age differences in prefrontal lateralization did not significantly differ between the

subsequent success and subsequent precision effects, F(1, 38) = 1.18, p = .285.

Whole brain analyses

In addition to the ROI analyses, exploratory whole brain analyses were conducted to
identify any additional regions displaying age-related differences in activity associated
with the success or precision of episodic memory. Examination of age differences in the
retrieval activity predicting memory success and precision did not yield any significant
clusters at the whole brain level. Consistent with the findings from the ROI analyses,
subsequent retrieval success effects were significantly reduced in the older group in
comparison to the younger group in a cluster spanning the inferior temporal gyrus and
fusiform gyrus. Furthermore, subsequent precision effects were increased in the older in
comparison to the younger group in the anterior cingulate cortex (due to a lack of

negative subsequent precision effects in the older group in this region) (see Table 8).

Table 8. Significant age differences in subsequent memory effects across the whole brain,
assessed at a peak-level FWE-corrected significance threshold of p < .05 with a

minimum cluster extent of 5 contiguous voxels.

Region Voxels X y z t
Subsequent retrieval success
Younger adults > Older adults

L inferior temporal gyrus 35 -48 -60 -9 6.46
L fusiform gyrus -45 -51 -15 5.53

Subsequent memory precision
Older adults > Younger adults

R anterior cingulate gyrus 6 12 42 6 5.67
Note. L = left, R = right.
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Discussion

The experiment presented in the current chapter aimed to assess the neural basis of age-
related decreases in the success and precision of episodic memory. In the current
experiment, both the probability of successful memory retrieval and memory precision
were observed to be significantly reduced in older in comparison to younger adults.
These behavioural decreases were accompanied by age-related changes in both encoding
and retrieval activity supporting the accessibility and fidelity of episodic memories.
During retrieval, the older group displayed diminished retrieval success effects compared
to the younger adults in the hippocampus, while retrieval precision effects were reduced
in the older adults in the angular gyrus. At encoding, age-related decreases in encoding
activity predicting both the later success and precision of memory retrieval were evident
in the fusiform gyrus, whereas reductions in subsequent retrieval success effects only
were evident in the inferior frontal gyrus. Furthermore, while in the younger group
greater encoding deactivation of the angular gyrus was associated with the later success
and precision of memory retrieval, these negative subsequent memory effects were
diminished in the older group for both memory components. Together, these findings
provide evidence for both encoding and retrieval contributions to age-related declines in

the success and precision of episodic memory retrieval.

Although retrieval activity in hippocampal, prefrontal, ventral visual, and lateral parietal
regions was found to correlate with memory precision across participants, significant
age-related reductions in the relationship between retrieval activity and memory
precision were only observed in the left angular gyrus. This observation aligns with
previous evidence from younger adults implicating the lateral parietal cortex in the
fidelity of episodic memory retrieval (Murray et al., 2015; Nilakantan et al., 2017;
Richter, Cooper et al., 2016). Age-related reductions in parietal activity associated with
successful memory retrieval have been reported in previous studies (Angel et al., 2013;
Daselaar et al., 2006; Duarte et al., 2010, but see Wang et al., 2016), in particular for the
retrieval of associative memories (reviewed in Wang & Cabeza, 2016). These decreases
have often been interpreted as reflecting deficits in episodic recollection (e.g., Angel et
al., 2013; Daselaar et al., 2006), but the understanding of their precise contribution to
age-related memory decline has so far been limited. As previous studies have not
distinguished between activity associated with the success of memory retrieval and the

precision of retrieved information, it is possible that parietal decreases evident in
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previous studies may at least partly reflect age-related losses of memory fidelity, as

observed in the current experiment.

Significant age-related reductions in retrieval activity associated with the binary success
of memory retrieval, on the other hand, were observed in the current experiment only in
the hippocampus. This is consistent with previous findings from younger adults
implicating this region in supporting the success of memory retrieval specifically
(Richter, Cooper et al., 2016). Indeed, the hippocampus is thought to support the
successful recovery of stored memory representations and to facilitate the subsequent
reinstatement of the retrieved information in cortical regions (McClelland et al., 1995;
Norman & O’Reilly, 2003). Age-related declines in hippocampal retrieval activity have
frequently been reported in the literature (Daselaar et al., 2006; Dennis, Hayes et al.,
2008; Giovanello & Schacter, 2012; Kukolja et al., 2009; Cansino et al., 2015), and have
often been related to deficits in successful associative (e.g., Kukolja et al., 2009) or
recollection-based (e.g., Daselaar et al., 2006) retrieval. These accounts align well with
findings from the current experiment, where the contrast between retrieval success and
failure reflected the successful retrieval of associations between an object and its features,
a process thought to rely on recollection (Yonelinas, 2002). Interestingly, more recent
work has proposed that hippocampal deterioration may also underlie age-related deficits
in memory precision (Nilakantan et al., 2018). In the current experiment no significant
age differences in the hippocampal retrieval (or encoding) activity associated with the
precision of episodic memory were observed, seeming to contradict the view of a
predominantly hippocampal basis for the age-related reductions in the precision of

episodic memory retrieval.

However, it is important to note that the current results did not provide evidence for
disproportionate age-related declines in the activity associated with the success or
precision of memory retrieval in the hippocampus or the angular gyrus, respectively.
Indeed, activity associated with successful memory retrieval was also marginally reduced
in the older group in the angular gyrus. It therefore remains to be established how
regionally specific age-related declines in the brain activity underlying these two aspects

of memory retrieval are, or whether they reflect a broader, network-wide dysfunction.

Consistent with the notion that impoverished encoding of memory traces may contribute

to age-related episodic memory decline (Craik & Rose, 2012), encoding activity

98



Chapter 4

supporting both the later successful retrieval and memory fidelity was observed to differ
between the young and older adults. In the fusiform gyrus, age-related reductions were
observed for encoding activity associated with both the later success and precision of
memory retrieval. Consistent with this finding, previous studies have commonly
identified age-related decreases in subsequent memory effects in the ventral visual cortex
(Maillet & Rajah, 2014a; Wang & Cabeza, 2016). Furthermore, the quality of neural
representations corresponding to different visual stimuli has also been observed to
exhibit age-related decreases in visual regions during both perception and memory
encoding (Carpetal., 2011; Trelle etal., 2019; Zheng et al., 2018), suggesting age-related
reductions in the fidelity of perceptual and memory encoding processes supported by
these regions. Indeed, the current results suggest that impoverished encoding of sensory
information into lasting and precise memory representations in visual regions may
contribute to age-related reductions in the accessibility and fidelity of this information

during later retrieval.

In addition to age-related decreases in subsequent retrieval success and precision effects
observed in the fusiform gyrus, age-related decreases in encoding activity predicting the
subsequent success (but not precision) of memory retrieval were evident in the inferior
frontal gyrus, consistent with previous reports of age-related decreases in left prefrontal
activity associated with successful associative memory formation (e.g., Dulas & Duarte,
2011; reviewed in Wang & Cabeza, 2016). The age-related decreases in prefrontal
subsequent retrieval success effects in the current experiment may reflect the diminished
employment of strategic encoding operations required for the formation of strong
bindings between an object and its features. Consistent with this interpretation, age-
related memory declines have been proposed to partly result from a reduced ability to
initiate deep and elaborative encoding strategies facilitating later successful

remembering (Naveh-Benjamin, Brav, & Levy, 2007).

Interestingly, many previous studies have also demonstrated age-related increases in
prefrontal subsequent memory effects, often contralateral to regions recruited for
successful encoding in younger adults (e.g., Morcom et al., 2003; Persson et al., 2006).
In the current experiment, no significant age-related increases in subsequent memory
effects were observed in the right inferior frontal gyrus. However, the examination of
age differences in the lateralization of subsequent memory effects indicated reduced

lateralization of encoding activity associated with both the later success and precision of
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memory retrieval in the older group. Whereas in the younger group greater subsequent
success and precision effects were observed in the left, in comparison to the right, inferior
frontal gyrus, encoding activity associated with either of these two aspect of memory
retrieval did not significantly differ between the two hemispheres in the older group. The
current results thus align with previous accounts proposing reduced hemispheric

lateralization of prefrontal activity in older age (Cabeza, 2002).

Despite encoding activity in the hippocampus predicting the later success of memory
retrieval, no significant age differences in subsequent retrieval success effects were
observed in this region. Although prior accounts have often proposed a role of
hippocampal binding deficits in age-related memory impairments (e.g., Shing et al.,
2010), decreases in encoding activity in this region have not been consistently observed.
For instance, two recent larger scale studies demonstrated age-invariant subsequent
memory effects in the hippocampus (De Chastelaine et al., 2016; Vidal-Pifieiro et al.,
2018), consistent with the findings observed in the current experiment. Indeed, these
prior findings in combination with the results observed in the current experiment may
suggest a greater role for hippocampal retrieval, rather than encoding, deficits in age-

related episodic memory declines.

In contrast to the activity increases observed during retrieval, greater encoding
deactivation in the right angular gyrus predicted the later success and precision of
memory retrieval. This is consistent with previous reports of an “encoding/retrieval flip”
in memory-related brain activity in this region (Daselaar et al., 2009). Consistent with
previous findings of diminished negative subsequent memory effects in older age in the
lateral and medial parietal cortex (De Chastelaine et al., 2015; Maillet & Rajah, 2014a;
Miller et al., 2008; Park et al., 2013), negative subsequent memory effects in the angular
gyrus were reduced in the older group for both later success and precision of memory
retrieval in the current experiment. Given the overlap between negative subsequent
memory and task-negative effects in the default mode network, age-related reductions in
negative subsequent memory effects have been proposed to reflect decreased suppression
of activity in this network and the reduced reallocation of cognitive resources to
externally-oriented encoding processes (De Chastelaine et al., 2015, 2011; Miller et al.,
2008). However, whether age-related changes in negative subsequent memory effects are
critical for memory performance, or may reflect more domain-general changes in the

modulation of default-mode network activity in response to task demands, remains to be
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clarified (Rugg, 2016; Vidal-Pifieiro et al., 2018). Although age-related differences in
negative subsequent memory effects did not reach significance in other regions when
assessed at a whole brain level, at an uncorrected threshold the older adults appeared to
display an absence of negative subsequent memory effects in other regions overlapping
with the default mode network also (see Figure 5), consistent with previous findings
(Park et al., 2013).

In addition to the age-related differences in encoding and retrieval mechanisms
supporting the success and precision of episodic memory, the current experiment sought
to assess whether distinct encoding processes may support the later success and precision
of memory retrieval. Apart from the hippocampus, both significant subsequent retrieval
success and subsequent precision effects were detected in all regions of interest across
the participants, and direct comparison of the subsequent memory effects for these two
memory components did not yield significant differences in any of the regions of interest.
The current findings thus provided little evidence for differentiation of encoding
mechanisms supporting these two aspects of memory retrieval. Instead, the findings
suggest that encoding activity in similar brain regions may support both later memory
access and fidelity. Furthermore, no disproportionate age differences in the encoding
activity relating to either aspect of memory retrieval were evident across the regions of

interest.

In addition to analyses of regional activity associated with the success and precision of
memory retrieval, future analyses of the current data will investigate age differences in
the network interactions supporting the success and precision of memory retrieval.
Previous evidence has demonstrated age-related alterations in the functional connectivity
of both memory encoding (Foster, Picklesimer, Mulligan, & Giovanello, 2016; Grady,
Mcintosh, & Craik, 2003; Oh & Jagust, 2013) and retrieval (King, de Chastelaine, &
Rugg, 2018; Monge, Stanley, Geib, Davis, & Cabeza, 2018; Tsukiura et al., 2011)
networks, potentially playing a role in the memory reductions observed in the current
paradigm. Of particular interest for future analyses are age-related changes in the
integrity of hippocampal-parietal functional connectivity during memory retrieval, as
well as hippocampal-visual and hippocampal-prefrontal connections during encoding.
Another interesting question for future studies to address, but not afforded by the current
design, is the potential contribution of reduced fidelity of neural representations to the

age-related declines in memory precision. The reduced subsequent precision effects in
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the fusiform gyrus and reduced retrieval precision effects in the angular gyrus observed
in the current analyses are particularly interesting in light of previous evidence
highlighting the of the occipitotemporal cortex and the angular gyrus in representing
mnemonic content during encoding and retrieval, respectively (Favila, Samide, Sweigart,
& Kuhl, 2018). Interestingly, some previous evidence has demonstrated intact fidelity of
neural representations in the lateral parietal cortex during memory retrieval in older age
(Wang et al., 2016). However, that study examined the reinstatement of activity patterns
corresponding to two different encoding tasks implemented for word and picture stimuli,
therefore assessing only coarse discriminations between different categories of stimuli
and encoding contexts. It is possible that more fine-grained representation of retrieved
content in the ventrolateral parietal cortex may be compromised in older age and

contribute to the precision deficits observed in the current experiments.

In conclusion, the experiment presented in the current chapter provided evidence for both
encoding and retrieval contributions to the age-related declines in the success and
precision of memory retrieval. During retrieval, age differences were localised to the
posterior-medial episodic memory network, with older adults displaying reduced
retrieval success effects in the hippocampus and decreased retrieval precision effects in
the angular gyrus. During encoding, on the other hand, subsequent retrieval success and
precision effects were reduced in the older group in the fusiform gyrus, while prefrontal
decreases were evident for subsequent retrieval success only. Furthermore, the older
group displayed a lack of negative subsequent retrieval success and precision effects in
the angular gyrus. Overall, these findings suggest distinct encoding and retrieval
contributions to age-related decreases in the success and precision of episodic memory
retrieval, and highlight that rather than reflecting a single cause, age-related memory

deficits likely emerge due to functional declines in multiple interacting brain regions.

102



Chapter 5

Chapter 5: Neuroanatomical correlates of the success and precision of

episodic memory retrieval in older age

In Chapter 4, | observed age-related changes in the brain activity underlying the success
and precision of episodic memory retrieval. In addition to changes in brain function,
healthy ageing is associated with declines in the structural integrity of brain regions
underpinning episodic memory; an important determinant of individual differences in
memory abilities across older individuals (Fjell & Walhovd, 2010; Nyberg et al., 2012).
Although prior studies have linked variation in structural integrity of the brain to
individual differences in episodic memory performance in older age, our current
understanding of the more specific brain structure-behaviour relationships remains
limited. The experiment presented in the current chapter used voxel-based morphometry
(VBM) (Ashburner & Friston, 2000) to assess the neuroanatomical correlates of variation
in two separable aspects of episodic memory; namely the success and precision of
memory retrieval, in older age. Results from this experiment demonstrated a positive
relationship between lateral parietal grey matter (GM) volume and memory precision
across older adults, providing novel insight into the structural basis of individual
differences in memory quality. This finding was further consistent with the age-related
functional decreases observed for precision-related activity in the angular gyrus in
Chapter 4, thus highlighting the importance of both structural and functional integrity of

this region in the fidelity of episodic recollection.

Introduction

Healthy ageing is associated with various neurobiological changes affecting the integrity
of grey and white matter of the brain. In terms of brain morphology, the total grey matter
volume of the brain as well as regional volumes have been shown to decrease with
advancing age (Good et al., 2001; Peelle, Cusack, & Henson, 2012; Raz et al., 1997; Raz
etal., 2004, 2005; Resnick et al., 2003). Although age-related grey matter decreases have
been widely documented across the cortex (Fjell, Walhovd, et al., 2009; Fjell et al., 2014;
Walhovd et al., 2011; Ziegler et al., 2012), considerable regional variability in the rate
and trajectory of these declines exists (Fjell & Walhovd, 2010). In particular, prefrontal
grey matter has been highlighted as being especially vulnerable to age-related declines

in both cross-sectional and longitudinal studies (Allen et al., 2005; Fjell, Walhovd, et al.,
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2009; Fjell, Westlye, et al., 2009; Raz et al., 1997; Raz et al., 2004; Resnick et al., 2003),
however the lateral parietal and temporal regions also display pronounced age-related
decreases (Fjell, Walhovd, et al., 2009; Fjell, Westlye, et al., 2009; Fjell et al., 2014;
Good et al., 2001; Resnick et al., 2003; Ziegler et al., 2012). Furthermore, non-linear
trajectories of age-related grey matter loss have been documented in some subcortical
regions (Walhovd et al., 2011; Ziegler et al., 2012). In particular, grey matter in the
hippocampus appears to remain relatively preserved until midlife, after which
accelerated decline becomes evident (Coupé et al., 2017; Nobis et al., 2019; Walhovd et
al., 2005; Ziegler et al., 2012).

In addition to mean level cognitive declines, ageing is often thought to lead to increased
inter-individual variability in cognitive performance (Nelson & Dannefer, 1992;
Christensen et al., 1999; Hultsch, MacDonald, & Dixon, 2002, but see Green, Shafto,
Matthews, Cam-Can, & White, 2015; Salthouse, 2012). Indeed, substantial variability in
age-related episodic memory changes has been reported in many studies, with some older
individuals exhibiting only modest or a lack of decrease in their memory abilities, while
others display marked declines (reviewed in Nyberg et al., 2012; Nyberg & Pudas, 2019).
Individual differences in memory performance in older age are thought to be at least
partly attributable to variation in the structural integrity of the brain (Fjell & Walhovd,
2010). According to the brain maintenance hypothesis, preserved structural, functional
and neurochemical integrity of the brain underlies the maintenance of memory abilities
in older age (Nyberg et al., 2012). In line with this proposal, several studies have
displayed a positive relationship between brain structure and general cognitive
performance as well as more specific cognitive domains, such as memory ability
(reviewed in Kaup, Mirzakhanian, Jeste, & Eyler, 2011; Raz & Rodrigue, 2006;
Salthouse, 2011).

Focusing on the structural correlates of variability in episodic memory specifically, a
common finding in previous studies has been a relationship between hippocampal
volume and episodic memory performance in older age. Evidence from both cross-
sectional studies with older adult (Fleischman et al., 2014; Hedden et al., 2016; Ward et
al., 2015) and lifespan samples (Henson et al., 2016) as well as longitudinal studies (Fjell,
McEvoy, Holland, Dale, & Walhovd, 2013; Gorbach et al., 2017; Kramer et al., 2007;
Leong et al., 2017; Persson et al., 2012) has linked decreases in hippocampal volume to

reductions in episodic memory performance. In a recent study, it was found that while
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the majority of the variance in episodic memory performance across older adults was
shared among different brain markers (~60%), hippocampal volume explained the largest
unique proportion of variance (~ 8%) (Hedden et al., 2016). Several studies have also
linked prefrontal volume to inter-individual differences in memory performance in older
age (e.g., Becker et al., 2015; Fleischman et al., 2014; Head et al., 2008; Kalpouzos et
al., 2009). In line with the role of the prefrontal cortex in supporting memory control
processes (Simons & Spiers, 2003), this relationship has been shown to be mediated by
age-related reductions in executive functions, specifically working memory and
inhibitory control (Head et al., 2008). Consistent with this finding, others have also
linked differences in prefrontal volume and thickness to variation in specific memory
control processes, such as memory inhibition (Eich, Razlighi, & Stern, 2017) and the use
of efficient encoding (Husa et al., 2017) and retrieval strategies (Kirchhoff, Gordon, &
Head, 2014) in older age.

Although prominent age-related grey matter loss has often been reported in the lateral
parietal cortex (e.g., Fjell et al., 2014; Good et al., 2001; Resnick et al., 2003; Ziegler et
al., 2012), evidence linking variation in parietal grey matter integrity to individual
differences in episodic memory has been relatively scarce. A study by Walhovd et al.
(2006) observed parietal cortical thickness to correlate with episodic memory recall after
several months delay in a lifespan adult sample, even after controlling for the effects of
variation in hippocampal volume, suggesting a possible contribution separable to that of
the hippocampus. However, no such relationship was observed in that study at shorter
recall delays. Furthermore, a more recent study investigating the brain characteristics of
“super-agers”, i.e., older adults exhibiting youth-like memory performance,
demonstrated that whereas cortical thickness of the angular gyrus in this group was
comparable to that of younger adults, decreases in angular gyrus thickness were evident
in a more typical older adult group also showing reduced memory performance (Sun et
al., 2016). While this finding suggests that preserved integrity of the angular gyrus may
play a role in the maintenance of memory function in older age, no direct relationship
between individual differences in angular gyrus thickness and memory performance was
observed in that study (Sun et al., 2016). The exact contribution of parietal grey matter
integrity to individual differences in episodic memory performance in older age therefore
remains to be clarified.
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Although previous studies have highlighted regions in which structural integrity
correlates with individual differences in memory performance in older age, the exact
contribution of these regions to specific mnemonic processes remains to be characterized.
In the majority of previous studies, the structural basis of individual differences in
memory performance has been assessed with standard neuropsychological tests or
composite memory measures, unable to disentangle the effects of brain structure
variability on specific memory processes. Some evidence has begun to unravel more
detailed structure-behaviour relationships by examining whether, for instance, variability
in different retrieval processes, such as item and associative recognition (Becker et al.,
2015; Henson et al., 2016), or recollection and familiarity (Yonelinas et al., 2007), may
depend on different neuroanatomical substrates. However, the structural correlates of the
precision of episodic memory retrieval, and whether they may differ from the correlates

of successful memory retrieval, are currently unknown.

The experiment presented in the current chapter thus aimed to assess the relationship
between variability in regional grey matter volume and individual differences in the
success and precision of episodic memory retrieval in older age. For this purpose,
structural neuroimaging and behavioural data was acquired for 51 older adults. Twenty
of these older adults had taken part in the functional neuroimaging experiment described
in Chapter 4, while a structural scan was acquired for an additional 31 participants. Both
groups of participants completed the same continuous report task, with the older adults
participating in the fMRI experiment completing this task inside of the MRI scanner, and
the older adults participating in the structural study completing the memory task outside
of the MRI scanner. All participants completed the continuous report task described in
Chapter 4, assessing retrieval of object locations and colours. VBM analyses were
performed to examine the relationship between regional grey matter volume and the
success and precision of memory retrieval (taking into account the different testing

environments).

Given the proposed roles of the hippocampus and the angular gyrus in the success and
precision of episodic memory retrieval, respectively (Richter, Cooper et al., 2016), as
well as the age-related functional differences observed in these regions for each aspect
of memory retrieval in Chapter 4, grey matter volume in the angular gyrus was expected
to predict variation in memory precision, while hippocampal grey matter volume was

predicted to relate to variability in the probability of successful memory retrieval.
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Furthermore, motivated by the age-related encoding activity differences observed in the
prefrontal and fusiform cortex in Chapter 4, as well as prior evidence indicating a
contribution of grey matter differences in these regions to episodic memory performance
in older age (Becker et al., 2015; Head et al., 2008; Murphy et al., 2010), the relationship
between local grey matter volume and the success and precision of memory retrieval
were assessed in these regions also. Given the contribution of encoding activity in the
fusiform gyrus to both later success and precision of memory retrieval in Chapter 4, and
the known role of this region in object perception and memory (Bar et al., 2001; Haxby
etal., 2001), reductions in fusiform grey matter volume may be associated with decreases
in both the success and precision of episodic memory retrieval. Similarly, variation in
prefrontal volume may be associated with individual differences in both the success and
precision of memory retrieval via its role in strategic encoding processes that enable the
formation of both detailed and accessible memory traces (Blumenfeld & Ranganath,
2007), as well as in facilitating access to goal-relevant features of stored memories during
retrieval (Badre & Wagner, 2007).

Methods
Participants

Fifty-one healthy older adults between the ages of 60 and 87 took part in the present
experiment. All participants were right-handed, fluent English-speakers, had normal or
corrected-to-normal vision, no colour blindness, and no current or historical diagnosis of
any neurological, psychiatric, or developmental disorder, or learning difficulty.
Participants reported no current use of any psychoactive medication, and no medical or
other contradictions to MRI scanning (e.g., metal implants, claustrophobia). All
participants scored within the healthy range (> 26) on the MoCA (Nasreddine et al.,
2005) screening test for mild cognitive impairment. Outliers with a retrieval success (pT)
or precision (K) estimate more than three SDs from the group mean were excluded from
the analyses, leading to exclusion of two participants. Demographic information for the
remaining 49 participants is displayed in Table 1. Twenty of the participants had
completed the memory task inside the MRI scanner in the fMRI experiment described in
Chapter 4. For the remaining 29 participants, only a structural scan was acquired and the
memory task was completed outside of the MRI scanner. The two groups of participants
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did not significantly differ in terms of age, t(47) = 0.20, p = .839, number of years of
formal education completed, t(47) = 0.16, p = .870, MoCA scores, t(47) = 1.59, p = .119,
or scores on the SILVS measure of crystallised intelligence (Zachary & Shipley, 1986),
t(47) = 0.54, p = .590.

Participants were recruited via the University of Cambridge Memory Lab volunteer
database and community advertisements. All participants were reimbursed £30 for their
participation as well as for any travel expenses occurred, and gave written informed
consent in a manner approved by the Cambridge Psychology Research Ethics

Committee.

Table 1. Participant demographic information: means (standard deviations).

Mean (SD)
N 49
Age 70.94 (5.32)
Gender (N) 18 M, 31 F
Education 16.29 (4.75)
SILVS 36.98 (1.91)
MoCA 28.51 (1.34)

Note. M = males, F = females.

Materials

Stimuli for the memory task were the same as described in Chapter 4, consisting of 180
outdoor scene images (obtained from Richter, Cooper et al., 2016 and Google image
search) and 180 images of colour-rotated everyday objects (obtained from Brady et al.,
2013) randomly paired to form a total of 180 trial-unique study displays. For each study
display, the location and colour of the object were randomly chosen from a circular

parameter space (0-360 degrees). All participants viewed the same encoding displays.

Design and procedure

Experimental procedures for the older adults completing the memory task in the MRI

scanner are described in detail in Chapter 4. The memory task completed by the older
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adults participating in the structural imaging part of the study was identical to that
described in Chapter 4. To briefly recapitulate, the task comprised 9 study-test blocks in
total, in each of which participants first viewed 20 stimuli displays in a row (stimulus
duration: 5s) and then reconstructed either the location or the colour of each studied
object as precisely as they could. At test, the initial appearance of the questioned feature
was randomly chosen from a circular space (0-360 degrees), while the appearance of the
other feature remained unchanged from study to test. Participants completing the task
outside of the scanner were able to change the location and the colour of the object by
moving a slider around the continuous response dial with the left and right arrow keys
on a computer keyboard, and pressed the space bar to confirm their answer, while
participants taking part in the functional imaging experiment used a scanner compatible
button box to make their responses. The retrieval phase was self-paced with the

constraints of a minimum trial duration of 7s and a maximum trial duration of 11s.

Participants completed a total of 180 retrieval trials (90 for each feature). The type of
feature question asked for each object was randomised across displays but constant
across participants. The allocation of stimuli displays to task blocks was randomised
across participants, and the order of study and test trials within each block
pseudorandomised with the constraint of no more than four encoding or retrieval trials
presented in a row for which the same type of feature question was (subsequently) asked.
The encoding and retrieval phases were separated by a 10s delay. The encoding and
retrieval trials were separated by a central fixation cross with a jittered duration between

0.4s and 2.4s (mean ISI duration: 1s) drawn from an approximate Poisson distribution.

MRI scanning for participants in the structural study involved the acquisition of a
standard T1-weighted whole brain anatomical image, a whole brain diffusion-weighted
image, a T2-weighted high-resolution structural image of the medial temporal lobes, and
an 8-minute functional resting state scan. The present analyses were conducted on the
T1-weighted whole brain anatomical images only, and data from the other scans will be
explored in future analyses. For participants taking part in the functional imaging study,
a standard T1-weighted whole brain anatomical image was acquired prior to the
functional runs. At the beginning of the MRI session, all participants filled in a consent
form and an MRI screening form. The MoCA and SILVS were completed in a separate

behavioural testing session for all participants.
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Behavioural analysis

On each trial, participant’s retrieval error was calculated as the angular deviation between
their response value and the studied feature value (0 £ 180 degrees). As in previous
chapters, a probabilistic mixture model (Bays et al., 2009; Zhang & Luck, 2008) was
fitted to each participant’s retrieval error data to distinguish between the success and
precision of memory retrieval. The model consisted of a von Mises distribution (a
circular equivalent of a Gaussian distribution) centred at the target feature value and a
circular uniform distribution, capturing variability in successful target retrieval and the
likelihood of randomly distributed guessing responses, respectively. The probability of
successful memory retrieval was defined as the probability of responses stemming from
the target von Mises distribution (pT) and the precision of memory retrieval as the
concentration parameter (K) of the target von Mises distribution. These two parameters

of memory performance were estimated separately for each participant.

In contrast to the fMRI experiment described in Chapter 4, in the current experiment it
was possible to examine the neural correlates of memory performance in each feature
condition separately as the analysis required only computation of the overall success and
precision of memory retrieval across trials, for which a relatively low number of
unsuccessful trials was not a problem (c.f., Sutterer & Awh, 2016). However, initial
analyses did not reveal significant differences in the relationship between regional GM
volume and memory performance between the two feature conditions in any of the ROIs
(retrieval success: ts < 2.82, ps > .382; memory precision: ts < 2.96, ps >.201), or across
the whole brain (retrieval success: ts < 3.92, ps > .669; memory precision: ts < 3.95, ps
> .644). Therefore, as in the functional imaging experiment described in Chapter 4,
estimates of memory performances for the VBM analyses were computed collapsing data

across the two feature conditions.

MRI acquisition

The MRI scanning took place at the University of Cambridge Medical Research Council
Cognition and Brain Sciences Unit using a 3T Siemens Tim Trio scanner (Siemens,
Germany) with a 32-channel head coil. The present analyses were conducted on high
resolution whole brain anatomical images, which were acquired using a T1-weighted 3D
MPRAGE sequence (TR: 2.25s, TE: 3ms, flip angle = 9°, FOV: 256 x 256 x 192mm,
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resolution: 1mm isotropic, GRAPPA acceleration factor 2). The acquisition parameters
were identical for the participants taking part in the fMRI experiment and in the structural

experiment only.

VBM analysis

Preprocessing and analysis of the structural images was performed with SPM 12
(https://www.fil.ion.ucl.ac.uk/spm/) implemented on MATLAB R2016a. Each
anatomical image was first visually examined for artefacts and gross anatomical
abnormalities (no participants excluded due to this), and the origin of the image was
manually reset to the anterior commissure. The anatomical images were then segmented
into GM, white matter (WM) and cerebrospinal fluid (CSF), and these segmentations
were used to create a study-specific structural template image using the DARTEL
toolbox (Ashburner, 2007). The segmented native space grey matter images were
normalised to MNI space using the DARTEL toolbox and spatially smoothed with an
isotropic 8mm FWHF Gaussian kernel, with modulation applied to preserve the total
amount of GM within each voxel. For each participant, total intracranial volume (TIV)
was computed as the sum of total GM, WM and CSF estimates.

The normalized and smoothed grey matter images were analysed using VBM (Ashburner
& Friston, 2000) in order to identify local GM correlates of variability in the success (pT)
and precision (K) of episodic memory retrieval. Two separate general linear models were
constructed to examine the relationship of GM volume to memory performance across
the participants; one for examining the correlations between GM volume and the
probability of successful retrieval (pT), and one for assessing the relationship between
GM volume and memory precision (K). For both models, participant age, gender and
years of formal education completed were included as covariates of no interest.
Furthermore, TIV was added as an additional covariate of no interest in the model in
order to examine regionally specific effects beyond variation in head size (Peelle et al.,
2012).
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Regions of interest

The main regions of interest for the VBM analyses were the same as used in the analysis
of functional data described in Chapter 4: the hippocampus, the angular gyrus, the
inferior frontal gyrus, and the fusiform gyrus. Each anatomical region of interest was
defined with the Automatic Anatomical Labelling atlas, and mask images for the left and
right hemisphere regions were created separately. Statistical significance of the
relationships between GM volume and memory performance (pT and/or K) in each
region of interest was determined with a small volume FWE-corrected (based on random
field theory) peak-level threshold of p < .05. Exploratory whole brain analyses with a
FWE-corrected peak-level threshold of p < .05 were conducted to identify any additional
brain regions displaying a relationship between GM volume and memory performance
in the current paradigm (pT and/or K).

Results
Behavioural results

The distribution of retrieval errors across all participants and trials is displayed in Figure
1A. Mean absolute error across the participants and feature conditions was 39.70 degrees
(SD: 9.60). Absolute error was significantly lower in the location (M: 31.60, SD: 10.55)
in comparison to the colour condition (M: 47.70, SD: 10.75), t(48) = 12.20, p<.001,d =
1.74. Similarly, across participants reaction times were significantly lower in the location
(M: 6.24 s, SD: 0.73 s) in comparison to the colour condition (M: 6.73, SD: 0.69), t(47)
=6.20 p <.001, d = .90 (note that reaction time data from one participant was excluded
from this analysis due to a missing reaction time estimate for the location condition, see

methods section of Chapter 4 for more details).

Across features, the mean probability of successful memory retrieval (pT) across the
older adults was 0.67 (SD: 0.12), and the mean precision of successful memory retrieval
(K) was 7.86 (SD: 3.10). Examination of feature-specific model-estimates of memory
performance indicated that both the probability of successful memory retrieval, t(48) =
3.42,p=.001, d = 0.49, and the precision of memory retrieval, t(48) = 6.40, p <.001, d
=0.91, were higher in the location (pT M: 0.74, SD: 0.14; Kappa M: 13.71, SD: 8.83) in
comparison to the colour (pT M: 0.65, SD: 0.17; Kappa M: 5.20, SD: 2.68) condition.
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However, as noted in the methods section, no significant differences in the grey matter
correlates of memory performance were detected between the two feature conditions,
and therefore the VBM analyses were conducted on estimates of retrieval success and
memory precision computed across the feature conditions described above. Considerable
inter-individual variability was evident in estimates of both probability of successful
memory retrieval and the precision of memory retrieval (see Figure 1B and 1C), thus
allowing for the investigation of GM volume correlates of this variability. The
probability of retrieval success and memory precision did not significantly correlate
across the older adults, r = .04, p = .778, highlighting the possibility that different

neuroanatomical correlates may be related to variability in each measure.

Of note, across features the probability of successful memory retrieval was significantly
lower in the group of participants who performed the memory task inside the MRI
scanner (M: 0.63, SD: 0.10) than in those participants who performed the task outside of
the scanner (M: 0.71, SD: 0.12), t(47) = 2.53, p = .015, d = 0.73. Given that the two
participant groups did not significantly differ in terms of the demographic variables (age,
education, MoCA or SILVS), this difference was likely due to the distractibility of the
MRI scanning environment (see Gutchess & Park, 2006). Memory precision did not
significantly differ between the two groups of participants (in scanner M: 7.78, SD: 3.01,
outside of scanner M: 7.91 SD: 3.20), t(47) = 0.14, p = .888. To account for the group
difference in retrieval success, testing environment (in the scanner vs. outside of the
scanner) was added as an additional covariate of no interest in all VBM analyses.
Controlling for this covariate resulted in a similar lack of significant correlation between
the probability of successful memory retrieval and the precision of memory retrieval
across the older adults, partial r = .04, p = .806, as reported above.

113



Chapter 5

A B C
) ) 10 ) 18
0.9 .
15
0.2 . 73" -r
'aos %
-~ ¥ 12
> w =
£0.15 ]
3 807 g ..'-
g g 2
o @ 3
o 0.1 T06 s
>
2 fd .
E S 6 o
0.05 2 5 >
. 2 o:-
0.4 3 "
0 ) ) L L . —_—
-150 -100 -50 0 50 100 150 03 0]

Error (degrees)

Figure 1. A) Distribution of retrieval errors across all participants and retrieval trials
(8820 trials in total). Blue line displays the response probabilities predicted by the
mixture model (von Mises + uniform distribution, fitted to aggregate data for
visualization). Boxplots display the median and upper and lower quartiles of B)
probability of successful memory retrieval (pT), and C) memory precision (K). Error bars
displaying the largest/smallest value within 1.5 interquartile range from the upper/lower

quartile, and jittered data points display the individual participant parameter estimates.

VBM results

VBM analyses were performed to identify brain regions displaying a significant
relationship between GM volume and the success and/or precision of memory retrieval,
after controlling for the effects of age, gender, education, and testing environment
(in/outside scanner). The analysis of GM volume correlates of the probability of
successful memory retrieval (pT) indicated a marginal effect in the right fusiform gyrus,
t(42) = 3.80, p = .051, peak: 40, -28, -18, where there was a trend for greater grey matter
volume to be associated with higher success of memory retrieval across participants. No
significant or marginal relationships between GM volume and the success of memory
retrieval were detected in the other regions of interest, including the hippocampus (ts <
2.67, ps >. 459), or in the exploratory whole brain analyses (ts > 3.80, ps > .763).

Examination of the GM correlates of the precision of memory retrieval (K), on the other
hand, indicated a significant relationship between GM volume and memory precision in
the left angular gyrus, t(42) = 3.75, p = .026, peak: -46, -68, 24, where greater GM volume
was associated with higher precision of memory retrieval (see Figure 2). The relationship

between regional GM volume and memory precision did not reach significance in the
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other ROIs (ts < 3.61, ps > .121), however, on the whole brain level, a marginal positive
relationship between GM volume and memory precision was evident in left inferior
temporal gyrus also, t(42) = 5.05, p = .059, peak: 50, -57, -9. No other significant or
marginal effects were observed at the whole brain level (ts < 4.63, ps > .170).

To examine whether the observed relationship between GM volume and memory
performance in the left angular gyrus was specific to the precision of memory retrieval,
the probability of successful memory retrieval was included as an additional covariate of
no interest in the general linear model (retrieval success and precision estimates z-scored
for this model). The relationship between memory precision and GM volume in the left
angular gyrus remained significant after controlling for variation in the probability of
successful memory retrieval, t(41) = 3.75, p = .026, peak: -48, -68, 24, indicating a
contribution of angular gyrus GM volume to individual differences in memory precision
over and above of any variance shared with differences in the probability of successful
memory retrieval. Interestingly, the angular gyrus region where a relationship between
grey matter volume and memory precision was observed in the current VBM analysis
appeared to overlap with the region displaying age-related differences in retrieval activity
associated with memory precision in the fMRI analysis described in Chapter 4 (see
Figure 2C).
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Figure 2. A) Grey matter volume in the angular gyrus correlated with the precision of
memory retrieval across participants (effect masked with the left angular gyrus ROI and
displayed at p < .01 uncorrected threshold for visualization). B) Relationship between
the left angular gyrus GM volume (arbitrary units, a.u.) and memory precision (K) across
the older participants. For visualisation, GM volumes were extracted from the cluster (p
< .001 uncorrected, k = 54) associated with the peak angular gyrus voxel displaying a
relationship with the precision of memory retrieval (X, y, z = -46, -68, 24). C) Overlap
(purple) between the angular gyrus region displaying age differences in retrieval activity
associated with memory precision in Chapter 4 (red) and the angular gyrus region
demonstrating a relationship between grey matter volume and memory precision in the
current VBM analysis (blue). Both effects are visualized at an uncorrected threshold of
p <.001.
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Discussion

The present chapter aimed to assess the relationship between variation in regional grey
matter volume and individual differences in the success and precision of episodic
memory retrieval in older age. Consistent with the age-related functional differences
observed for precision-related activity in the angular gyrus in Chapter 4, | here observed
a relationship between individual variability in left angular gyrus grey matter volume and
the precision of memory retrieval in older age. Interestingly, no significant relationship
between hippocampal volume and the probability of retrieval success was observed.
Furthermore, no significant relationships between grey matter volume and the probability
of successful memory retrieval were detected in other regions of interest, or across the

whole brain, although a marginal positive relationship was present in the fusiform gyrus.

Although prior studies have often observed age-related grey matter declines in the lateral
parietal cortex (Fjell et al., 2014; Good et al., 2001; Resnick et al., 2003; Ziegler et al.,
2012), evidence relating structural integrity of this region to individual differences in
episodic memory in older age has been limited. While some studies have linked parietal
white matter integrity to variation in episodic memory in older age (Leong et al., 2017;
Lockhart et al., 2012; Ziegler et al., 2010), evidence for a contribution of grey matter
integrity in this region has less often been observed (Walhovd et al., 2006). The limited
evidence for a relationship between parietal grey matter integrity and episodic memory
performance may be partially explained by the lack of inclusion of this area as a region
of interest in many studies (reviewed in Kaup et al., 2011), as well as the choice of
memory measures in previous investigations. In particular, the majority of previous
studies have employed standardized neuropsychological measures and/or composite
scores of episodic memory, potentially insensitive for detecting variation in more
qualitative aspects of memory retrieval as afforded by the current paradigm.
Interestingly, in the current data the relationship between angular gyrus grey matter
volume and memory precision persisted even after controlling for variation in the
probability of successful memory retrieval, suggesting a contribution separable of any
relationship shared with individual differences in the probability of successful memory

retrieval.

The relationship between hippocampal grey matter volume and the probability of

successful memory retrieval on the other hand did not reach significance in the current
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study. Although findings of a relationship between hippocampal volume and episodic
memory performance have been reported before (e.g., Gorbach et al., 2017; Hedden et
al., 2016; Henson et al., 2016; Persson et al., 2012), not all previous studies have
consistently detected such a relationship (Becker et al., 2015; Rajah, Kromas, Han, &
Pruessner, 2010; Tisserand, Visser, Van Boxtel, & Jolles, 2000; Van Petten, 2004). The
lack of a significant relationship in the current dataset may reflect the moderate sample
size of the current study for detection of such individual differences, in particular for
relatively small and complex structures such as the hippocampus (Good et al., 2001).
Moreover, given the functional and structural heterogeneity of the hippocampal
formation (Moscovitch et al., 2016; Strange, Witter, Lein, & Moser, 2014), it is possible
that variability in different subcomponents of episodic memory retrieval may map onto
structural differences in distinct hippocampal subfields (see Stevenson et al., 2018)
undetected in the current analysis.

Outside the hippocampus, there was a trend for a positive relationship between fusiform
gyrus grey matter volume and the probability of successful memory retrieval (p = .051
FWE SVC). While the primary sensory cortices are typically considered to be more
resistant to age-related grey matter loss (Allen et al., 2005; Raz et al., 2004, 2005), higher
order regions, such as the fusiform cortex, typically display greater age-related decreases
(McGinnis et al., 2011; Nosheny et al., 2019). Changes in cortical thickness of the right
fusiform gyrus have been previously observed to be associated with longitudinal decline
in episodic memory performance in older age (Murphy et al., 2010), and in improvements
in episodic memory performance in older adults following visualization-based memory
training (Engvig et al., 2010). Given the results of Chapter 4 linking fusiform activity
decreases at encoding with age-related reductions in memory success, one possibility is
that structural integrity of this region may contribute to encoding processes enhancing
the later accessibility of visual information from memory. However, given that this
relationship did not reach statistical significance in the current study, further research is
needed to assess the reliability of this finding.

The current results highlighted a relationship between grey matter volume of the lateral
parietal cortex and memory precision in older age, however the basis of this relationship
remains to be specified. Given the evidence for age-related grey matter losses in the
lateral parietal cortex (Good et al., 2001; Lemaitre et al., 2005; Resnick et al., 2003;

Ziegler et al., 2012), it is possible that this relationship may reflect individual differences
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in the extent of age-related structural declines in this region, or alternatively, this
relationship may reflect more stable individual differences in grey matter volume present
across the lifespan. Future studies incorporating lifespan samples and longitudinal
approaches are required to address this matter. Future analyses can further distinguish
whether this relationship between angular gyrus grey matter volume and memory
performance may reflect variability in cortical thickness, surface area, or both
(Ashburner & Friston, 2000; Hutton, Draganski, Ashburner, & Weiskopf, 2009). Indeed,
some previous evidence has suggested these two grey matter components may exhibit
differential age-related decline (Lemaitre et al., 2012; Storsve et al., 2014).

In addition to the relationships between regional grey matter volume and memory
performance observed in the current experiment, and in previous studies (Becker et al.,
2015; Head et al., 2008; Henson et al., 2016; Persson et al., 2012), previous research has
demonstrated a contribution of white matter integrity of the frontal, temporal and parietal
regions to variability in episodic memory performance in older age (Charlton, Barrick,
Markus, & Morris, 2013; Metzler-Baddeley, Jones, Belaroussi, Aggleton, & O’Sullivan,
2011; Lockhart et al., 2012; Ziegler et al., 2010). Interestingly, in younger adults
variability in the integrity of white matter tracts connecting the medial temporal lobe and
the lateral parietal cortex has been found to predict individual differences in the retrieval
of detailed memories (Wais, Jahanikia, Steiner, Stark, & Gazzaley, 2017), suggesting a
potential role for the structural integrity of this pathway in individual differences in the
precision of memory retrieval in older age also. In order to gain a more complete picture
of the multifaceted structural basis of individual differences in episodic memory in older
age, future analyses of the diffusion-weighted imaging data acquired for the current
sample will examine the contribution of variability in white matter integrity of the
episodic memory network to differences in the rate of successful memory retrieval and

memory precision in older age.

In conclusion, findings of the current experiment provided novel evidence for a
relationship between the structural integrity of the lateral parietal cortex and memory
precision in older age. Critically, the relationship between angular gyrus grey matter
volume and memory precision persisted after controlling for individual differences in the
probability of successful memory retrieval, indicating a contribution beyond any
relationship shared with individual differences in retrieval success. In contrast,

significant grey matter correlates of individual differences in the probability of successful
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memory retrieval were not observed in the current experiment, although the results
indicated a trend for a positive relationship between grey matter volume in the fusiform
cortex and the probability of successful memory retrieval in older age. To extend these
findings, future analyses will explore the contribution of individual differences in
structural connectivity within the episodic memory network to variability in the success

and precision of memory retrieval in older age.
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Chapter 6: General Discussion

The research presented in this thesis aimed to gain a more detailed understanding of the
specific components underlying episodic memory decline in older age. Across the
experiments presented in this thesis, | used continuous measures of memory retrieval in
combination with mixture modelling of participants’ retrieval errors to disentangle the
effects of healthy ageing on two aspects of episodic memory retrieval: the probability of
successfully retrieving information from memory, and the precision of the retrieved
information. In addition to examining the effects of healthy ageing on these two aspects
of memory retrieval, | also sought to identify the cognitive and neural changes underlying
age-related decreases in each of these components. Using behavioural task manipulations
and neuroimaging, | investigated the role of perceptual and working memory decreases
and declines in the functional and structural integrity of the brain in the age-related
changes in the success and precision of episodic memory retrieval. Converging findings
across the experiments highlighted a role for impoverished precision of memory
representations in the age-related episodic memory decline. The present chapter will
summarize findings from each of the experimental chapters, discuss their theoretical

implications and provide directions for future research.

Summary of findings

Findings from the current experiments provided consistent evidence for an age-related
decline in the precision of episodic memory retrieval. Across four experiments, varying
in the specific task design employed, the fidelity of older adults’ successful memory
retrieval was consistently reduced in comparison to that of the younger adults. In the two
behavioural experiments presented in Chapter 2, | first examined the effects of healthy
ageing on retrieval of different object features from long-term memory. Age-related
reductions in memory precision were observed across retrieval of different perceptual
aspects of the encoded stimulus, specifically locations, colours and orientations of the
studied objects. In contrast to memory precision, significant age-related decreases in the
probability of successful memory retrieval were detected only in the orientation
condition of Experiment 2, which was also the condition resulting in the lowest
probability of successful memory retrieval in the younger adults, potentially suggesting

an effect of task difficulty in the age-related decreases in successful memory retrieval.
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In Chapter 3, I investigated whether potential age-related reductions in the fidelity of
perception or working memory may play a role in the LTM precision decreases observed
in older age. In this experiment, significant age-related reductions in the precision of
object colour reports were observed across perception, WM and LTM. The probability
of reporting the target colour, on the other hand, did not significantly differ between the
age groups in any of the three tasks. Consistent with prior evidence implicating working
memory decreases in age-related episodic memory impairments (e.g., Bender & Raz,
2012; Hultsch et al., 1990), I observed the fidelity of WM retrieval to predict individual
differences in the precision of LTM retrieval in the older group. However, controlling
for variation in the precision of both working memory, and perception, did not fully
account for the age-related deficit in the precision of long-term memory, suggesting
additional age-related loss of memory fidelity during long-term memory storage or

retrieval.

In the fMRI experiment presented in Chapter 4, | sought to more directly assess the
potential contribution of both encoding and retrieval deficits to the age-related declines
in the success and precision of episodic memory retrieval. In this experiment, younger
and older adults completed a version of the continuous report task inside of the MRI
scanner. This enabled the investigation of age differences in both encoding and retrieval
activity associated with the (subsequent) success and precision of memory retrieval.
Behaviourally, both the success and precision of memory retrieval were significantly
reduced in the older group in this experiment. Analysis of the fMRI data further
suggested distinct encoding and retrieval contributions to the age-related changes in each
of these two memory components. During memory retrieval, | observed that the
relationship between hippocampal activity and the binary success of memory retrieval
was reduced in the older group, whereas age-related decreases in the relationship between
retrieval activity and the graded precision of memory retrieval were observed in the
angular gyrus. Furthermore, alterations in the encoding activity supporting the later
success and precision of memory retrieval were observed in the older group in both the
ventral visual and prefrontal cortex. Whereas the older group displayed reduced
subsequent retrieval success and precision effects in the fusiform gyrus, age-related
reductions in the inferior frontal gyrus were only evident for encoding activity predicting
the later success of memory retrieval. Contrary to the pattern of activity observed during
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retrieval, at encoding greater deactivation of the angular gyrus predicted later success

and precision of memory retrieval in the young, but not older adults.

The final experimental chapter of the current thesis assessed the contribution of
variability in the structural integrity of brain regions underpinning episodic memory to
individual differences in the success and precision of episodic memory retrieval in older
age. The voxel-based morphometry analysis presented in this chapter revealed a positive
relationship between grey matter volume in the angular gyrus and the fidelity of memory
retrieval in older age. This relationship persisted after controlling for variability in the
probability of successful memory retrieval, suggesting a contribution over and above of
any relationship shared with retrieval success. The findings of this experiment thus
provided further evidence for the role of neural differences in the angular gyrus in

memory precision in older age.

Age differences in memory performance across experiments

Each of the experiments presented in the current thesis employed a continuous report
task to characterize age-related differences in memory performance. However, due to
differences in the specific research question addressed, the exact task design varied
across the experiments and may have impacted the age differences observed. Procedural
differences across the current experiments are summarized in Table 1, and the mean
mixture model parameters in each age group and experimental condition are presented
in Figure 1. While age differences in memory precision were consistently observed
across the experimental conditions, significant age-related decreases in the probability of
successful memory retrieval were detected only in the orientation condition of
Experiment 2 in Chapter 2, and in the colour condition of the fMRI experiment presented
in Chapter 4 (but note that the difference in retrieval success was marginal in the location
condition of this experiment also, and significant when modelling data across the feature

conditions).

It is possible that the distractibility of the MRI scanning environment may have had a
greater impact on older adults’ memory performance, potentially contributing to the age
differences in retrieval success observed in the fMRI experiment presented in Chapter 4.
Indeed, previous research has demonstrated that the MRI environment can

disproportionately affect older adults’ long-term memory performance (Gutchess &
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Park, 2006). Consistent with this potential explanation, Figure 1 suggests that the mean
probability of successful memory retrieval in the older group who completed the same
memory task outside of the scanner in the structural imaging experiment in Chapter 5
appears to be more comparable to that of the younger adult group in Chapter 4. However,
since a separate younger adult group was not tested with the same experimental
procedure outside of the scanner, the effect of the MRI environment on age differences
in retrieval success cannot be directly evaluated. Indeed, it is possible that other
procedural differences between the memory task used in Chapter 4 and the task versions
used in the previous behavioural experiments may have also influenced the age
differences observed. For instance, encoding blocks in Chapter 4 were longer than in the
previous behavioural experiments (see Table 1). Given the previously-demonstrated
susceptibility of older adults” memory performance to interference (Campbell, Hasher,
& Thomas, 2010; Wilson, Potter, & Cowell, 2018; Yassa & Stark, 2011), this may have

impacted the age differences observed in successful memory retrieval in Chapter 4.

Significant age differences in retrieval success were also evident in the orientation
condition of the second behavioural experiment presented in Chapter 2. This was also
the condition with the numerically lowest probability of successful memory retrieval in
the younger adults across the experiments presented in the current thesis. Prior findings
in a younger population have similarly demonstrated orientation to have the lowest
probability of successful memory retrieval out of the three feature conditions tested in
the current thesis (Cooper et al., 2017), however it is unclear why exactly the orientation
condition would result in the lowest performance. While the object stimuli in this
experiment were not pre-experimentally associated with a certain colour, or a
background location, many of the objects can be thought of having a canonical ‘upright’
orientation. It is possible that this may have influenced the ease at which orientation
information could be encoded to and/or retrieved from memory. Furthermore, given the
demanding nature of the task, it is possible that the participants, and the older adults in
particular, may have prioritized the encoding of location and colour information,

resulting in a lower probability of successful retrieval of object orientations.

Although age differences in memory precision were consistently detected across the
experimental conditions, Figure 1 suggests particularly prominent age-related
differences in the location conditions of Chapter 4 and Experiment 1 of Chapter 2. In

these two experiments, the object stimuli were presented on a scene background, whereas
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an abstract texture background or a grey background was used in the other experiments.
The presence of a contextually and visually richer scene background may have enabled
the younger adults to encode object locations with greater precision, for instance by using
specific landmarks in the background image (e.g., the hat was located next to the
window), whereas the older adults may have not been able to benefit from such encoding
strategies to the same extent (Craik & Rose, 2012). Alternatively, it is possible that the
scene background could have hindered performance in the older group due to greater
presence of irrelevant information. Indeed, reduced attentional resources are thought to
impair the ability to inhibit irrelevant information in older age (e.g., Ryan, Leung, Turk-
Browne, & Hasher, 2007). However, a descriptively similar pattern of greater age-related
differences in memory precision for object colours encoded on a scene background
(Chapter 4) is not suggested by Figure 1, which may have been expected if the presence
of a scene background distracted from the encoding of target features.

Findings across the experiments presented in this thesis thus suggest that experimental
manipulations may influence age differences in the success and precision of episodic
memory retrieval, however it is important to note that the current experiments were not
designed to systematically explore the effects of these factors. The experiments presented
in the current thesis each differ in various factors (see Table 1), making it difficult to
distinguish the effects of a particular manipulation on memory performance. A more
systematic approach is required to elucidate the effects of different experimental
manipulations, such as block length or the number of features to encode, on age-related
differences in the success and precision of episodic memory retrieval. Of particular
interest is the investigation of factors influencing age differences in retrieval success,
which were detected only in some conditions of the current experiments. Importantly,
age differences in memory precision were consistently observed across the experiments,
suggesting that these differences were robust to the exact experimental manipulation

employed.
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Table 1. Differences in experimental design across the experiments.

Chapter 2 Chapter 2
Experiment 1 Experiment 2 Chapter 3 Chapter 4 Chapter 5
Features tested Location Loc(:;t!on, Cplour. Colour Location, Colour Location, Colour
rientation
. ' 240 180 180
N retrieval trials 120 (80 per feature) 120 (90 per feature) (90 per feature)
N blocks 5 10 8 9 9
N displays encoded per block 12 4 5 20 20
N objects encoded per display 3 3 3 1 1
N features encoded per object 1 3 1 2 2
N features retrieved per object 1 3 1 1 1
Encoding duration 9s 12s 9s 5s 5s
Retrieval duration Unlimited Unlimited Unlimited s s
Background stimuli Scene Texture Grey Scene Scene
In / outside scanner Out Out Out In Out
A) Retrieval success
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Figure 1. Mean model-estimated A) probability of successful memory retrieval, and B)
precision of memory retrieval in each age group and experimental condition. Error bars
display + 1 SEM. Note that for Chapter 5, the estimates include only older adults who
completed the memory task outside of the MRI scanner (N = 29). C = Chapter; E =

Experiment; Loc = Location; Col = Colour; Ori = Orientation.
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Implications for the cognitive basis of age-related memory decline

The current findings of reduced precision of memory retrieval in older age align with
several previous reports of age-related reductions in the quality or specificity of
information retained in memory (Kensinger & Schacter, 1999; Levine et al., 2002; Trelle
et al., 2017). However, in many previous studies the assessment of age-related changes
in memory quality has relied on binary or categorical measures of memory accuracy, or
participants’ metacognitive judgements about the confidence or vividness of their
memory retrieval. The degree to which these measures truly reflect changes in memory
fidelity, and not changes in other aspects of retrieval performance, has been difficult to
distinguish. The research presented in the current thesis employed a more novel approach
to the assessment of age-related changes in memory quality; a continuous report task
requiring participants to reconstruct perceptual attributes of studied stimuli on a fine-
grained, analogue scale. These types of measures are becoming increasingly popular for
the assessment of episodic memory function in younger adults (e.g., Brady et al., 2013;
Harlow & Donaldson, 2013; Harlow & Yonelinas, 2016; Richter, Cooper et al., 2016),
and have recently also been adopted for the examination of age-related changes in short-
term and long-term memory (Nilakantan et al., 2018; Peich et al., 2013; Pertzov et al.,
2015). The employment of this method allowed for a more direct assessment of memory
fidelity in older age, as well as for the separation of age-related changes in retrieval
precision from other potential sources of memory reductions (but see Schurgin et al.,
2018), such as decreases in the probability of successful retrieval or the misbinding of
object features. Indeed, in the current experiments, age-related reductions in memory
precision were observed irrespective of the presence or absence of age-related declines
in the probability of successful memory retrieval, suggesting that a decline in memory

precision may be a consistent property of memory function in older age.

Reductions in the precision with which information can be encoded to and retrieved from
memory may provide a possible explanation for several types of memory errors typically
observed in older age. For instance, older adults typically display a greater tendency for
false recognition of material perceptually, and/or conceptually, similar to items that have
been previously studied (e.g., Stark et al., 2013; Trelle et al., 2017; Yassa et al., 2011).
These age-related increases in false recognition of perceptually similar material might be
explained by a loss of memory fidelity leading to representations of similar events

becoming less distinctive in memory. Reduced memory precision may also result in
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changes in the cognitive strategies employed during memory retrieval. Younger adults
have been demonstrated to combine both item-specific (i.e., colour of the target item)
and gist-based (i.e., average colour of all items from the same category as the target item)
information when making a mnemonic decision (Brady, Schacter, & Alvarez, 2018).
Gist-based information tends to be weighted more when there is greater uncertainty about
the item-specific information, as indexed by participants’ lower confidence in their item-
specific memory (Brady et al., 2018). Thus, in addition to resulting in less distinctive
memory representations of similar events, reduced precision of memory representations
may increase susceptibility to false recognition by means of increasing reliance on gist-
based information due to noisy item-specific memory traces (see Kensinger & Schacter,
1999; Koutstaal & Schacter, 1997).

Furthermore, the precision of memory representations and the accessibility of these
representations may interact during retrieval. In particular, it is possible that greater
fidelity of a memory representations may make the representation more likely to be
successfully retrieved from memory. Reduced memory fidelity may therefore partly
explain the prominent age differences observed on tasks requiring controlled access of
information from memory in the absence of environmental support (Craik & McDowd,
1987; Danckert & Craik, 2013; Rhodes et al., 2019). The common finding of greater
vulnerability to age-related decline of recall in comparison to recognition (Craik &
McDowd, 1987; Danckert & Craik, 2013; Rhodes et al., 2019) may partly reflect a
greater influence of impoverished memory fidelity on tasks where the encoded stimulus
is not readily available at test. However, the lack of correlation between the probability
of successful retrieval and memory precision observed across the older adults in Chapter
5 suggests that decreases in memory precision may not always be coupled with

reductions in the success of memory retrieval.

Another typical finding in the literature regarding age-related memory reductions is the
prominent decline of associative retrieval in older age (Naveh-Benjamin, 2000; Old &
Naveh-Benjamin, 2008; Spencer & Raz, 1995). Studies investigating age-related
declines in associative memory have typically focused on age-related reductions in the
probability of successfully retrieving an association between units of information (e.g.,
Cansino et al., 2018; Naveh-Benjamin, 2000), however the current results indicate that
the precision with which event features can be bound and retrieved from memory also

exhibits age-related decreases. Reduced memory precision may partly account for the
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age-related associative memory deficits observed in categorical memory tasks, in
particular when they require discrimination between similar memory traces. For instance,
decreased memory precision is likely to contribute to age-related deficits on source
memory tasks requiring the discrimination of two, or more, similar sources of memories,
such as voices of speakers of the same gender (Simons et al., 2004) or quadrants of object

locations presented on a computer screen (Cansino et al., 2018; Kukolja et al., 2009).

Importantly, the current results do not imply that memory reductions in older age solely
result from reductions in the fidelity of retained memory representations. Significant
reductions in the probability of successful memory retrieval were also observed in the
older group in the orientation condition of Chapter 2 and in the colour condition (and
when modelling performance across features) of Chapter 4. Thus at least in some
circumstances, older age is also associated with a reduced probability of accessing
information from memory. In Chapter 2, significant age-related reductions in the
probability of successful memory retrieval were observed only in the orientation
condition, but not the location or colour conditions, suggesting that these reductions
could be driven by forgetting of particular associations between an object and its features.
This is consistent with the notion of vulnerability of associative retrieval to age-related
decline (Naveh-Benjamin, 2000; Old & Naveh-Benjamin, 2008). However, future
studies separating the contributions of memory for object identity and its associated
features are required to distinguish the relative contribution of declines in item and
associative memory to reductions in the probability of successful memory retrieval in

older age.

Implications for the neural basis of age-related memory decline

In addition to elucidating the cognitive basis of age-related episodic memory
impairments, the findings presented here contribute to a more detailed understanding of
the neural changes underlying age-related episodic memory declines. In particular, the
functional and structural neuroimaging experiments presented in Chapters 4 and 5
highlighted the role of the ventrolateral parietal cortex, more specifically the angular
gyrus, in episodic memory precision in older age. Chapter 4 demonstrated an age-related
decrease in the relationship between retrieval-related BOLD activity and memory
precision in the angular gyrus, whereas the VBM analysis presented in Chapter 5
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provided evidence for a relationship between variation in angular gyrus grey matter
volume and individual differences in memory precision in older age. There was
considerable overlap in the angular gyrus region identified in these two analyses,
providing converging evidence for a contribution of both the functional and structural

integrity of the lateral parietal cortex to memory fidelity in older age.

The findings implicating the angular gyrus in the age-related reductions in memory
precision are consistent with increasing evidence from younger adults demonstrating a
role for the lateral parietal cortex in supporting the quality and detail of episodic memory
retrieval (Kuhl & Chun, 2014; Murray et al., 2015; Richter, Cooper et al., 2016; Vilberg
& Rugg, 2007, 2009). In addition to scaling with the objective precision of memory
retrieval (Richter, Cooper et al., 2016), retrieval activity in the angular gyrus has been
demonstrated to be associated with the subjective vividness of retrieved memories (Kuhl
& Chun, 2014; Tibon et al., 2019), as well as the amount of details recollected from
memory (Vilberg & Rugg, 2007, 2009). Furthermore, individuals with lateral parietal
lesions typically display reduced memory confidence and less frequently report their
memory retrieval to be accompanied by the subjective experience of remembering a past
event, despite a lack of pronounced objective memory impairments (Davidson et al.,
2008; Simons et al., 2010). These findings suggest that the richness and detail of episodic
memory retrieval may be affected by parietal lesions, leading to reduced subjective
ratings of retrieval quality. Interestingly, transcranial magnetic simulation of the lateral
parietal cortex during memory retrieval has recently been shown to enhance the precision
of episodic recollection in younger adults (Nilakantan et al., 2017). Whether this
approach may also be able to alleviate the memory precision declines exhibited by older
adults can be explored in future studies.

In the fMRI experiment presented in Chapter 4, the relationship between retrieval activity
in the angular gyrus and the graded precision of memory retrieval did not reach
significance in the older group alone. However, a recent electroencephalography study
has provided evidence for a functional role of the parietal cortex in the precision of
episodic memory retrieval in older age (Murray, Ouyang, & Donaldson, 2019). Murray
and colleagues (2019) observed ERPs over the parietal cortex to be sensitive to the
precision of recollected information in older adults, similar to findings previously
observed in younger adults (Murray et al., 2015). These findings, in combination with

the current observation of a relationship between the structural integrity of the angular
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gyrus and variability in memory precision in older age, suggest that this region may
nevertheless continue to support the precision of episodic memory retrieval in older age.
However, as no younger control group was included in the Murray et al. (2019) study, it
remains to be established whether a similar reduction in the sensitivity of parietal ERPs
to memory precision may be evident in older age as observed for BOLD activity in the
angular gyrus in Chapter 4.

In contrast to the current findings implicating the lateral parietal cortex in the age-related
declines in memory fidelity, others have proposed a greater role for the hippocampus in
the reductions in episodic memory precision observed in older age (Holden, Hoebel,
Loftis, & Gilbert, 2012; Nilakantan et al., 2018; Stark et al., 2010; Yassa & Stark, 2011).
Nilakantan and colleagues (2018) reported that patients with medial temporal lobes
lesions and healthy older adults both exhibited declines in the precision, but not success,
of spatial recollection. In particular, declines in retrieval precision were prominent for
patients whose lesions included the hippocampus, leading the authors to propose that
hippocampal deficits may also underlie the age-related changes in episodic memory
precision (Nilakantan et al., 2018). However, the contribution of structural and/or
functional declines in the hippocampus, or elsewhere in the brain, to the precision deficits
observed in healthy older adults was not directly assessed in that study, meaning that the

possible involvement of reduced angular gyrus function could not be assessed.

In contrast, the research presented in the current thesis enabled a more direct evaluation
of this proposal by assessing the extent to which the memory precision deficits exhibited
by older adults may be associated with alterations in encoding or retrieval activity in the
hippocampus, and/or grey matter integrity of this region. In Chapter 4, | observed
hippocampal retrieval (but not encoding) activity to correlate with the precision of
memory retrieval across young and older participants, consistent with the proposal that
this region might also play a role in episodic memory precision (Nilakantan et al., 2018;
Stevenson et al., 2018; Yonelinas, 2013). However, no significant age differences in the
relationship between hippocampal BOLD activity and memory precision were observed,
nor did variability in structural integrity of the hippocampus significantly predict
individual differences in memory precision across the older adults in Chapter 5. Thus,
the current results failed to provide evidence for a primarily hippocampal basis of age-
related reductions in memory precision. However, given the moderate sample sizes of

the current neuroimaging experiments, further research is required to establish whether
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the hippocampus may also play a role in the memory precision deficits observed in older
age (see Yassa & Stark, 2011). Furthermore, given the role of the hippocampus in
facilitating the reinstatement of cortical memory traces (McClelland et al., 1995; Norman
& O’Reilly, 2003; Treves & Rolls, 1994), it is possible that reduced fidelity of
hippocampal inputs to cortical regions, including the angular gyrus, may have
contributed to the precision deficits observed in older age, even if no significant age
differences in the relationship between univariate activity and memory precision were
evident. This possibility will be examined in future analyses investigating the integrity
of hippocampal-cortical functional connectivity in older age.

The current results, however, provided evidence for a decreased relationship between
hippocampal retrieval activity and the success of memory retrieval in older age,
consistent with prior reports (e.g., Cansino et al., 2015; Tsukiura et al., 2011). The age
differences observed for retrieval success and precision-related activity in the
hippocampus and the angular gyrus, respectively, align with the proposed roles of these
two regions in episodic memory retrieval (Diana, Yonelinas, & Ranganath, 2007;
Richter, Cooper et al., 2016; Rugg & King, 2018; Sestieri, Shulman, & Corbetta, 2017).
Computational models of hippocampal function suggest that at the time of retrieval, the
hippocampus enables the recovery of stored memories via the mechanism of pattern
completion (O’Reilly & McClelland, 1994; Norman & O’Reilly, 2003). The recurrent
collateral connectivity of the CA3 subfield of the hippocampus is thought to allow for
retrieval of a complete memory representation (i.e., pattern) in response to a partial, or
degraded, cue (O’Reilly & McClelland, 1994; Treves & Rolls, 1994; reviewed in
Hunsaker & Kesner, 2013). As a consequence of hippocampal pattern separation,
assigning distinct memory representations to similar inputs, lure items are thought to
rarely lead to pattern completion (Norman, 2010; Norman & O’Reilly, 2003). The
hippocampal memory signal can thus be viewed as thresholded, where above a certain
criteria only studied items will elicit memory retrieval (Norman, 2010; Norman &
O’Reilly, 2003).

The finding of reduced hippocampal retrieval success effects in the older group in
Chapter 4 highlights the possibility that age-related changes in the probability of
successful memory retrieval may be partly underpinned by an impaired hippocampal
retrieval mechanism. Interestingly, prior accounts have proposed ageing to impair

hippocampal pattern separation and to be associated with an increased tendency for

132



Chapter 6

pattern completion (Wilson, Gallagher, Eichenbaum, & Tanila, 2006; Yassa & Stark,
2011). Findings demonstrating age-related impairments in mnemonic discrimination of
studied items from perceptually similar lures have been taken as evidence to support this
proposal (e.g., Holden et al., 2012; Ly et al., 2013; Stark et al., 2010; Yassa et al., 2011).
However, distinguishing the processes of pattern separation and pattern completion from
behavioural data alone in such paradigms is difficult (Hunsaker & Kesner, 2013; Molitor,
Ko, Hussey, & Ally, 2014). Another approach for the assessment of pattern completion
in older age has been taken by studies investigating the effect of cue completeness on
memory performance (Paleja & Spaniol, 2013; Vieweg, Riemer, Berron, & Wolbers,
2019; Vieweg, Stangl, Howard, & Wolbers, 2015). Although demonstrating an age-
related bias toward pattern completion, these studies have also provided evidence for a
deficit in pattern completion in older age (Vieweg et al., 2019, 2015). Specifically,
reducing the amount of cue completeness (by masking a studied scene serving as a
retrieval cue) has been shown to disproportionately impair scene recognition
performance in older adults (Vieweg et al., 2019, 2015). It is thus possible that age-
related impairments in hippocampal pattern completion may in part contribute to a
decreased likelihood of successful memory retrieval in older age.

After successful reinstatement of the hippocampal memory representation, the
hippocampus is thought to drive the reinstatement of the retrieved information in the
cortical regions originally encoding the event (Danker & Anderson, 2010; Treves &
Rolls, 1994). Cortical reinstatement is thought to vary in the degree of detail or precision
of the reinstated memories (Danker, Tompary, & Davachi, 2017; McClelland &
Goddard, 1996). Accounts of the role of the posterior parietal lobe in episodic memory
retrieval suggest that this region may be involved in the online maintenance of the
retrieved content after hippocampal pattern completion has occurred (Rugg & King,
2018; Sestieri et al., 2017; Vilberg & Rugg, 2008; Wagner et al., 2005), integrating
information from multiple modality-specific cortical regions into a coherent memory
representation (Bonnici et al., 2016; Shimamura, 2011). This proposal has been
supported by evidence showing sustained activity associated with successful episodic
memory retrieval in the angular gyrus, in contrast to a more transient response observed

in the medial temporal lobes (Vilberg & Rugg, 2012).

Given the proposed role of the angular gyrus in the online maintenance of retrieved

information (e.g., Rugg & King, 2018; Vilberg & Rugg, 2008), one possibility is that the
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age-related declines in memory precision observed in the current thesis may in part
reflect greater noise in the representation of retrieved content in this region.
Computational accounts of cognitive ageing have proposed age-related neuromodulatory
declines to decrease the signal-to-noise ratio of neural signalling, reducing the fidelity of
cortical representations (Li et al., 2001; Li & Rieckmann, 2014). In line with this
proposal, functional neuroimaging studies have demonstrated reduced fidelity of cortical
reinstatement in older age (e.g., Abdulrahman et al., 2017; St-Laurent et al., 2014; but
see Wang et al., 2016), but these decreases have not yet been directly evaluated in relation
to memory precision. Future studies employing multivariate approaches to the analysis
of fMRI data would therefore be useful in order to examine the role of age-related
changes in the fidelity of cortical reinstatement in the angular gyrus, and elsewhere in

the brain, in the age-related changes in the precision of episodic memory retrieval.

In addition to changes during memory retrieval, the current data suggest encoding
contributions to the age-related decreases in the success and precision of episodic
memory retrieval. In Chapter 4, the relationship between encoding activity in the
fusiform gyrus and the subsequent success and precision of memory retrieval was
reduced in the older group, consistent with prior findings displaying age-related
reductions in subsequent memory effects in the ventral visual cortex (Maillet & Rajah,
2014a; Park et al., 2013). Indeed, decreases in BOLD activity are frequently observed in
visual regions during episodic memory encoding, as well as across other cognitive tasks
(Cabeza et al., 2004; Li et al., 2015; Spreng et al., 2010). Furthermore, the selectivity of
neural responses in visual regions has been shown to exhibit age-related declines (Carp
et al., 2011; Goh et al., 2010; Park et al., 2012). Activity in the fusiform gyrus, in
particular, has been observed to display reduced category- and item-specificity during
visual perception in older age (Goh et al., 2010; Park et al., 2012), suggesting age-related
decreases in the fidelity of perceptual processes supported by this region. It is possible
that age-related declines in the ventral visual cortex may contribute to impoverished
encoding of visual information into memory, impacting both the later likelihood of this
information being successfully retrieved as well as the fidelity with which it can be

reinstated.

Furthermore, the current results indicated a reduced relationship between encoding
activity in the inferior frontal gyrus and the later success of memory retrieval in the older

group, consistent with prior reports of decreased prefrontal subsequent memory effects
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in older age (Dulas & Duarte, 2011; Vidal-Pifieiro et al., 2018, Wang & Cabeza, 2016).
The prefrontal cortex is considered critical for supporting memory control processes
directing the encoding of information in a goal-relevant manner (Blumenfeld &
Ranganath, 2007; Simons & Spiers, 2003). Indeed, memory declines in older age are
thought to in part result from decreased ability to engage in strategic encoding processes
maintained by the prefrontal cortex (Craik & Rose, 2012; Shing et al., 2010). The current
findings thus highlight the possibility that such decreases may have impacted the
efficiency with which feature and object information were bound to a durable memory
representation (Shing et al., 2010), affecting the likelihood of later successful retrieval of
these associations. Furthermore, prior research has often demonstrated age-related
increases in subsequent memory effects in the right prefrontal cortex (e.g., Gutchess et
al., 2005; Morcom et al., 2003). In the current fMRI experiment, no significant age-
related increases in the right prefrontal encoding activity associated with later success,
or precision, of memory retrieval were observed. However, the analysis of age
differences in the hemispheric lateralization of prefrontal encoding activity provided
evidence for reduced lateralization of both subsequent success and subsequent precision
effects in older age. The current findings are thus consistent with the proposal of age-
related reductions in prefrontal functional lateralization (Cabeza, 2002), potentially
reflecting loss of neural specificity or increased neural inefficiency in older age (Morcom
& Henson, 2018).

In addition to a diminished relationship between retrieval activity and the graded
precision of episodic memory retrieval, the older adults also displayed a reduced
relationship between encoding activity and both the subsequent precision and success of
memory retrieval in the angular gyrus in Chapter 4. Where in younger adults, greater
deactivation of the angular gyrus at encoding predicted later success and precision of
memory retrieval, no such effects were detected in the older group. In contrast to the
enhanced activation typically observed during successful retrieval, negative subsequent
memory effects in the ventrolateral parietal cortex, and other regions of the default-mode
network, are often observed in younger adults (Daselaar et al., 2009; Kim, 2011,
Uncapher & Wagner, 2009). These effects are typically diminished in older age (De
Chastelaine et al., 2015; Park et al., 2013), and have been proposed to reflect inefficient
suppression of internally-oriented cognition and irrelevant thoughts detrimental for

memory encoding (De Chastelaine et al., 2011; De Chastelaine et al., 2015; Miller et al.,
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2008). This interpretation aligns with the proposed involvement of the angular gyrus,
along with other regions of the DMN, in tasks requiring the representation of internally
generated information, such as the contents of memory retrieval (Buckner & DiNicola,
2019). In turn, deactivation in these regions is thought to occur when the current task
requires the representation of externally constrained information, such as during the
encoding of perceptual information (Buckner & DiNicola, 2019). However, it should be
noted that the finding that episodic memories can be successfully acquired even in the
absence of reliable negative subsequent memory effects, such as observed in the case of
healthy older adults in Chapter 4 and in previous studies (e.g., De Chastelaine et al.,
2011), has raised questions regarding the functional significance of the negative
subsequent memory effects for successful memory formation (Rugg, 2016). Thus, the
precise role of decreased memory-related deactivations in the ventrolateral parietal
cortex during encoding in the age-related episodic memory deficits remains to be

clarified.

The neuroimaging results observed in the current thesis thus suggest both encoding and
retrieval contributions to age-related changes in the success and precision of memory
retrieval. However, it is important to note that although significant age differences in the
encoding and retrieval activity underlying the success and precision of memory retrieval
were detected in partly distinct brain regions, direct comparison of age differences in
these effects did not provide evidence for significantly disproportionate functional
changes associated with either aspect of memory retrieval in any of the regions of
interest. Indeed, in many of the regions of interest encoding and/or retrieval activity
correlated with both the success and precision of memory retrieval across participants.
How regionally specific the age-related changes in the encoding and retrieval correlates

of these two aspects of memory retrieval are, therefore, remains to be clarified.

Mixture modelling of LTM retrieval

Throughout the experiments presented in this thesis | used a mixture modelling approach
to characterize age differences in memory performance. In each experiment a two-
component mixture model consisting of a von Mises distribution centred at the target
feature value and a circular uniform distribution was fitted to participants’ retrieval error

data to estimate two parameters of memory performance: the probability of successfully
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retrieving information about the target feature from memory (pT), and the precision of
the retrieved information (K). This model assumes that two distinct sources of error
contribute to participants’ retrieval performance: variability, i.e. noise, in successful
retrieval of target features, and the presence of guessing responses where memory
retrieval has failed to bring any diagnostic information about the target to mind.

This mixture model was originally developed to account for the distribution of recall
errors in continuous report tasks of WM (Zhang & Luck, 2008), but has since been shown
to also characterize the pattern of retrieval errors observed in LTM (e.g., Brady et al.,
2013; Richter, Cooper et al., 2016, although note that some LTM models use a different
distribution for the successful component, e.g., Harlow & Donaldson, 2013). Studies
utilizing this analysis approach in LTM have yielded novel insights regarding the
cognitive and neural substrates of episodic memory (e.g., Cooper & Ritchey, 2019;
Richter, Cooper et al., 2016; Stevenson et al., 2018), and have demonstrated that the two
mixture model parameters can be differentially affected by both experimental
manipulations (e.g., Sutterer & Awh, 2016; Xie & Zhang, 2017, 2018) and neurological
conditions (Cooper et al., 2017; Nilakantan et al., 2018).

However, it should be noted that the validity of this two-component mixture model has
been questioned in both WM (Bays et al., 2009; Fougnie et al., 2012; Schurgin et al.,
2018; van den Berg et al., 2012) and LTM (Schurgin et al., 2018). In WM, alternative
models propose responses resembling random guessing to reflect low precision of
memory retrieval emerging from variability in the fidelity with which stimuli is encoded
across trials (van den Berg et al., 2012), or non-target reports resulting from misbinding
of features across items (Bays et al., 2009). In the current experiments, | compared the
standard von Mises and uniform mixture model to a model further incorporating a non-
target error component (Bays et al., 2009), but, consistent with previous work in younger
adults (Richter, Cooper et al., 2016), found the von Mises and uniform model to better
characterize both younger and older adults’ memory performance in the current

experiments.

Interestingly, recent work has further suggested that a simpler, single parameter signal
detection model may better characterize memory performance in both WM and LTM
continuous report tasks (Schurgin et al.,, 2018). Using data from a perceptual

discrimination task, Schurgin et al. (2018) showed that by taking into account the non-
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linear relationship between physical and psychological stimulus spaces, participants’
retrieval performance on a continuous report paradigm could be characterized by one
parameter corresponding to memory strength (d°). According to their Target
Confusability Competition (TCC) model, recall errors in continuous report tasks arise
from a noisy memory-match signal, the strength of which for each distractor value in the
continuous response space depends on the psychophysical similarity of the distractor to
the target. Response errors resembling random guesses arise in this model due to
distractors far from the target being equally confusable to the target item (i.e., participants
are unable to determine whether a distractor 120 degrees or 180 degrees from the target

is closer to the target), not due to a separate guessing state.

Schurgin et al. (2018) provided evidence to show that the TCC model fit better than the
more complex von Mises and uniform mixture model for several WM datasets, as well
as for data from a LTM object colour retrieval task (but note that the model was fit to
item hits only, whereas item memory was not assessed separately from feature retrieval
in the experiments presented in the current thesis). In terms of the mixture model
parameters, the TCC model would predict a change in memory strength to result in
correlated changes in both memory precision and the probability of guessing responses.
Thus, it remains to be further evaluated how well this model can account for previous
findings from LTM demonstrating selective increases or decreases in one of these
parameters (e.g., Cooper et al., 2017; Nilakantan et al., 2018; Xie & Zhang, 2018).
Furthermore, it is unclear how well this model fits with existing accounts of hippocampal
memory retrieval; a region considered as the key substrate of episodic memory, and
typically not characterized by a familiarity-like retrieval mechanism (Norman, 2010;
Norman & O’Reilly, 2003, but see Wais, Wixted, Hopkins, & Squire, 2006). Due to
requirement for additional perceptual discrimination data, it was not possible to evaluate
the TCC model in the experiments presented in the current thesis, however future studies
incorporating an estimation of the psychophysical scaling function can address whether
changes in this function, and/or in memory strength could account for the pattern of age-
related memory changes observed in the current thesis. Indeed, while the current mixture
model provides a method for statistically decomposing sources of retrieval error, further
research is needed to develop a more mechanistic account of the distribution of retrieval
errors in LTM (see Bays 2014, 2015 and Taylor & Bays, 2019 for a neural-level

implementation of WM retrieval).

138



Chapter 6

Outstanding questions and future directions

Together, the findings presented in this thesis provided evidence for age-related declines
in the probability of successful memory retrieval in some circumstances and, more
consistently, the precision of retrieved memory representations; however future work is
required to fully uncover the neurocognitive basis of age-related changes in each of these
aspects of memory retrieval, and the degree of which they may reflect dissociable or
shared neurocognitive mechanisms. In particular, it remains to be established whether
encoding and retrieval deficits are sufficient to explain the age-related reductions in
memory precision, or whether the fidelity of the underlying memory representations also
exhibits greater decay over time in older age. Evidence from younger adults has shown
greater loss of memory precision over long versus short study-test delays (Harlow &
Donaldson, 2013), suggesting that encoding and retrieval factors may be insufficient to
fully explain variability in memory fidelity. Accordingly, it may be that forgetting in
older age is characterized by accelerated loss of the fidelity of retained information,

contributing to the retrieval precision declines observed in the current experiments.

It is also possible that the fidelity of memory retrieval in older age might have been
affected by perceptual interference present at test. The continuous report task used here
allowed for a test object to be viewed across varying degrees of perceptual similarity to
the original encoded value. As older adults’ memory retrieval has been observed to be
susceptible to perceptual interference (Ly et al., 2013; Pidgeon & Morcom, 2014; Wilson
et al., 2018), it is possible that the test format might have partially contributed to the
memory precision declines observed in older age. Interestingly, in short-term memory,
moderate, in contrast to high or low, levels of perceptual similarity have been observed
to decrease the precision of memory retrieval in younger adults (Sun et al., 2017). Future
studies should address whether a greater susceptibility to interference may contribute to
the precision reductions observed in older age, as well as the type of interference that is
most detrimental. However, the observation in Chapter 3 that reductions in episodic
memory precision were not fully accounted for by age-related deficits present in the
working memory task suggests that interference at test was unlikely to be the sole factor
contributing to age-related declines in memory precision, given that the test format was

identical between the working memory and long-term memory tasks used in Chapter 3.
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In contrast to episodic retrieval, semantic memory is thought to remain relatively spared
in older age (Ronnlund et al., 2005), and has been observed to benefit episodic memory
retrieval, sometimes reducing age differences in episodic memory performance
(Mohanty et al., 2016; Naveh-Benjamin et al., 2005). It is possible that the semantically
rich material used in the current paradigms, such as everyday objects and landscape
scenes, could have resulted in enhanced memory performance in older age. In addition
to the potential benefit from semantic memory, the reinstatement of aspects of the
encoding context may have also enhanced participants’ memory performance in the
paradigms used here. In particular, in Chapter 2, the background on which the object was
originally presented at encoding was also present during retrieval. In Chapter 3, although
a grey background was used across the trials, the object reappeared at test in the same
location as it had been presented in during encoding. In Chapters 4 and 5 both the
associated background and the encoded value of the uncued feature were reinstated at
test. Although prominent age-related declines in contextual memory are often evident
(Old & Naveh-Benjamin, 2008; Spencer & Raz, 1995), reinstatement of contextual
aspects of the studied stimuli, such as the background the stimuli was associated with,
has been observed to increase retrieval performance in older age (Craik & Schloerscheidt,
2011). An interesting question for future studies to assess is, therefore, whether greater
age differences in the probability of successful memory retrieval and/or the precision of
retrieved information might be observed under conditions where minimal encoding and

retrieval support is provided.

Although successful memory retrieval and memory precision can be viewed as
theoretically distinct memory components (e.g., Harlow & Donaldson, 2013; Harlow &
Yonelinas, 2016; Richter, Cooper et al., 2016), it is important to consider whether age-
related changes in these two components could arise via a single mechanism (see also
Schurgin et al., 2018). In the current thesis, age-related declines in memory precision
were consistently detected across the experiments, however evidence for significantly
disproportionate age-related declines in memory precision was not always observed, and
indeed significant age-related decreases in the probability of successful memory retrieval
were also evident in some task conditions. It is thus possible that changes in these two
memory components may reflect age-related declines on a single factor, to which
memory precision may be more sensitive to. For instance, greater noise in memory

representations in older age may impact both the probability of successfully retrieving a
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memory as well as the precision with which it can be recalled. Similarly, age-related
attentional limitations at encoding (reviewed in Zanto & Gazzaley, 2016) could
potentially decrease both the precision with which memory representations are acquired
and the probability of them being retained (see Chun & Turk-Browne, 2007; Liu, Shen,
Olsen, & Ryan, 2017; Pertzov, Avidan, & Zohary, 2009). Further research is thus needed
to fully characterize the extent to which changes in the success and precision of episodic

memory in older age may reflect shared neurocognitive underpinnings.

The observation that age-related reductions in memory precision were evident in the
current experiments, even when no such age differences in the probability of successful
memory retrieval were detected, nevertheless highlights the sensitivity of this measure
to memory changes associated with healthy ageing (see also Nilakantan et al., 2018). A
valuable question for future research to explore is whether this measure may prove
beneficial not only for detection of memory impairments associated with healthy ageing,
but also for early identification of memory changes predicting later pathological
cognitive decline. Indeed, some preliminary evidence suggests that continuous measures
of memory retrieval may be sensitive for the identification of individuals at risk, or in
prodromal stages of neurodegenerative disease (Hampstead, Towler, Stringer, & Sathian,
2018; Zokaei et al., 2019). In particular, continuous measures of object location retrieval
have been found to be sensitive for the identification of older individuals with high
genetic risk of developing Alzheimer’s disease (Zokaei et al., 2019), as well as to
differentiate between healthy older individuals and older adults diagnosed with mild
cognitive impairment (Hampstead et al., 2018). Furthermore, Zokaei and colleagues
(2015) found working memory precision to detect pre-medication short-term memory
impairments in patients with Parkinson’s disease, as well as to be sensitive to working
memory improvements after the initiation of dopaminergic medication, while traditional
neuropsychological tests of working memory span failed to detect both the pre-
medication deficits and post-medication improvements. Thus, continuous measures of
memory retrieval may be useful for not only the early identification of individuals at risk
of developing clinical memory impairments but also for assessment of treatment efficacy

after the disease onset.

In addition to providing a sensitive measure of memory quality, continuous measures of
retrieval performance may also be advantageous for distinguishing the specific

components underlying memory impairments in distinct populations. For instance, both
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older adults and high-functioning individuals with autism have been observed to exhibit
decreased episodic recollection performance (Cooper & Simons, 2019; Koen &
Yonelinas, 2016). However, while reductions in memory performance exhibited by
autistic individuals are characterized by decreased probability of successfully retrieving
information from memory (Cooper et al., 2017), the current results suggest that more
pronounced declines in memory precision may underlie deficits in episodic memory in
older age (see also Nilakantan et al., 2018). Thus, seemingly similar memory
impairments may reflect decreases in distinct subcomponents of memory retrieval,
revealed by the decomposition of memory performance into its constituent parts with
continuous retrieval measures and mixture modelling. This approach is likely to enhance
the understanding of the neurocognitive basis of memory deficits beyond age-associated
decline, as well as to aid in evaluation of the effects of treatments or interventions
designed to enhance memory function on specific aspects of retrieval performance.
Indeed, different approaches may be suitable for targeting declines in the probability of

successful retrieval and memory fidelity (see Nilakantan et al., 2017).

The current findings of reduced fidelity of memory representations in older age parallel
findings from neuroimaging studies demonstrating age-related reductions in the fidelity
of neural representations during both visual perception and mnemonic processing
(Bowmanetal., 2019; Carp et al., 2011; St-Laurent et al., 2014; Trelle et al., 2019; Zheng
et al., 2018). The specificity of brain activity to different stimulus categories, such as
faces or objects, has been demonstrated to decrease in older age in the ventral visual
stream (Berron et al., 2018; Carp et al., 2011; Park et al., 2004; Park et al., 2010; Park et
al., 2012). In addition to reduced category-specificity, the sensitivity of neural responses
to more fine-grained differences between individual items also appears to exhibit age-
related degradation (Bowman et al., 2019; Goh et al., 2010). For instance, older adults
display repetition suppression to not only identical, but also perceptually similar faces
(Goh et al., 2010), as well as reduced distinctiveness of neural representations
corresponding to perceptually highly similar exemplars of the same object (e.g., two
similar pairs of glasses) (Bowman et al., 2019). Furthermore, the similarity of neural
representations corresponding to the same stimulus exemplar across repetitions has been
observed to be reduced in older age during memory encoding (Trelle et al., 2019; Zheng
et al., 2018). Thus, in addition to greater variability in memory representations observed
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on the behavioural level in the current experiments, the neural representations of

mnemonic content appear to exhibit greater variability in older age.

This age-related dedifferentiation, or loss of specificity of neural function has been linked
to changes in neurochemical properties of the brain, in particular to age-related
reductions in dopamine and gamma-aminobutyric acid (GABA) (Koen & Rugg, 2019).
Computational accounts have proposed age-related declines in dopaminergic
neuromodulation to lead to increased neural noise and less precise neural representations
in older age (Lietal., 2001; Li & Rieckmann, 2014). In line with this proposal, dopamine
has been shown to modulate the specificity of hippocampal representations during
memory retrieval (Abdulrahman et al., 2017), as well as to alleviate deficits in working
memory precision observed on the behavioural level in patients with Parkinson’s disease
(Zokaei et al., 2015). Furthermore, both single-cell recordings in animals and human
neuroimaging has provided evidence for a role of decreases in GABAergic
neurotransmission in the age-related neural dedifferentiation (Lalwani et al., 2019;
Leventhal, Wang, Pu, Zhou, & Ma, 2003). In particular, GABA has been observed to
increase the selectivity of visual cortical neurons to stimulus orientations and directions
in senescent monkeys (Leventhal et al., 2003). Moreover, individual differences in the
levels of auditory cortex GABA have been linked to the specificity of neural
representations for auditory stimuli in older age (Lalwani et al., 2019). An interesting
question for future studies to address is whether the age-related dedifferentiation of
neural representations might underlie the deficits in mnemonic precision observed in
older age, as well as the contribution of dopamine and GABA to declines in

representational fidelity.

An important caveat to note regarding the current findings is the cross-sectional design
employed across the experiments presented in the current thesis. Although research on
memory and ageing has predominantly relied on cross-sectional comparisons between
age groups, age differences observed in such designs can be influenced by generational
differences between cohorts in factors such as socio-economic conditions or educational
attainment (Nilsson, Sterndng, Rénnlund, & Nyberg, 2009). Indeed, cross-sectional
studies have been shown to occasionally lead to different conclusions about the nature of
age-related differences in cognitive or neural function, in comparison to changes
estimated from longitudinal studies measuring the same individuals across multiple time

points. Whereas in cross-sectional studies a linear reduction in episodic memory from
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younger adulthood is often observed, longitudinal studies have provided evidence for a
much later onset of age-related declines (Nyberg, Pudas & Lundquist, 2016). Cross-
sectional and longitudinal designs have yielded opposing findings regarding the nature
of age-related changes in prefrontal function, with cross-sectional estimates providing
evidence for an age-related increase, but longitudinal findings suggesting decreased
activity with advancing age (Nyberg et al., 2010). In addition to the cross-sectional
design, participants in the current studies were recruited via volunteer sampling,
potentially biasing the recruitment of high-functioning older adults. Thus, future
longitudinal studies with population sampling would be valuable for gaining insight into
the onset and trajectory of age-related changes in the success and precision of episodic
memory retrieval, as well as for addressing whether they may be differentially vulnerable
to age-related decline. Interestingly, two year developmental increases in working
memory performance have been observed to result primarily from increased precision of
working memory retrieval (Burnett Heyes, Zokaei, & Husain, 2016). It remains to be
seen whether longitudinal declines in memory performance in older age might similarly

be driven by decreased fidelity of mnemonic representations.

Conclusion

The research presented in this thesis sought to elucidate the nature of age-related changes
in episodic memory using continuous measures of retrieval performance. Findings across
the experiments provided consistent evidence for a contribution of reduced precision of
memory representations to the age-related episodic memory deficits. Age-related
decreases in mnemonic precision were observed even when no significant differences in
the probability of successful memory retrieval were detected, highlighting the sensitivity
of this measure to memory changes accompanying healthy ageing. The findings further
highlight the possibility that both common and distinct cognitive and neural factors may
play a role in age-related changes in the success and precision of episodic memory
retrieval. However, the exact extent to which age-related impairments in these two
aspects of episodic memory reflect a dissociable neurocognitive basis remains to be

clarified in future studies.

144



References

Abdulrahman, H., Fletcher, P. C., Bullmore, E., & Morcom, A. M. (2017). Dopamine
and memory dedifferentiation in aging. Neurolmage, 153, 211-220.

Achim, A. M., & Lepage, M. (2005). Dorsolateral prefrontal cortex involvement in
memory post-retrieval monitoring revealed in both item and associative
recognition tests. Neurolmage, 24(4), 1113-1121.

Addis, D. R., Wong, A. T., & Schacter, D. L. (2008). Age-related changes in the

episodic simulation of future events. Psychological Science, 19(1), 33-41.

Allen, J. S., Bruss, J., Brown, C. K., & Damasio, H. (2005). Normal neuroanatomical
variation due to age: The major lobes and a parcellation of the temporal region.
Neurobiology of Aging 26(9), 1245-1260.

Allen, P. A., Kaufman, M., Smith, A. F., & Propper, R. E. (1998). A molar entropy
model of age differences in spatial memory. Psychology and Aging, 13(3), 501-
518.

Ally, B. A., Simons, J. S., McKeever, J. D., Peers, P. V., & Budson, A. E. (2008).
Parietal contributions to recollection: Electrophysiological evidence from aging
and patients with parietal lesions. Neuropsychologia, 46(7), 1800-1812.

Angel, L., Bastin, C., Genon, S., Balteau, E., Phillips, C., Luxen, A., ... & Collette, F.
(2013). Differential effects of aging on the neural correlates of recollection and
familiarity. Cortex, 49(6), 1585-1597.

Ashburner, J. (2007). A fast diffeomorphic image registration algorithm, Neurolmage,
38(1), 95-113.

Ashburner, J., & Friston, K. J. (2000). Voxel-based morphometry - The methods.
Neurolmage, 38(1), 95-113.

Atkinson, R. C., & Shiffrin, R. M. (1968). Human memory: A proposed system and its

control processes. Psychology of Learning and Motivation, 2, 89-195.

Baddeley, A. D., & Hitch, G. (1974). Working memory. Psychology of Learning and
Motivation, 8, 47-89.

Badre, D., & Wagner, A. D. (2007). Left ventrolateral prefrontal cortex and the

145



cognitive control of memory. Neuropsychologia, 45(13), 2883-2901.

Baker, J. T., Sanders, A. L., Maccotta, L., & Buckner, R. L. (2001). Neural correlates
of verbal memory encoding during semantic and structural processing tasks.
NeuroReport, 12(6), 1251-1256.

Bakker, A., Kirwan, C. B., Miller, M., & Stark, C. E. L. (2008). Pattern separation in
the human hippocampal CA3 and dentate gyrus. Science, 319(5870), 1640-1642.

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.

Bar, M., Tootell, R. B. H., Schacter, D. L., Greve, D. N., Fischl, B., Mendola, J. D., ...
Dale, A. M. (2001). Cortical mechanisms specific to explicit visual object
recognition. Neuron, 29(2), 529-535.

Barrick, T. R., Charlton, R. A., Clark, C. A., & Markus, H. S. (2010). White matter
structural decline in normal ageing: A prospective longitudinal study using tract-
based spatial statistics. Neurolmage, 51(2), 565-577.

Bartsch, L. M., Loaiza, V. M., & Oberauer, K. (2019). Does limited working memory
capacity underlie age differences in associative long-term memory? Psychology
and Aging, 34(2), 268-281.

Bastin, C., & Van der Linden, M. V. (2003). The contribution of recollection and
familiarity to recognition memory: A study of the effects of test format and aging.
Neuropsychology, 17(1), 14-24.

Bays, P. M. (2014). Noise in neural populations accounts for errors in working
memory. Journal of Neuroscience, 34(10), 3632-3645.

Bays, P. M. (2015). Spikes not slots: noise in neural populations limits working

memory. Trends in cognitive sciences, 19(8), 431-438.

Bays, P. M., Catalao, R. F. G., & Husain, M. (2009). The precision of visual working

memory is set by allocation of a shared resource. Journal of Vision, 9(10), 7.

Becker, N., Laukka, E. J., Kalpouzos, G., Naveh-Benjamin, M., Backman, L., &

Brehmer, Y. (2015). Structural brain correlates of associative memory in older

146



adults. Neurolmage, 118, 146-153.

Bender, A. R., & Raz, N. (2012). Age-related differences in recognition memory for
items and associations: Contribution of individual differences in working memory

and metamemory. Psychology and Aging, 27(3), 691-700.

Bennett, I. J., & Madden, D. J. (2014). Disconnected aging: Cerebral white matter
integrity and age-related differences in cognition. Neuroscience, 276, 187-205.

Bennett, P. J., Sekuler, R., & Sekuler, A. B. (2007). The effects of aging on motion
detection and direction identification. Vision Research, 47(6), 799-8009.

Berron, D., Neumann, K., Maass, A., Schiitze, H., Fliessbach, K., Kiven, V., ... &
Duzel, E. (2018). Age-related functional changes in domain-specific medial

temporal lobe pathways. Neurobiology of Aging, 65, 86-97.

Berron, D., Schitze, H., Maass, A., Cardenas-Blanco, A., Kuijf, H. J., Kumaran, D., &
Duzel, E. (2016). Strong evidence for pattern separation in human dentate gyrus.
Journal of Neuroscience, 36(29), 7569-7579.

Biderman, N., Luria, R., Teodorescu, A. R., Hajaj, R., & Goshen-Gottstein, Y. (2019).
Working memory has better fidelity than long-term memory: the fidelity
constraint is not a general property of memory after all. Psychological Science,
30(2), 223-237.

Blumenfeld, R. S., Parks, C. M., Yonelinas, A. P., & Ranganath, C. (2011). Putting the
pieces together: The role of dorsolateral prefrontal cortex in relational memory

encoding. Journal of Cognitive Neuroscience, 23(1), 257-265.

Blumenfeld, R. S., & Ranganath, C. (2006). Dorsolateral prefrontal cortex promotes
long-term memory formation through its role in working memory organization.
Journal of Neuroscience, 26(3), 916-925.

Blumenfeld, R. S., & Ranganath, C. (2007). Prefrontal cortex and long-term memory
encoding: An integrative review of findings from neuropsychology and
neuroimaging. Neuroscientist, 13(3), 280-291.

Bonnici, H. M., Richter, F. R., Yazar, Y., & Simons, J. S. (2016). Multimodal feature
integration in the angular gyrus during episodic and semantic retrieval. Journal of
Neuroscience, 36(20), 5462-5471.

147



Bosch, S. E., Jehee, J. F. M., Fernandez, G., & Doeller, C. F. (2014). Reinstatement of
associative memories in early visual cortex is signaled by the hippocampus.
Journal of Neuroscience, 34(22), 7493-7500.

Bowman, C. R., Chamberlain, J. D., & Dennis, N. A. (2019). Sensory representations
supporting memory specificity: Age effects on behavioral and neural
discriminability. Journal of Neuroscience, 39(12), 2265-2275.

Brady, T. F., Konkle, T., Alvarez, G. A., & Oliva, A. (2008). Visual long-term memory
has a massive storage capacity for object details. Proceedings of the National
Academy of Sciences, 105(38), 14325-14329.

Brady, T. F., Schacter, D. L., & Alvarez, G. A. (2018). The adaptive nature of false

memories is revealed by gist-based distortion of true memories. PsyArXiv, zeg95.

Brady, T. F., Konkle, T., Alvarez, G. A., & Oliva, A. (2013). Real-world objects are
not represented as bound units: Independent forgetting of different object details
from visual memory. Journal of Experimental Psychology: General, 142(3), 791-
808.

Brady, T. F., Konkle, T., Gill, J., Oliva, A., & Alvarez, G. A. (2013). Visual long-term
memory has the same limit on fidelity as visual working memory. Psychological
Science, 24(6), 981-990.

Brockmole, J. R., & Logie, R. H. (2013). Age-related change in visual working
memory: A study of 55,753 participants aged 8-75. Frontiers in Psychology, 4,
12.

Buckner, R. L., Andrews-Hanna, J. R., & Schacter, D. L. (2008). The brain’s default
network: Anatomy, function, and relevance to disease. Annals of the New York
Academy of Sciences, 98(2), 676-682.

Buckner, R. L., & DiNicola, L. M. (2019). The brain’s default network: updated
anatomy, physiology and evolving insights. Nature Reviews Neuroscience, 20,
593-608.

Burke, S. N., Gaynor, L. S., Barnes, C. A., Bauer, R. M., Bizon, J. L., Roberson, E. D.,
& Ryan, L. (2018). Shared functions of perirhinal and parahippocampal cortices:

implications for cognitive aging. Trends in Neurosciences, 41(6), 349-359.

148



Burnett Heyes, S., Zokaei, N., & Husain, M. (2016). Longitudinal development of
visual working memory precision in childhood and early adolescence. Cognitive
Development, 39, 36-44.

Bussey, T. J., & Saksida, L. M. (2007). Memory, perception, and the ventral visual-
perirhinal-hippocampal stream: Thinking outside of the boxes. Hippocampus,
17(9), 898-908.

Cabeza, R. (2002). Hemispheric asymmetry reduction in older adults: The HAROLD
model. Psychology and Aging, 17(1), 85-100.

Cabeza, R. (2008). Role of parietal regions in episodic memory retrieval: The dual

attentional processes hypothesis. Neuropsychologia, 46(7), 1813-1827.

Cabeza, R., Ciaramelli, E., & Moscovitch, M. (2012). Cognitive contributions of the
ventral parietal cortex: An integrative theoretical account. Trends in Cognitive
Sciences, 16(6), 338-352.

Cabeza, R., Ciaramelli, E., Olson, I. R., & Moscovitch, M. (2008). The parietal cortex
and episodic memory: An attentional account. Nature Reviews Neuroscience, 9(8),
613-625.

Cabeza, R., Daselaar, S. M., Dolcos, F., Prince, S. E., Budde, M., & Nyberg, L. (2004).
Task-independent and task-specific age effects on brain activity during working

memory, visual attention and episodic retrieval. Cerebral Cortex, 14(4), 364-375.

Campbell, K. L., Hasher, L., & Thomas, R. C. (2010). Hyper-binding: A unique age
effect. Psychological Science, 21(3), 399-405.

Cansino, S., Torres-Trejo, F., Estrada-Manilla, C., Hernandez-Ramos, E., Martinez-
Galindo, J. G., GOmez-Fernandez, T., ... & Ruiz-Velasco, S. (2018). Mediators of

episodic memory decay across the adult life span. Scientific Reports, 8(1), 2610.

Cansino, S., Trejo-Morales, P., Estrada-Manilla, C., Pasaye-Alcaraz, E. H., Aguilar-
Castafieda, E., Salgado-Lujambio, P., & Sosa-Ortiz, A. L. (2015). Brain activity
during source memory retrieval in young, middle-aged and old adults. Brain
Research, 1618, 168-180.

Carp, J., Park, J., Hebrank, A., Park, D. C., & Polk, T. A. (2011). Age-related neural
dedifferentiation in the motor system. PLoS one, 6(12), 29411

149



Carp, J., Park, J., Polk, T. A., & Park, D. C. (2011). Age differences in neural
distinctiveness revealed by multi-voxel pattern analysis. Neurolmage, 56(2), 736-
743.

Chalfonte, B. L., & Johnson, M. K. (1996). Feature memory and binding in young and
older adults. Memory & Cognition, 24(4), 403-416.

Charlton, R. A., Barrick, T. R., Markus, H. S., & Morris, R. G. (2013). Verbal working
and long-term episodic memory associations with white matter microstructure in
normal aging investigated using tract-based spatial statistics. Psychology and
Aging, 28(3), 768-777.

Chen, T., & Naveh-Benjamin, M. (2012). Assessing the associative deficit of older
adults in long-term and short-term/working memory. Psychology and Aging,
27(3), 666-682.

Christensen, H., Mackinnon, A. J., Korten, A. E., Jorm, A. F., Henderson, A. S.,
Jacomb, P., & Rodgers, B. (1999). An analysis of diversity in the cognitive
performance of elderly community dwellers: Individual differences in change
scores as a function of age. Psychology and Aging, 14(3), 365-379.

Chun, M. M., & Turk-Browne, N. B. (2007). Interactions between attention and
memory. Current Opinion in Neurobiology, 17(2), 177-184.

Ciaramelli, E., Grady, C. L., & Moscovitch, M. (2008). Top-down and bottom-up
attention to memory: A hypothesis (AtoM) on the role of the posterior parietal

cortex in memory retrieval. Neuropsychologia, 46(7), 1828-1851.

Cooper, R. A,, Richter, F. R., Bays, P. M., Plaisted-Grant, K. C., Baron-Cohen, S., &
Simons, J. S. (2017). Reduced hippocampal functional connectivity during
episodic memory retrieval in autism. Cerebral Cortex, 27(2), 888-902.

Cooper, R. A., & Ritchey, M. (2019). Cortico-hippocampal network connections
support the multidimensional quality of episodic memory. eL.ife, 8, e45591.

Cooper, R. A., & Simons, J. S. (2019). Exploring the neurocognitive basis of episodic
recollection in autism. Psychonomic Bulletin and Review, 26(1), 163-181.

Coupé, P., Catheline, G., Lanuza, E., & Manjon, J. V. (2017). Towards a unified

analysis of brain maturation and aging across the entire lifespan: A MRI analysis.

150



Human Brain Mapping, 38(11), 5501-5518.

Cowell, R. A., Bussey, T. J., & Saksida, L. M. (2010). Functional dissociations within
the ventral object processing pathway: Cognitive modules or a hierarchical
continuum? Journal of Cognitive Neuroscience, 22(11), 2460-2479.

Craik, F. I. M., Govoni, R., Naveh-Benjamin, M., & Anderson, N. D. (1996). The
effects of divided attention on encoding and retrieval processes in human memory.
Journal of Experimental Psychology: General, 125(2), 159-180.

Craik, F. I. M., & McDowd, J. M. (1987). Age differences in recall and recognition.
Journal of Experimental Psychology: Learning, Memory, and Cognition, 13(3),
474-479.

Craik, F. I. M., & Rose, N. S. (2012). Memory encoding and aging: A neurocognitive
perspective. Neuroscience & Biobehavioral Reviews, 36(7), 1729-1739.

Craik, F. I. M., & Schloerscheidt, A. M. (2011). Age-related differences in recognition
memory: effects of materials and context change. Psychology and Aging, 26(3),
671-677.

Danckert, S. L., & Craik, F. I. M. (2013). Does aging affect recall more than
recognition memory? Psychology and Aging, 28(4), 902-9009.

Danker, J. F., & Anderson, J. R. (2010). The ghosts of brain states past: Remembering
reactivates the brain regions engaged during encoding. Psychological Bulletin,
136(1), 87-102.

Danker, J. F., Tompary, A., & Davachi, L. (2017). Trial-by-trial hippocampal encoding
activation predicts the fidelity of cortical reinstatement during subsequent
retrieval. Cerebral Cortex, 27(7), 3515-3524.

Daselaar, S. M., Prince, S. E., & Cabeza, R. (2004). When less means more:
Deactivations during encoding that predict subsequent memory. Neurolmage,
23(3), 921-927.

Daselaar, S. M., Fleck, M. S., Dobbins, I. G., Madden, D. J., & Cabeza, R. (2006).
Effects of healthy aging on hippocampal and rhinal memory functions: an event-
related fMRI study. Cerebral Cortex, 16(12), 1771-1782.

151



Daselaar, S. M., Prince, S. E., Dennis, N. A, Hayes, S. M., Kim, H., & Cabeza, R.
(2009). Posterior midline and ventral parietal activity is associated with retrieval

success and encoding failure. Frontiers in Human Neuroscience, 3, 13.

Davachi, L. (2006). Item, context and relational episodic encoding in humans. Current
Opinion in Neurobiology, 16(6), 693-700.

Davachi, L., Maril, A., & Wagner, A. D. (2001). When keeping in mind supports later
bringing to mind: Neural markers of phonological rehearsal predict subsequent

remembering. Journal of Cognitive Neuroscience, 13(8), 1059-1070.

Davachi, L., Mitchell, J. P., & Wagner, A. D. (2003). Multiple routes to memory:
Distinct medial temporal lobe processes build item and source memories.
Proceedings of the National Academy of Sciences of the United States of America,
100(4), 2157-2162.

Davidson, P. S. R., Anaki, D., Ciaramelli, E., Cohn, M., Kim, A. S. N., Murphy, K. J.,
... & Levine, B. (2008). Does lateral parietal cortex support episodic memory?:

Evidence from focal lesion patients. Neuropsychologia, 46(7), 1743-1755.

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.

De Chastelaine, M., Mattson, J. T., Wang, T. H., Donley, B. E., & Rugg, M. D.
(2016a). The neural correlates of recollection and retrieval monitoring:

Relationships with age and recollection performance. Neurolmage, 138, 164-175.

De Chastelaine, M., Mattson, J. T., Wang, T. H., Donley, B. E., & Rugg, M. D.
(2016b). The relationships between age, associative memory performance, and the
neural correlates of successful associative memory encoding. Neurobiology of
Aging, 42, 163-176.

De Chastelaine, M., Mattson, J. T., Wang, T. H., Donley, B. E., & Rugg, M. D. (2015).
Sensitivity of negative subsequent memory and task-negative effects to age and
associative memory performance. Brain Research, 1612, 16-29.

De Chastelaine, M., Wang, T. H., Minton, B., Muftuler, L. T., & Rugg, M. D. (2011).
The effects of age, memory performance, and callosal integrity on the neural

correlates of successful associative encoding. Cerebral Cortex, 21(9), 2166-2176.

152



Delis, D. C., Kaplan, E., & Kramer, J. H. (2001). Delis-Kaplan Executive function

system: examiners manual. Texas: Psychological Corporation

Dennis, N. A., & Cabeza, R. (2011). Age-related dedifferentiation of learning systems:
An fMRI study of implicit and explicit learning. Neurobiology of Aging, 32(12),
17-30.

Dennis, N. A., Daselaar, S., & Cabeza, R. (2007). Effects of aging on transient and
sustained successful memory encoding activity. Neurobiology of Aging, 28(11),
1749-1758.

Dennis, N. A., Hayes, S. M., Prince, S. E., Madden, D. J., Huettel, S. A., & Cabeza, R.
(2008). Effects of aging on the neural correlates of successful item and source
memory encoding. Journal of Experimental Psychology: Learning, Memory and
Cognition, 34(4), 791-808.

Dennis, N. A., Kim, H., & Cabeza, R. (2007). Effects of aging on true and false
memory formation: An fMRI study. Neuropsychologia, 45(14), 3157-3166.

Dennis, N. A., Kim, H., & Cabeza, R. (2008). Age-related differences in brain activity
during true and false memory retrieval. Journal of Cognitive Neuroscience, 20(8),
1390-1402.

Derefeldt, G., Lennenstrand, G., & Lundh, B. (1979). Age variations in normal human
contrast sensitivity. Acta Ophthalmologica, 57(4), 679-690.

Devitt, A. L., & Schacter, D. L. (2016). False memories with age: Neural and cognitive
underpinnings. Neuropsychologia, 91, 346-359.

Diana, R. A., Yonelinas, A. P., & Ranganath, C. (2007). Imaging recollection and
familiarity in the medial temporal lobe: a three-component model. Trends in
cognitive sciences, 11(9), 379-386.

Dobbins, I. G., Foley, H., Schacter, D. L., & Wagner, A. D. (2002). Executive control
during episodic retrieval: Multiple prefrontal processes subserve source memory.
Neuron, 35(5), 989-996.

Dobbs, A. R., & Rule, B. G. (1989). Adult age differences in working memory.
Psychology and aging, 4(4), 500-503.

153



Duarte, A., Graham, K. S., & Henson, R. N. (2010). Age-related changes in neural
activity associated with familiarity, recollection and false recognition.
Neurobiology of Aging, 31(10), 1814-1830.

Duarte, A., Henson, R. N., & Graham, K. S. (2008). The effects of aging on the neural
correlates of subjective and objective recollection. Cerebral Cortex, 18(9), 2169-
2180.

Duarte, A., Henson, R. N., & Graham, K. S. (2011). Stimulus content and the neural
correlates of source memory. Brain Research, 1373, 110-123.

Dulas, M. R., & Duarte, A. (2011). The effects of aging on material-independent and
material-dependent neural correlates of contextual binding. Neurolmage, 57(3),
1192-1204.

Dulas, M. R., & Duarte, A. (2012). The effects of aging on material-independent and
material-dependent neural correlates of source memory retrieval. Cerebral Cortex,
22(1), 37-50.

Dumas, J. A., & Hartman, M. (2003). Adult age differences in temporal and item
memory. Psychology and Aging, 18(3), 573-586.

Duverne, S., Motamedinia, S., & Rugg, M. D. (2009). The Relationship between aging,
performance, and the neural correlates of successful memory encoding. Cerebral
Cortex, 19(3), 733-744.

Eich, T. S., Razlighi, Q. R., & Stern, Y. (2017). Perceptual and memory inhibition
deficits in clinically healthy older adults are associated with region-specific,
doubly dissociable patterns of cortical thinning. Behavioral Neuroscience, 131(3),
220-225.

Eichenbaum, H., Yonelinas, A. P., & Ranganath, C. (2007). The medial temporal lobe

and recognition memory. Annual Review of Neuroscience, 30, 123-152.

Eichenbaum, H. (2000). A cortical-hippocampal system for declarative memory.
Nature Reviews Neuroscience, 1(1), 41-50.

Eichenbaum, H. (2017). Prefrontal-hippocampal interactions in episodic memory.
Nature Reviews Neuroscience, 18(9), 547-558.

154



Elliott, D., Whitaker, D., & MacVeigh, D. (1990). Neural contribution to
spatiotemporal contrast sensitivity decline in healthy ageing eyes. Vision
Research, 30(4), 541-547.

Engvig, A., Fjell, A. M., Westlye, L. T., Moberget, T., Sundseth, O., Larsen, V. A., &
Walhovd, K. B. (2010). Effects of memory training on cortical thickness in the
elderly. Neurolmage, 52(4), 1667-1676.

Faubert, J. (2002). Visual perception and aging. Canadian Journal of Experimental

Psychology/Revue Canadienne de Psychologie Expérimentale, 56(3), 164-176.

Favila, S. E., Samide, R., Sweigart, S. C., & Kuhl, B. A. (2018). Parietal
representations of stimulus features are amplified during memory retrieval and
flexibly aligned with top-down goals. Journal of Neuroscience, 38(36), 7809-
7821.

Fiorentini, A., Porciatti, V., Morrone, C. M., & Burr, D. C. (1996). Visual ageing:
Unspecific decline of the responses to luminance and colour. Vision Research,
36(21), 3557-3566.

Fjell, A. M., McEvoy, L., Holland, D., Dale, A. M., & Walhovd, K. B. (2013). Brain
changes in older adults at very low risk for Alzheimer’s disease. Journal of

Neuroscience, 33(19), 8237-8242.

Fjell, A. M., & Walhovd, K. B. (2010). Structural brain changes in aging: courses,

causes and cognitive consequences. Reviews in the Neurosciences, 21(3), 187-222.

Fjell, A. M., Walhovd, K. B., Fennema-Notestine, C., McEvoy, L. K., Hagler, D. J.,
Holland, D., ... & Dale, A. M. (2009). One-year brain atrophy evident in healthy
aging. Journal of Neuroscience, 29(48), 15223-15231.

Fjell, A. M., Westlye, L. T., Amlien, L., Espeseth, T., Reinvang, 1., Raz, N., ...
Walhovd, K. B. (2009). High consistency of regional cortical thinning in aging
across multiple samples. Cerebral Cortex, 19(9), 2001-2012.

Fjell, A. M., Westlye, L. T., Grydeland, H., Amlien, I., Espeseth, T., Reinvang, L., ... &
Walhovd, K. B. (2014). Accelerating cortical thinning: unique to dementia or
universal in Aging? Cerebral Cortex, 24(4), 919-934.

Fleischman, D. A., Leurgans, S., Arfanakis, K., Arvanitakis, Z., Barnes, L. L., Boyle,

155



P. A., ... Bennett, D. A. (2014). Gray-matter macrostructure in cognitively healthy
older persons: associations with age and cognition. Brain Structure and Function,
219(6), 2029-2049.

Fletcher, P. C., & Henson, R. N. A. (2001). Frontal lobes and human memory: Insights
from functional neuroimaging. Brain, 124(5), 849-881.

Foster, C. M., Picklesimer, M. E., Mulligan, N. W., & Giovanello, K. S. (2016). The
effect of age on relational encoding as revealed by hippocampal functional

connectivity. Neurobiology of Learning and Memory, 134, 5-14.

Fougnie, D., Suchow, J. W., & Alvarez, G. A. (2012). Variability in the quality of

visual working memory. Nature communications, 3(1), 1-8.

Gaesser, B., Sacchetti, D. C., Addis, D. R., & Schacter, D. L. (2011). Characterizing
age-related changes in remembering the past and imagining the future. Psychology
and Aging, 26(1), 80-84.

Garoff, R. J., Slotnick, S. D., & Schacter, D. L. (2005). The neural origins of specific
and general memory: The role of the fusiform cortex. Neuropsychologia, 43(6),
847-859.

Giorgio, A., Santelli, L., Tomassini, V., Bosnell, R., Smith, S., De Stefano, N., &
Johansen-Berg, H. (2010). Age-related changes in grey and white matter structure
throughout adulthood. Neurolmage, 51(3), 943-951.

Giovanello, K. S., & Schacter, D. L. (2012). Reduced specificity of hippocampal and
posterior ventrolateral prefrontal activity during relational retrieval in normal

aging. Journal of Cognitive Neuroscience, 24(1), 159-170.

Goh, J. O. S. (2011). Functional dedifferentiation and altered connectivity in older

adults: neural accounts of cognitive aging. Aging and Disease, 2(1), 30-48.

Goh, J. O., Suzuki, A., & Park, D. C. (2010). Reduced neural selectivity increases
fMRI adaptation with age during face discrimination. Neurolmage, 51(1), 336-
344.

Good, C. D., Johnsrude, I. S., Ashburner, J., Henson, R. N. A, Friston, K. J., &
Frackowiak, R. S. J. (2001). A voxel-based morphometric study of ageing in 465

normal adult human brains. Neurolmage, 14(1), 21-36.

156



Gorbach, T., Pudas, S., Lundquist, A., Oradd, G., Josefsson, M., Salami, A., ... &
Nyberg, L. (2017). Longitudinal association between hippocampus atrophy and
episodic-memory decline. Neurobiology of Aging, 51, 167-176.

Grady, C. (2012). The cognitive neuroscience of ageing. Nature Reviews Neuroscience,
13(7), 491-505.

Grady, C. L., Mcintosh, A. R., & Craik, F. I. M. (2003). Age-related differences in the
functional connectivity of the hippocampus during memory encoding.
Hippocampus, 13(5), 572-586.

Green, E., Shafto, M. A., Matthews, F. E., Cam-Can, & White, S. R. (2015). Adult
lifespan cognitive variability in the cross-sectional cam-CAN cohort. International
Journal of Environmental Research and Public Health, 12(12), 15516-15530.

Greene, R. L. (1987). Effects of maintenance rehearsal on human memory.
Psychological Bulletin, 102(3), 403-413.

Grinband, J., Wager, T. D., Lindquist, M., Ferrera, V. P., & Hirsch, J. (2008). Detection
of time-varying signals in event-related fMRI designs. Neuroimage, 43(3), 509-
520.

Gutchess, A. H., & Park, D. C. (2006). fMRI environment can impair memory
performance in young and elderly adults. Brain Research, 1099(1), 133-140.

Gutchess, A. H., Welsh, R. C., Hedden, T., Bangert, A., Minear, M., Liu, L. L., & Park,
D. C. (2005). Aging and the neural correlates of successful picture encoding:
Frontal activations compensate for decreased medial-temporal activity. Journal of
Cognitive Neuroscience, 17(1), 84-96.

Hampstead, B. M., Towler, S., Stringer, A. Y., & Sathian, K. (2018). Continuous
measurement of object location memory is sensitive to effects of age and mild
cognitive impairment and related to medial temporal lobe volume. Alzheimer’s

and Dementia: Diagnosis, Assessment and Disease Monitoring, 10, 76-85.

Harlow, 1. M., & Donaldson, D. I. (2013). Source accuracy data reveal the thresholded
nature of human episodic memory. Psychonomic Bulletin & Review, 20(2), 318-
325.

Harlow, I. M., & Yonelinas, A. P. (2016). Distinguishing between the success and

157



precision of recollection. Memory, 24(1), 114-127.

Hartshorne, J. K., & Makovski, T. (2019). The effect of working memory maintenance
on long-term memory. Memory & Cognition, 47(4), 749-763.

Haxby, J. V., Gobbini, M. I, Furey, M. L., Ishai, A., Schouten, J. L., & Pietrini, P.
(2001). Distributed and overlapping representations of faces and objects in ventral
temporal cortex. Science, 293(5539), 2425-2430.

Hayama, H. R., Vilberg, K. L., & Rugg, M. D. (2012). Overlap between the neural
correlates of cued recall and source memory: evidence for a generic recollection

network? Journal of Cognitive Neuroscience, 24(5), 1127-1137.

Head, D., Buckner, R. L., Shimony, J. S., Williams, L. E., Akbudak, E., Conturo, T. E.,
... Snyder, A. Z. (2004). Differential vulnerability of anterior white matter in
nondemented aging with minimal acceleration in dementia of the Alzheimer type:

evidence from diffusion tensor imaging. Cerebral Cortex, 14(4), 410-423

Head, D., Rodrigue, K. M., Kennedy, K. M., & Raz, N. (2008). Neuroanatomical and
cognitive mediators of age-related differences in episodic memory.
Neuropsychology, 22(4), 491-507.

Hedden, T., & Gabrieli, J. D. E. (2004). Insights into the ageing mind: a view from

cognitive neuroscience. Nature Reviews Neuroscience, 5(2), 87-96.

Hedden, T., Schultz, A. P., Rieckmann, A., Mormino, E. C., Johnson, K. A., Sperling,
R. A., & Buckner, R. L. (2016). Multiple brain markers are linked to age-related
variation in cognition. Cerebral Cortex, 26(4), 1388-1400.

Henson, R. N. A,, Shallice, T., & Dolan, R. J. (1999). Right prefrontal cortex and
episodic memory retrieval: A functional MRI test of the monitoring hypothesis.
Brain, 122(7), 1367-1381.

Henson, R. N., Campbell, K. L., Davis, S. W., Taylor, J. R., Emery, T., Erzinclioglu,
S., & Kievit, R. A. (2016). Multiple determinants of lifespan memory differences.
Scientific Reports, 6, 32527.

Hertzog, C., Dixon, R. A., Hultsch, D. F., & MacDonald, S. W. S. (2003). Latent
change models of adult cognition: Are changes in processing speed and working

memory associated with changes in episodic memory? Psychology and Aging,

158



18(4), 755-760.

Holden, H. M., Hoebel, C., Loftis, K., & Gilbert, P. E. (2012). Spatial pattern
separation in cognitively normal young and older adults. Hippocampus, 22(9),
1826-1832.

Howard, M. W., Bessette-Symons, B., Zhang, Y., & Hoyer, W. J. (2006). Aging
selectively impairs recollection in recognition memory for pictures: Evidence from
modeling and receiver operating characteristic curves. Psychology and Aging,
21(1), 96-106.

Hultsch, D. F., Hertzog, C., & Dixon, R. A. (1990). Ability correlates of memory
performance in adulthood and aging. Psychology and Aging, 5(3), 356-368.

Hultsch, David F., MacDonald, S. W. S., & Dixon, R. A. (2002). Variability in reaction
time performance of younger and older adults. Journals of Gerontology Series B:

Psychological Sciences and Social Sciences. 57(2), 101-115.

Hunsaker, M. R., & Kesner, R. P. (2013). The operation of pattern separation and
pattern completion processes associated with different attributes or domains of

memory. Neuroscience & Biobehavioral Reviews, 37(1), 36-58.

Husa, R. A., Gordon, B. A., Cochran, M. M., Bertolin, M., Bond, D. N., & Kirchhoff,
B. A. (2017). Left caudal middle frontal gray matter volume mediates the effect of
age on self-initiated elaborative encoding strategies. Neuropsychologia, 106, 341-
349.

Hutton, C., Draganski, B., Ashburner, J., & Weiskopf, N. (2009). A comparison
between voxel-based cortical thickness and voxel-based morphometry in normal
aging. Neurolmage, 48(2), 371-380.

JASP Team (2019). JASP (Version 0.10.2) [Computer software].
Jeffreys, H. (1961). The theory of probability. Oxford: Oxford University Press.

Johnson, M. K., Kuhl, B. A., Mitchell, K. J., Ankudowich, E., & Durbin, K. A. (2015).
Age-related differences in the neural basis of the subjective vividness of
memories: Evidence from multivoxel pattern classification. Cognitive, Affective, &
Behavioral Neuroscience, 15(3), 644-661.

159



Kalpouzos, G., Chételat, G., Landeau, B., Clochon, P., Viader, F., Eustache, F., &
Desgranges, B. (2009). Structural and metabolic correlates of episodic memory in
relation to the depth of encoding in normal aging. Journal of Cognitive
Neuroscience, 21(2), 372-389.

Kalpouzos, G., Persson, J., & Nyberg, L. (2012). Local brain atrophy accounts for
functional activity differences in normal aging. Neurobiology of Aging, 33(3),
623.e1-623.e13.

Kaup, A. R., Mirzakhanian, H., Jeste, D. V., & Eyler, L. T. (2011). A review of the
brain structure correlates of successful Cognitive aging. Journal of

Neuropsychiatry and Clinical Neurosciences, 23(1), 6-15.

Kensinger, E. A., & Schacter, D. L. (1999). When true memories suppress false
memories: Effects of ageing. Cognitive Neuropsychology, 16(3-5), 399-415.

Kim, H. (2010). Dissociating the roles of the default-mode, dorsal, and ventral

networks in episodic memory retrieval. Neurolmage, 50(4), 1648-1657.

Kim, H. (2011). Neural activity that predicts subsequent memory and forgetting: A
meta-analysis of 74 fMRI studies. Neurolmage, 54(3), 2446-2461.

Kim, H., & Cabeza, R. (2007). Differential contributions of prefrontal, medial
temporal, and sensory-perceptual regions to true and false memory formation.
Cerebral Cortex, 17(9), 2143-2150.

King, D. R., de Chastelaine, M., & Rugg, M. D. (2018). Recollection-related increases
in functional connectivity across the healthy adult lifespan. Neurobiology of
Aging, 62, 1-19.

Kirchhoff, B. A., Gordon, B. A., & Head, D. (2014). Prefrontal gray matter volume

mediates age effects on memory strategies. Neurolmage, 90, 326-334.

Knoblauch, K., Vital-Durand, F., & Barbur, J. L. (2001). Variation of chromatic
sensitivity across the life span. Vision Research, 41(1), 23-36

Koen, J. D., & Rugg, M. D. (2019). Neural Dedifferentiation in the Aging Brain.
Trends in Cognitive Sciences, 23(7), 547-559.

Koen, J. D., & Yonelinas, A. P. (2014). The effects of healthy aging, amnestic mild

160



cognitive impairment, and Alzheimer’s disease on recollection and familiarity: A

meta-analytic review. Neuropsychology Review, 24(3), 332—354.

Koen, J. D., & Yonelinas, A. P. (2016). Recollection, not familiarity, decreases in
healthy ageing: Converging evidence from four estimation methods. Memory,
24(1), 75-88.

Komorowski, R. W., Manns, J. R., & Eichenbaum, H. (2009). Robust conjunctive item-
place coding by hippocampal neurons parallels learning what happens where.
Journal of Neuroscience, 29(31), 9918-9929.

Konkle, T., Brady, T. F., Alvarez, G. A., & Oliva, A. (2010). Conceptual
distinctiveness supports detailed visual long-term memory for real-world objects.

Journal of Experimental Psychology: General, 139(3), 558-578.

Koutstaal, W., & Schacter, D. L. (1997). Gist-based false recognition of pictures in
older and younger ddults. Journal of Memory and Language, 37(4), 555-583.

Kramer, J. H., Mungas, D., Reed, B. R., Wetzel, M. E., Burnett, M. M., Miller, B. L.,
... & Chui, H. C. (2007). Longitudinal MRI and cognitive change in healthy
elderly. Neuropsychology, 21(4), 412-418.

Kuhl, B. A., & Chun, M. M. (2014). Successful remembering elicits event-specific
activity patterns in lateral parietal cortex. Journal of Neuroscience, 34(23), 8051-
8060.

Kukolja, J., Thiel, C. M., Wilms, M., Mirzazade, S., & Fink, G. R. (2009a). Ageing-
related changes of neural activity associated with spatial contextual memory.
Neurobiology of Aging, 30(4), 630-645.

Lalwani, P., Gagnon, H., Cassady, K., Simmonite, M., Peltier, S., Seidler, R. D., ... &
Polk, T. A. (2019). Neural distinctiveness declines with age in auditory cortex and
is associated with auditory GABA levels. Neurolmage, 201, 116033.

Lee, H., Chun, M. M., & Kuhl, B. A. (2017). Lower parietal encoding activation is
associated with sharper information and better memory. Cerebral Cortex, 27(4),
2486-2499.

Lemaitre, H., Crivello, F., Grassiot, B., Alpérovitch, A., Tzourio, C., & Mazoyer, B.
(2005). Age- and sex-related effects on the neuroanatomy of healthy elderly.

161



Neurolmage, 26(3), 900-911.

Lemaitre, H., Goldman, A. L., Sambataro, F., Verchinski, B. A., Meyer-Lindenberg,
A., Weinberger, D. R., & Mattay, V. S. (2012). Normal age-related brain
morphometric changes: Nonuniformity across cortical thickness, surface area and
gray matter volume? Neurobiology of Aging, 33(3), 617.

Leong, R.L.F., Lo, J. C,, Sim, S. K. Y., Zheng, H., Tandi, J., Zhou, J., & Chee, M. W.
L. (2017). Longitudinal brain structure and cognitive changes over 8 years in an
East Asian cohort. Neurolmage, 147, 852-860.

Leutgeb, J. K., Leutgeb, S., Moser, M. B., & Moser, E. I. (2007). Pattern separation in
the dentate gyrus and CA3 of the hippocampus. Science. 315(5814), 961-966.

Leventhal, A. G., Wang, Y., Pu, M., Zhou, Y., & Ma, Y. (2003). GABA and its
agonists improved visual cortical function in senescent monkeys. Science.
300(5620), 812-815.

Levine, B., Svoboda, E., Hay, J. F., Winocur, G., & Moscovitch, M. (2002). Aging and
autobiographical memory: Dissociating episodic from semantic retrieval.
Psychology and Aging, 17(4), 677-689.

Li, H. J., Hou, X. H., Liu, H. H., Yue, C. L., Lu, G. M., & Zuo, X. N. (2015). Putting
age-related task activation into large-scale brain networks: A meta-analysis of 114
fMRI studies on healthy aging. Neuroscience and Biobehavioral Reviews, 57, 156-
174,

Li, S.-C., Lindenberger, U., & Sikstrom, S. (2001a). Aging cognition: from

neuromodulation to representation. Trends in Cognitive Sciences, 5(11), 479-486.

Li, S. C., Lindenberger, U., & Frensch, P. A. (2000). Unifying cognitive aging: From

neuromodulation to representation to cognition. Neurocomputing, 32, 879-890.

Li, S. C., Naveh-Benjamin, M., & Lindenberger, U. (2005). Aging neuromodulation
impairs associative binding: A neurocomputational account. Psychological
Science, 16(6), 445-450.

Li, S. C., & Rieckmann, A. (2014). Neuromodulation and aging: Implications of aging
neuronal gain control on cognition. Current Opinion in Neurobiology, 29, 148-
158.

162



Li, S. C., & Sikstrom, S. (2002). Integrative neurocomputational perspectives on
cognitive aging, neuromodulation, and representation. Neuroscience and
Biobehavioral Reviews, 26(7), 795-808.

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

Liu, Z. X., Shen, K., Olsen, R. K., & Ryan, J. D. (2017). Visual sampling predicts
hippocampal activity. Journal of Neuroscience, 37(3), 599-609.

Liu, X. Z., & Yan, D. (2007). Ageing and hearing loss. Journal of Pathology, 211(2),
188-197.

Lockhart, S. N., Mayda, A. B., Roach, A. E., Fletcher, E., Carmichael, O., Maillard, P.,
... DeCarli, C. (2012). Episodic memory function is associated with multiple
measures of white matter integrity in cognitive aging. Frontiers in Human

Neuroscience, 6, 56.

Luo, L., & Craik, F. I. M. (2009). Age differences in recollection: Specificity effects at
retrieval. Journal of Memory and Language, 60(4), 421-436.

Ly, M., Murray, E., & Yassa, M. A. (2013). Perceptual versus conceptual interference
and pattern separation of verbal stimuli in young and older adults. Hippocampus,
23(6), 425-430.

Ma, W. J., Husain, M., & Bays, P. M. (2014). Changing concepts of working memory.
Nature Neuroscience, 17(3), 347-356.

Maillet, D., & Rajah, M. N. (2014a). Age-related differences in brain activity in the
subsequent memory paradigm: A meta-analysis. Neuroscience & Biobehavioral
Reviews, 45, 246-257.

Maillet, D., & Rajah, M. N. (2014b). Dissociable roles of default-mode regions during
episodic encoding. Neurolmage, 89, 244-255.

McClelland, J. L., & Goddard, N. H. (1996). Considerations arising from a
complementary learning systems perspective on hippocampus and neocortex.
Hippocampus, 6(6), 654-665.

McClelland, J. L., McNaughton, B. L., & O’Reilly, R. C. (1995). Why there are

163



complementary learning systems in the hippocampus and neocortex: Insights from
the successes and failures of connectionist models of learning and memory.
Psychological Review, 102(3), 419-457.

McDonough, I. M., Cervantes, S. N., Gray, S. J., & Gallo, D. A. (2014). Memory’s
aging echo: Age-related decline in neural reactivation of perceptual details during

recollection. Neurolmage, 98, 346-358.

McElree, B. (2006). Accessing Recent Events. Psychology of Learning and Motivation,
46, 155-200.

McGaugh, J. L. (2000). Memory - A century of consolidation. Science, 287(5451), 248-
251.

McGinnis, S. M., Brickhouse, M., Pascual, B., & Dickerson, B. C. (2011). Age-related
changes in the thickness of cortical zones in humans. Brain Topography, 24(3-4),
279-291.

Memel, M., Woolverton, C. B., Bourassa, K., & Glisky, E. L. (2018). Working memory
predicts subsequent episodic memory decline during healthy cognitive aging:
evidence from a cross-lagged panel design. Aging, Neuropsychology, and
Cognition, 26(5), 711-730.

Metzler-Baddeley, C., Jones, D. K., Belaroussi, B., Aggleton, J. P., & O’Sullivan, M. J.
(2011). Frontotemporal connections in episodic memory and aging: A diffusion
MRI tractography study. Journal of Neuroscience, 31(37), 13236-13245.

Miller, S. L., Celone, K., DePeau, K., Diamond, E., Dickerson, B. C., Rentz, D., ... &
Sperling, R. A. (2008). Age-related memory impairment associated with loss of
parietal deactivation but preserved hippocampal activation. Proceedings of the
National Academy of Sciences, 105(6), 2181-2186.

Mohanty, P. P., Naveh-Benjamin, M., & Ratneshwar, S. (2016). Beneficial effects of
semantic memory support on older adults’ episodic memory: Differential patterns
of support of item and associative information. Psychology and Aging, 31(1), 25—
36.

Monge, Z. A., & Madden, D. J. (2016). Linking cognitive and visual perceptual decline

in healthy aging: The information degradation hypothesis. Neuroscience and

164



Biobehavioral Reviews, 69, 166-173.

Monge, Z. A., Stanley, M. L., Geib, B. R., Davis, S. W., & Cabeza, R. (2018).
Functional networks underlying item and source memory: shared and distinct
network components and age-related differences. Neurobiology of Aging, 69, 140-
150.

Molitor, R. J., Ko, P. C., Hussey, E. P., & Ally, B. A. (2014). Memory-related eye
movements challenge behavioral measures of pattern completion and pattern

separation. Hippocampus, 24(6), 666-672.

Montchal, M. E., Reagh, Z. M., & Yassa, M. A. (2019). Precise temporal memories are
supported by the lateral entorhinal cortex in humans. Nature Neuroscience, 22(2),
284-288.

Morcom, A. M., Bullmore, E. T., Huppert, F. A., Lennox, B., Praseedom, A.,
Linnington, H., & Fletcher, P. C. (2010). Memory encoding and dopamine in the
aging brain: a psychopharmacological neuroimaging study. Cerebral Cortex,
20(3), 743-757.

Morcom, A. M., & Friston, K. J. (2012). Decoding episodic memory in ageing: A
bayesian analysis of activity patterns predicting memory. Neurolmage, 59(2),
1772-1782.

Morcom, A. M., Good, C. D., Frackowiak, R. S. J., & Rugg, M. D. (2003). Age effects

on the neural correlates of successful memory encoding. Brain, 126(1), 213-229.

Morcom, A. M., & Henson, R. N. A. (2018). Increased prefrontal activity with aging
Reflects nonspecific neural responses rather than compensation. Journal of
Neuroscience, 38(33), 7303-7313.

Morcom, A. M., Li, J., & Rugg, M. D. (2007). Age effects on the neural correlates of
episodic retrieval: Increased cortical recruitment with matched performance.
Cerebral Cortex, 17(11), 2491-2506.

Moscovitch, M. (1992). Memory and working-with-memory: A component process
model based on modules and central systems. Journal of Cognitive Neuroscience,
4(3), 257-267.

Moscovitch, M., Cabeza, R., Winocur, G., & Nadel, L. (2016). Episodic memory and

165



beyond: The hippocampus and neocortex in transformation. Annual Review of
Psychology, 67, 105-134.

Murphy, D. R., Craik, F. I. M., Li, K. Z. H., & Schneider, B. A. (2000). Comparing the
effects of aging and background noise on short-term memory performance.
Psychology and Aging, 15(2), 323-334.

Murphy, E. A., Holland, D., Donohue, M., McEvoy, L. K., Hagler, D. J., Dale, A. M.,
& Brewer, J. B. (2010). Six-month atrophy in MTL structures is associated with

subsequent memory decline in elderly controls. Neurolmage, 53(4), 1310-1317.

Murray, J. G., Howie, C. A., & Donaldson, D. I. (2015). The neural mechanism
underlying recollection is sensitive to the quality of episodic memory: Event

related potentials reveal a some-or-none threshold. Neurolmage, 120, 298-308.

Murray, J. G., Ouyang, G., & Donaldson, D. I. (2019). Compensation of trial-to-trial
latency jitter reveals the parietal retrieval Success effect to be both variable and

thresholded in older adults. Frontiers in Aging Neuroscience, 11, 179.

Murray, L. J., & Ranganath, C. (2007). The dorsolateral prefrontal cortex contributes to
successful relational memory encoding. Journal of Neuroscience, 27(20), 5515-
5522.

Nadel, L., & Peterson, M. A. (2013). The hippocampus: Part of an interactive posterior
representational system spanning perceptual and memorial systems. Journal of
Experimental Psychology: General. 142(4), 1242-1254.

Nairne, J. S. (2002). Remembering Over the Short-Term: The Case Against the
Standard Model. Annual Review of Psychology, 53(1), 53-81.

Nasreddine, Z. S., Phillips, N. A., Bédirian, V., Charbonneau, S., Whitehead, V.,
Collin, I, ... & Chertkow, H. (2005). The Montreal Cognitive Assessment,
MoCA: A brief screening tool for mild ognitive impairment. Journal of the
American Geriatrics Society, 53(4), 695-699.

Naveh-Benjamin, M. (2000). Adult age differences in memory performance: Tests of
an associative deficit hypothesis. Journal of Experimental Psychology: Learning,
Memory, and Cognition, 26(5), 1170-1187.

Naveh-Benjamin, M., Brav, T. K., & Levy, O. (2007). The associative memory deficit

166



of older adults: The role of strategy utilization. Psychology and Aging, 22(1), 202—
208.

Naveh-Benjamin, M., Craik, F. I. M., Guez, J., & Kreuger, S. (2005). Divided attention
in younger and older adults: Effects of strategy and relatedness on memory
performance and secondary task costs. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 31(3), 520-537.

Naveh-Benjamin, M., Craik, F. I. M., Perretta, J. G., & Tonev, S. T. (2000). The effects
of divided attention on encoding and retrieval processes: The resiliency of
retrieval processes. Quarterly Journal of Experimental Psychology Section A,
53(3), 609-625.

Naveh-Benjamin, M., & Jonides, J. (1984). Maintenance rehearsal: A two-component
analysis. Journal of Experimental Psychology: Learning, Memory, and Cognition,
10(3), 369-385.

Nelson, E., & Dannefer, D. (1992). Aged heterogeneity: fact or fiction? The Fate of
diversity in gerontological research. Gerontologist, 32(1), 17-23.

Nilakantan, A. S., Bridge, D. J., Gagnon, E. P., VanHaerents, S. A., & Voss, J. L.
(2017). Stimulation of the posterior cortical-hippocampal network enhances

precision of memory recollection. Current Biology, 27(3), 465-470.

Nilakantan, A. S., Bridge, D. J., VanHaerents, S., & Voss, J. L. (2018). Distinguishing
the precision of spatial recollection from its success: Evidence from healthy aging

and unilateral mesial temporal lobe resection. Neuropsychologia, 119, 101-106.

Nilsson, L.-G., Sternéng, O., Ronnlund, M., & Nyberg, L. (2009). Challenging the
notion of an early-onset of cognitive decline. Neurobiology of Aging, 30(4), 521—
524.

Nilsson, L. G. (2003). Memory function in normal aging. Acta Neurologica
Scandinavica, 107(179), 7-13.

Noack, H., Lévdén, M., & Lindenberger, U. (2012). Normal aging increases
discriminal dispersion in visuospatial short-term memory. Psychology and Aging,
27(3), 627-637.

Nobis, L., Manohar, S. G., Smith, S. M., Alfaro-Almagro, F., Jenkinson, M., Mackay,

167



C. E., & Husain, M. (2019). Hippocampal volume across age: Nomograms derived
from over 19,700 people in UK Biobank. Neurolmage: Clinical, 23, 101904.

Norman, K. A. (2010). How hippocampus and cortex contribute to recognition
memory: Revisiting the complementary learning systems model. Hippocampus,
20(11), 1217-1227.

Norman, K. A., & O’Reilly, R. C. (2003). Modeling hippocampal and neocortical
contributions to recognition memory: A complementary-learning-systems
approach. Psychological Review, 110(4), 611-646.

Norman, K. A., & Schacter, D. L. (1997). False recognition in younger and older
adults: Exploring the characteristics of illusory memories. Memory and Cognition,
25(6), 838-848.

Nosheny, R. L., Insel, P.S., Mattson, N., Tosun, D., Buckley, S., Truran, D., ... &
Alzheimer's Disease Neuroimaging Initiative (2019). Associations among amyloid
status, age, and longitudinal regional brain atrophy in cognitively unimpaired
older adults. Neurobiology of Aging, 82, 110-119.

Nyberg, L., Backman, L., Erngrund, K., Olofsson, U., & Nilsson, L. G. (1996). Age
differences in episodic memory, semantic memory, and priming: Relationships to
demographic, intellectual, and biological factors. Journals of Gerontology - Series
B Psychological Sciences and Social Sciences, 51(4), 234-240.

Nyberg, L., Lévdén, M., Riklund, K., Lindenberger, U., & Backman, L. (2012).
Memory aging and brain maintenance. Trends in Cognitive Sciences, 16(5), 292-
305.

Nyberg, L., Maitland, S. B., Ronnlund, M., Backman, L., Dixon, R. A., Wahlin, A &
Nilsson, L.-G. (2003). Selective adult age differences in an age-invariant
multifactor model of declarative memory. Psychology and Aging, 18(1), 149-160.

Nyberg., L., Pudas, S., Lundquist., A. (2016). Structural and functional imaging of
ageing: Longitudinal studies. In Cabeza, R., Nyberg, L., & Park. D. C., (Eds.)
Cognition neuroscience of ageing: linking cognition and cerabral aging: Linking
cognitive and cerabral aging. p. 155-182. New York: Oxford University Press.

Nyberg, L., & Pudas, S. (2019). Successful Memory Aging. Annual Review of

168



Psychology, 70, 219-243.

Nyberg, L., Salami, A., Andersson, M., Eriksson, J., Kalpouzos, G., Kauppi, K., ... &
Nilsson, L. G. (2010). Longitudinal evidence for diminished frontal cortex
function in aging. Proceedings of the National Academy of Sciences, 107(52),
22682-22686.

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.

Oh, H., & Jagust, W. J. (2013). Frontotemporal network connectivity during memory
encoding is increased with aging and disrupted by beta-amyloid. Journal of
Neuroscience, 33(47), 18425-18437.

Old, S. R., & Naveh-Benjamin, M. (2008). Differential effects of age on item and
associative measures of memory: a meta-analysis. Psychology and Aging, 23(1),
104-118.

Onyper, S. V., Zhang, Y. X., & Howard, M. W. (2010). Some-or-none recollection:
Evidence from item and source memory. Journal of Experimental Psychology:
General, 139(2), 341-364.

O'reilly, R. C., & McClelland, J. L. (1994). Hippocampal conjunctive encoding,
storage, and recall: Avoiding a trade-off. Hippocampus, 4(6), 661-682.

Osterrieth, P. A. (1944). Le test de copie d’une figure complexe. Archives de
Psychologie. 30, 205-353.

Otten, L. J., Henson, R. N. A., & Rugg, M. D. (2001). Depth of processing effects on
neural correlates of memory encoding: Relationship between findings from across-
and within-task comparisons. Brain, 124(2), 399-412.

Otten, L. J., & Rugg, M. D. (2001). When more means less: Neural activity related to
unsuccessful memory encoding. Current Biology, 11(19), 1528-1530.

Owsley, C. (2011). Aging and vision. Vision Research, 51(13), 1610-1622.

Owsley, C., Sekuler, R., & Siemsen, D. (1983). Contrast sensitivity throughout
adulthood. Vision Research, 23(7), 689-699.

169



Paleja, M., & Spaniol, J. (2013). Spatial pattern completion deficits in older adults.

Frontiers in Aging Neuroscience, 5, 3.

Paller, K. A., & Wagner, A. D. (2002). Observing the transformation of experience into
memory. Trends in Cognitive Sciences, 6(2), 93-102.

Park, D. C., Polk, T. A, Park, R., Minear, M., Savage, A., & Smith, M. R. (2004).
Aging reduces neural specialization in ventral visual cortex. Proceedings of the
National Academy of Sciences, 101(35), 13091-13095.

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.

Park, D. C., Lautenschlager, G., Smith, A. D., 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.

Park, H., Kennedy, K. M., Rodrigue, K. M., Hebrank, A., & Park, D. C. (2013). An
fMRI study of episodic encoding across the lifespan: Changes in subsequent

memory effects are evident by middle-age. Neuropsychologia, 51(3), 448-456.

Park, J., Carp, J., Hebrank, A., Park, D. C. ., & Polk, T. A. . (2010). Neural Specificity
Predicts Fluid Processing Ability in Older Adults. Journal of Neuroscience,
30(27), 9253-9259.

Park, J., Carp, J., Kennedy, K. M., Rodrigue, K. M., Bischof, G. N., Huang, C. M., ...
& Park, D. C. (2012). Neural broadening or neural attenuation? Investigating age-
related dedifferentiation in the face network in a large lifespan sample. Journal of
Neuroscience, 32(6), 2154-2158.

Parkin, A. J., Hunkin, N. M., & Walter, B. M. (1995). Relationships between normal
aging, frontal lobe function, and memory for temporal and spatial information.
Neuropsychology, 9(3), 304-312.

Peelle, J. E., Cusack, R., & Henson, R. N. A. (2012). Adjusting for global effects in
voxel-based morphometry: Gray matter decline in normal aging. Neurolmage,
60(2), 1503-1516.

Peich, M.-C., Husain, M., & Bays, P. M. (2013). Age-related decline of precision and

170



binding in visual working memory. Psychology and Aging, 28(3), 729-743.

Perfect, T. J., Williams, R. B., & Anderton-brown, C. (1995). Age differences in
reported recollective experience are due to encoding effects, not response bias.
Memory, 3(2), 169-186.

Persson, J., Nyberg, L., Lind, J., Larsson, A., Nilsson, L. G., Ingvar, M., & Buckner, R.
L. (2006). Structure-function correlates of cognitive decline in aging. Cerebral
Cortex, 16(7), 907-915.

Persson, J., Pudas, S., Lind, J., Kauppi, K., Nilsson, L.-G., & Nyberg, L. (2012).
Longitudinal structure-function correlates in elderly reveal MTL dysfunction with
cognitive decline. Cerebral Cortex, 22(10), 2297-2304.

Pertzov, Y., Avidan, G., & Zohary, E. (2009). Accumulation of visual information
across multiple fixations. Journal of Vision, 9(10), 2-2.

Pertzov, Y., Heider, M., Liang, Y., & Husain, M. (2015). Effects of healthy ageing on
precision and binding of object location in visual short term memory. Psychology
and Aging, 30(1), 26-35.

Pichora-Fuller, M. K., Schneider, B. A., & Daneman, M. (1995). How young and old
adults listen to and remember speech in noise. The Journal of the Acoustical
Society of America, 97(1), 593-608.

Pidgeon, L. M., & Morcom, A. M. (2014). Age-related increases in false recognition:
The role of perceptual and conceptual similarity. Frontiers in Aging Neuroscience,
6, 283.

Prull, M. W., Dawes, L. L. C., Martin, A. M. L., Rosenberg, H. F., & Light, L. L.
(2006). Recollection and familiarity in recognition memory: Adult age differences

and neuropsychological test correlates. Psychology and Aging, 21(1), 107-118.

Pudas, S., Persson, J., Josefsson, M., de Luna, X., Nilsson, L. G., & Nyberg, L. (2013).
Brain characteristics of individuals resisting age-related cognitive decline over two
decades. Journal of Neuroscience, 33(20), 8668-8677.

Raftery, A. E. (1995). Bayesian model selection in social research. Sociological
Methodology, 25, 111-164.

171



Rajah, M. N., Kromas, M., Han, J. E., & Pruessner, J. C. (2010). Group differences in
anterior hippocampal volume and in the retrieval of spatial and temporal context
memory in healthy young versus older adults. Neuropsychologia, 48(14), 4020-
4030.

Ranganath, C. (2010). A unified framework for the functional organization of the
medial temporal lobes and the phenomenology of episodic memory.
Hippocampus, 20(11), 1263-1290.

Ranganath, C., & Blumenfeld, R. S. (2005). Doubts about double dissociations between

short- and long-term memory. Trends in Cognitive Sciences, 9(8), 374-380.

Ranganath, C., Cohen, M. X., & Brozinsky, C. J. (2005). Working memory
maintenance contributes to long-term memory formation: Neural and behavioral

evidence. Journal of Cognitive Neuroscience, 17(7), 994-1010.

Ranganath, C., & Ritchey, M. (2012). Two cortical systems for memory-guided

behaviour. Nature Reviews Neuroscience, 13(10), 713-726.

Ranganath, C., Yonelinas, A. P., Cohen, M. X., Dy, C. J., Tom, S. M., & D’Esposito,
M. (2004). Dissociable correlates of recollection and familiarity within the medial

temporal lobes. Neuropsychologia, 42(1), 2-13.

Raz, N, Gunning, F. M., Head, D., Dupuis, J. H., McQuain, J., Briggs, S. D., ... &
Acker, J. D. (1997). Selective aging of the human cerebral cortex observed in
vivo: Differential vulnerability of the prefrontal gray matter. Cerebral Cortex,
7(3), 268-282.

Raz, N., Gunning-Dixon, F., Head, D., Rodrigue, K. M., Williamson, A., & Acker, J.
D. (2004). Aging, sexual dimorphism, and hemispheric asymmetry of the cerebral
cortex: Replicability of regional differences in volume. Neurobiology of Aging,
25(3), 377-396.

Raz, N., Lindenberger, U., Rodrigue, K. M., Kennedy, K. M., Head, D., Williamson,
A., ... & Acker, J. D. (2005). Regional brain changes in aging healthy adults:
General trends, individual differences and modifiers. Cerebral Cortex, 15(11),
1676-1689.

Raz, N., & Rodrigue, K. M. (2006). Differential aging of the brain: Patterns, cognitive

172



correlates and modifiers. Neuroscience and Biobehavioral Reviews, 30(6), 730-
748.

Reagh, Z. M., Ho, H. D., Leal, S. L., Noche, J. A., Chun, A., Murray, E. A., & Yassa,
M. A. (2016). Greater loss of object than spatial mnemonic discrimination in aged
adults. Hippocampus, 26(4), 417-422.

Reagh, Z. M., Roberts, J. M., Ly, M., Diprospero, N., Murray, E., & Yassa, M. A.
(2014). Spatial discrimination deficits as a function of mnemonic interference in

aged adults with and without memory impairment. Hippocampus, 24(3), 303-314.

Resnick, S. M., Pham, D. L., Kraut, M. A., Zonderman, A. B., & Davatzikos, C.
(2003). Longitudinal magnetic resonance imaging studies of older adults: A
shrinking brain. Journal of Neuroscience, 23(8), 3295-3301.

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

Rhodes, S., Greene, N. R., & Naveh-Benjamin, M. (2019). Age-related differences in

recall and recognition: a meta-analysis. Psychonomic Bulletin & Review, 1-19.

Richter, F. R., Cooper, R. A., Bays, P. M., & Simons, J. S. (2016). Distinct neural
mechanisms underlie the success, precision, and vividness of episodic memory.
ELife, 5, e18260.

Ritchey, M., Wing, E. A., LaBar, K. S., & Cabeza, R. (2013). Neural similarity
between encoding and retrieval is related to memory via hippocampal interactions.
Cerebral Cortex, 23(12), 2818-2828.

Ronnlund, M., Nyberg, L., Bd&ckman, L., & Nilsson, L.-G. (2005). Stability, growth,
and decline in adult life span development of declarative memory: Cross-sectional
and longitudinal data from a population-based study. Psychology and Aging,
20(1), 3-18.

Rugg, M. D. (2016). Interpreting age-related differences in memory-related neural
activity. In Cabeza, R., Nyberg, L., & Park. D. C., (Eds.) Cognition neuroscience
of ageing: linking cognition and cerabral aging: Linking cognitive and cerabral

aging. p. 183-206. New York: Oxford University Press.

173



Rugg, M. D., & King, D. R. (2018a). Ventral lateral parietal cortex and episodic
memory retrieval. Cortex, 107, 238-250.

Rugg, M. D., & Vilberg, K. L. (2013). Brain networks underlying episodic memory
retrieval. Current Opinion in Neurobiology, 23(2), 255-260.

Ryan, L., Cardoza, J. A., Barense, M. D., Kawa, K. H., Wallentin-Flores, J., Arnold,
W.T., & Alexander, G. E. (2012). Age-related impairment in a complex object
discrimination task that engages perirhinal cortex. Hippocampus, 22(10), 1978-
1989.

Ryan, J. D., Leung, G., Turk-Browne, N. B., & Hasher, L. (2007). Assessment of age-
related changes in inhibition and binding using eye movement monitoring.

Psychology and aging, 22(2), 239.

Salat, D. H., Tuch, D. S., Greve, D. N., Van Der Kouwe, A. J. W., Hevelone, N. D.,
Zaleta, A. K., ... & Dale, A. M. (2005). Age-related alterations in white matter
microstructure measured by diffusion tensor imaging. Neurobiology of Aging,
26(8), 1215-1227.

Salat, D. H., Tuch, D. S., Hevelone, N. D., Fischl, B., Corkin, S., Rosas, H. D., & Dale,
A. M. (2005). Age-related changes in prefrontal white matter measured by
diffusion tensor imaging. Annals of the New York Academy of Sciences, 1064(1),
37-49.

Salthouse, T. A. (2011). Neuroanatomical substrates of age-related cognitive decline.
Psychological Bulletin, 137(5), 753-784.

Salthouse, T. A. (2012). Are individual differences in rates of aging greater at older
ages? Neurobiology of Aging. 33(10), 2373-2381.

Salthouse, T. A., & Babcock, R. L. (1991). Decomposing adult age differences in
working memory. Developmental Psychology, 27(5), 763-776.

Schaie, K. W. (1994). The course of adult intellectual development. American
Psychologist, 49(4), 304-313.

Schneider, B. A., & Pichora-Fuller, M. K. (2000). Implications of perceptual
deterioration for cognitive aging research. In F. I. M. Craik & T. A. Salthouse

(Eds.). The handbook of ageing cognition. p. 155-219. New York: Lawrence

174



Erlbaum Associates Publishers,

Schurgin, M. W., Wixted, J. T., & Brady, T. F. (2018). Psychological scaling reveals a
single parameter framework for visual working memory. BioRxiv, 325472.

Scoville, W. B., & Milner, B. (1957). Loss of recent memory after bilateral
hippocamapl lesions. Journal of neurology, neurosurgery, and psychiatry, 20(1),
11-21.

Sestieri, C., Shulman, G. L., & Corbetta, M. (2017). The contribution of the human
posterior parietal cortex to episodic memory. Nature Reviews Neuroscience, 18(3),
183.

Shimamura, A. P. (2011). Episodic retrieval and the cortical binding of relational

activity. Cognitive, Affective & Behavioral Neuroscience, 11(3), 277-291.

Shing, Y. L., Werkle-Bergner, M., Brehmer, Y., Muller, V., Li, S. C., & Lindenberger,
U. (2010). Episodic memory across the lifespan: The contributions of associative
and strategic components. Neuroscience and Biobehavioral Reviews, 34(7), 1080-
1091.

Simons, J. S., Dodson, C. S., Bell, D., & Schacter, D. L. (2004). Specific- and partial-
source memory: Effects of aging. Psychology and Aging, 19(4), 689-694.

Simons, J. S., Peers, P. V., Mazuz, Y. S., Berryhill, M. E., & Olson, I. R. (2010).
Dissociation between memory accuracy and memory confidence following
bilateral parietal lesions. Cerebral Cortex. 20(2), 479-485.

Simons, J. S., & Spiers, H. J. (2003). Prefrontal and medial temporal lobe interactions

in long-term memory. Nature Reviews Neuroscience, 4(8), 637-648.

Snowden, R. J., & Kavanagh, E. (2006). Motion perception in the ageing visual system:
Minimum motion, motion coherence, and speed discrimination thresholds.
Perception. 35(1), 9-24.

Spaniol, J., Davidson, P. S. R., Kim, A. S. N., Han, H., Moscovitch, M., & Grady, C. L.
(2009). Event-related fMRI studies of episodic encoding and retrieval: Meta-
analyses using activation likelihood estimation. Neuropsychologia, 47(8-9), 1765-
1779.

175



Spencer, W. D., & Raz, N. (1995). Differential effects of aging on memory for content
and context: A meta-analysis. Psychology and Aging, 10(4), 527-539.

Spreng, R. N., Wojtowicz, M., & Grady, C. L. (2010). Reliable differences in brain
activity between young and old adults: A quantitative meta-analysis across
multiple cognitive domains. Neuroscience & Biobehavioral Reviews, 34(8), 1178—
1194,

Squire, L. R. (1992). Memory and the hippocampus: A synthesis from findings with
rats, monkeys, and humans. Psychological Review, 99(2), 195-231.

Squire, L. R., & Zola-Morgan, S. (1991). The medial temporal lobe memory system.
Science, 253(5026), 1380-1386.

St-Laurent, M., Abdi, H., Bondad, A., & Buchsbaum, B. R. (2014). Memory
reactivation in healthy aging: Evidence of stimulus-specific dedifferentiation.
Journal of Neuroscience, 34(12), 4175-4186.

St-Laurent, M., Abdi, H., Burianovd, H., & Grady, C. L. (2011). Influence of aging on
the neural correlates of autobiographical, episodic, and semantic memory retrieval.
Journal of Cognitive Neuroscience. 23(12), 4150-4163.

St. Jacques, P. L., & Levine, B. (2007). Ageing and autobiographical memory for

emotional and neutral events. Memory, 15(2), 129-144.

Staresina, B. P., & Davachi, L. (2006). Differential encoding mechanisms for
subsequent associative recognition and free recall. Journal of Neuroscience,
26(36), 9162-9172.

Staresina, B. P., Duncan, K. D., & Davachi, L. (2011). Perirhinal and parahippocampal
cortices differentially contribute to later recollection of object- and scene-related
event details. Journal of Neuroscience. 31(4), 8739-8747.

Staresina, B. P., & Davachi, L. (2008). Selective and shared contributions of the
hippocampus and perirhinal cortex to episodic item and associative encoding.
Journal of Cognitive Neuroscience, 20(8), 1478-1489.

Staresina, B. P., Henson, R. N. A., Kriegeskorte, N., & Alink, A. (2012). Episodic
reinstatement in the medial temporal lobe. Journal of Neuroscience, 32(5), 18150-
18156.

176



Stark, S. M., Yassa, M. A, & Stark, C. E. L. (2010). Individual differences in spatial
pattern separation performance associated with healthy aging in humans. Learning
& Memory, 17(6), 284-288.

Stark, S. M., & Stark, C. E. L. (2017). Age-related deficits in the mnemonic similarity

task for objects and scenes. Behavioural Brain Research, 333, 109-107

Stark, S. M., Yassa, M. A, Lacy, J. W., & Stark, C. E. L. (2013). A task to assess
behavioral pattern separation (BPS) in humans: Data from healthy aging and mild

cognitive impairment. Neuropsychologia, 51(12), 2442-2449.

Stevenson, R. F., Zheng, J., Mnatsakanyan, L., Vadera, S., Knight, R. T., Lin, J. J., &
Yassa, M. A. (2018). Hippocampal CA1 gamma power predicts the precision of
spatial memory judgments. Proceedings of the National Academy of Sciences,
115(40), 10148-10153.

Stine, E. L., & Wingfield, A. (1987). Process and strategy in memory for speech among
younger and older adults. Psychology and Aging, 2(3), 272-279

Storsve, A. B., Fjell, A. M., Tamnes, C. K., Westlye, L. T., Overbye, K., Aasland, H.
W., & Walhovd, K. B. (2014). Differential longitudinal changes in cortical
thickness, surface area and volume across the adult life span: Regions of
accelerating and decelerating Change. Journal of Neuroscience, 34(25), 8488-
8498.

Strange, B. A., Witter, M. P., Lein, E. S., & Moser, E. I. (2014). Functional
organization of the hippocampal longitudinal axis. Nature Reviews Neuroscience,
15(10), 655-6609.

Suchow, J. W., Brady, T. F., Fougnie, D., & Alvarez, G. A. (2013). Modeling visual
working memory with the MemToolbox. Journal of Vision, 13(10), 9.

Sun, F. W., Stepanovic, M. R., Andreano, J., Barrett, L. F., Touroutoglou, A., &
Dickerson, B. C. (2016). Youthful brains in older adults: preserved neuroanatomy
in the default mode and salience networks contributes to youthful memory in

superaging. Journal of Neuroscience, 36(37), 9659-9668.

Sun, S. Z., Fidalgo, C., Barense, M. D., Lee, A. C. H,, Cant, J. S., & Ferber, S. (2017).

Erasing and blurring memories: The differential impact of interference on separate

177



aspects of forgetting. Journal of Experimental Psychology: General, 146(11),
1609-1630

Sutterer, D. W., & Awh, E. (2016). Retrieval practice enhances the accessibility but not
the quality of memory. Psychonomic Bulletin & Review, 23(3), 831-841.

Taylor, R., & Bays, P. M. (2019). Theory of neural coding predicts an upper bound on
estimates of memory variability. BioRxiv, 793430.

Tibon, R., Fuhrmann, D., Levy, D. A., Simons, J. S., & Henson, R. N. (2019).
Multimodal integration and vividness in the angular gyrus during episodic
encoding and retrieval. Journal of Neuroscience, 39(22), 4365-4374.

Tisserand, D. J., Visser, P. J., Van Boxtel, M. P. J., & Jolles, J. (2000). The relation
between global and limbic brain volumes on MRI and cognitive performance in

healthy individuals across the age range. Neurobiology of Aging, 21(4), 569-576.

Tisserand, D. J., & Jolles, J. (2003). On the involvement of prefrontal networks in
cognitive ageing. Cortex, 39(4-5), 1107-1128.

Toner, C. K., Pirogovsky, E., Kirwan, C. B., & Gilbert, P. E. (2009). Visual object
pattern separation deficits in nondemented older adults. Learning & Memory,
16(5), 338-342.

Trelle, A. N., Henson, R. N., Green, D. A. E., & Simons, J. S. (2017). Declines in
representational quality and strategic retrieval processes contribute to age-related
increases in false recognition. Journal of Experimental Psychology: Learning,
Memory, and Cognition, 43(12), 1883-1897.

Trelle, A. N., Henson, R. N., & Simons, J. S. (2019). Neural evidence for age-related
differences in representational quality and strategic retrieval processes.
Neurobiology of Aging, 84, 50-60.

Treves, A., & Rolls, E. T. (1994). Computational analysis of the role of the
hippocampus in memory. Hippocampus, 4(3), 374-391.

Trick, G. L., & Silverman, S. E. (1991). Visual sensitivity to motion: Age—related
changes and deficits in senile dementia of the Alzheimer type. Neurology, 41(9),
1437-1440.

178



Tsukiura, T., Sekiguchi, A., Yomogida, Y., Nakagawa, S., Shigemune, Y., Kambara,
T., ... & Kawashima, R. (2011). Effects of aging on hippocampal and anterior
temporal activations during successful retrieval of memory for face-name

associations. Journal of Cognitive Neuroscience, 23(1), 200-213.
Tulving, E. (1985). Elements of episodic memory. New York: Oxford University Press,

Uncapher, M. R., & Wagner, A. D. (2009). Posterior parietal cortex and episodic
encoding: Insights from fMRI subsequent memory effects and dual-attention

theory. Neurobiology of Learning and Memory, 91(2), 139-154.

Van den Berg, R., Shin, H., Chou, W. C., George, R., & Ma, W. J. (2012). Variability
in encoding precision accounts for visual short-term memory limitations.
Proceedings of the National Academy of Sciences, 109(22), 8780-8785.

Van Hedger, S. C., Heald, S. L., & Nusbaum, H. C. (2018). Long-term pitch memory
for music recordings is related to auditory working memory precision. Quarterly

Journal of Experimental Psychology, 71(4), 879-891.

Van Petten, C. (2004). Relationship between hippocampal volume and memory ability
in healthy individuals across the lifespan: Review and meta-analysis.
Neuropsychologia, 42(10), 1394-1413.

Verhaeghen, P. (2003). Aging and vocabulary score: A meta-analysis. Psychology and
Aging, 18(2), 332-339.

Vidal-Pifeiro, D., Sneve, M. H., Nyberg, L. H., Mowinckel, A. M., Sederevicius, D.,
Walhovd, K. B., & Fjell, A. M. (2018). Maintained frontal activity underlies high
memory function over 8 years in aging. Cerebral Cortex, 29(7), 3111-3123.

Vieweg, P., Stangl, M., Howard, L. R., & Wolbers, T. (2015). Changes in pattern
completion—a key mechanism to explain age-related recognition memory deficits?.
Cortex, 64, 343-351.

Vieweg, P., Riemer, M., Berron, D., & Wolbers, T. (2019). Memory Image
Completion: Establishing a task to behaviorally assess pattern completion in
humans. Hippocampus, 29(4), 340-351.

Vilberg, K. L., & Rugg, M. D. (2007). Dissociation of the neural correlates of

recognition memory according to familiarity, recollection, and amount of

179



recollected information. Neuropsychologia, 45(10), 2216-2225.

Vilberg, K. L., & Rugg, M. D. (2008). Memory retrieval and the parietal cortex: A
review of evidence from a dual-process perspective. Neuropsychologia, 46(7),
1787-1799.

Vilberg, K. L., & Rugg, M. D. (2009). Left parietal cortex is modulated by amount of
recollected verbal information. NeuroReport, 20(14), 1295-12909.

Vilberg, K. L., & Rugg, M. D. (2012). The neural correlates of recollection: transient
versus sustained fMRI effects. Journal of Neuroscience, 32(45), 15679-15687.

Wagner, A. D., Shannon, B. J., Kahn, 1., & Buckner, R. L. (2005). Parietal lobe
contributions to episodic memory retrieval. Trends in Cognitive Sciences, 9(9),
445-453.

Wais, P. E., Jahanikia, S., Steiner, D., Stark, C. E. L., & Gazzaley, A. (2017). Retrieval
of high-fidelity memory arises from distributed cortical networks. Neurolmage,
149, 178-189.

Wais, P. E., Wixted, J. T., Hopkins, R. O., & Squire, L. R. (2006). The Hippocampus
Supports both the Recollection and the Familiarity Components of Recognition
Memory. Neuron, 49(3), 459-466.

Walhovd, K. B., Fjell, A. M., Dale, A. M., Fischl, B., Quinn, B. T., Makris, N., ... &
Reinvang, I. (2006). Regional cortical thickness matters in recall after months
more than minutes. Neurolmage, 31(3), 1343-1351.

Walhovd, K. B., Fjell, A. M., Reinvang, I., Lundervold, A., Dale, A. M., Eilertsen, D.
E., ... & Fischl, B. (2005). Effects of age on volumes of cortex, white matter and
subcortical structures. Neurobiology of Aging, 26(9), 1261-1270.

Walhovd, K. B., Westlye, L. T., Amlien, L., Espeseth, T., Reinvang, 1., Raz, N., ... &
Fjell, A. M. (2011). Consistent neuroanatomical age-related volume differences

across multiple samples. Neurobiology of Aging, 32(5), 916-932.

Wang W.-C., & Cabeza, R. (2016). Episodic memory encoding and retrieval in the
aging brain. In Cabeza, R., Nyberg, L., & Park. D. C., (Eds.) Cognition
neuroscience of ageing: linking cognition and cerabral aging: Linking cognitive
and cerabral aging. p. 183-206. New York: Oxford University Press.

180



Wang, T. H., Johnson, J. D., de Chastelaine, M., Donley, B. E., & Rugg, M. D. (2016).
The effects of age on the neural correlates of recollection success, recollection-
related cortical reinstatement, and post-retrieval monitoring. Cerebral Cortex,
26(4), 1698-1714.

Ward, A. M., Mormino, E. C., Huijbers, W., Schultz, A. P., Hedden, T., & Sperling, R.
A. (2015). Relationships between default-mode network connectivity, medial
temporal lobe structure, and age-related memory deficits. Neurobiology of Aging,
36(1), 265-272.

Wechsler, D. (1997a). WAIS-III administration and scoring manual. Texas:
Psychological Corporation.

Wechsler, D. (1997b). Wechsler memory scale (WMS-I111). Texas: Psychological
Corporation.

Welford, A. T. (1958). Ageing and human skills. Oxford: Oxford University Press.
Welford, A. T. (1981). Signal, noise, performance, and age. Human Factors, 1, 97-1009.

Wilson, I. A., Gallagher, M., Eichenbaum, H., & Tanila, H. (2006). Neurocognitive
aging: prior memories hinder new hippocampal encoding. Trends in
neurosciences, 29(12), 662-670.

Wilson, D. M., Potter, K. W., & Cowell, R. A. (2018). Recognition memory shielded
from semantic but not perceptual interference in normal aging. Neuropsychologia,
119, 448-463.

Wing, E. A., Ritchey, M., & Cabeza, R. (2015). Reinstatement of individual past events
revealed by the similarity of distributed activation patterns during encoding and
retrieval. Journal of Cognitive Neuroscience, 27(4), 679-691.

Xie, W., & Zhang, W. (2017). Negative emotion enhances mnemonic precision and
subjective feelings of remembering in visual long-term memory. Cognition, 166,
73-83.

Xie, W., & Zhang, W. (2018). Mood-dependent retrieval in visual long-term memory:
dissociable effects on retrieval probability and mnemonic precision. Cognition and
Emotion, 32(4), 674-690.

181



Yassa, M. A, Lacy, J. W., Stark, S. M., Albert, M. S., Gallagher, M., & Stark, C. E. L.
(2011). Pattern separation deficits associated with increased hippocampal CA3
and dentate gyrus activity in nondemented older adults. Hippocampus, 21(9), 968—
979.

Yassa, M. A., & Stark, C. E. (2011). Pattern separation in the hippocampus. Trends in
Neurosciences. 34(10), 515-525.

Yazar, Y., Bergstrom, Z. M., & Simons, J. S. (2014). Continuous theta burst
stimulation of angular gyrus reduces subjective recollection. PLoS One, 9(10),
e110414.

Yazar, Y., Bergstrom, Z. M., & Simons, J. S. (2017). Reduced multimodal integration
of memory features following continuous theta burst stimulation of angular gyrus.
Brain Stimulation. 10(3), 624-629.

Yonelinas, A. P. (2005). Separating the brain regions involved in recollection and

familiarity in recognition memory. Journal of Neuroscience, 25(11), 3002—3008.

Yonelinas, A. P. (1994). Receiver-operating characteristics in recognition memory:
Evidence for a dual-process model. Journal of Experimental Psychology:
Learning, Memory, and Cognition, 20(6), 1341-1354.

Yonelinas, A. P. (1997). Recognition memory ROCs for item and associative
information: The contribution of recollection and familiarity. Memory and
Cognition 25(6), 747-763.

Yonelinas, A. P. (1999). The contribution of recollection and familiarity to recognition
and source-memory judgments: A formal dual-process model and an analysis of
receiver operating characteristics. Journal of Experimental Psychology: Learning
Memory and Cognition, 25(6), 1415-1434.

Yonelinas, A. P. (2002). The nature of recollection and familiarity: A review of 30

years of research. Journal of Memory and Language, 46(3), 441-517.

Yonelinas, A. P. (2013). The hippocampus supports high-resolution binding in the
service of perception, working memory and long-term memory. Behavioural
Brain Research, 254, 34-44.

Yonelinas, A. P., Aly, M., Wang, W.-C., & Koen, J. D. (2010). Recollection and

182



familiarity: Examining controversial assumptions and new directions.
Hippocampus, 20(11), 1178-1194.

Yonelinas, A. P., & Parks, C. M. (2007). Receiver operating characteristics (ROCs) in
recognition memory: A review. Psychological Bulletin, 133(5), 800-832.

Yonelinas, A. P., Widaman, K., Mungas, D., Reed, B., Weiner, M. W., & Chui, H. C.
(2007). Memory in the aging brain: Doubly dissociating the contribution of the
hippocampus and entorhinal cortex. Hippocampus, 17(11), 1134-1140.

Zachary, R A, Shipley, W. C. (1986). Shipley Institute of Living Scale: Revised
Manual. Eastern Psychological Services, Los Angeles.

Zanto, T. P., & Gazzaley, A. (2016). Selective attention and inhibitory control in the
aging brain. In Cabeza, R., Nyberg, L., & Park. D. C., (Eds.) Cognition
neuroscience of ageing: linking cognition and cerabral aging: Linking cognitive

and cerabral aging. p. 207-234. New York: Oxford University Press

Zhang, W., & Luck, S. J. (2008). Discrete fixed-resolution representations in visual
working memory. Nature, 453(7192), 233-235.

Zheng, L., Gao, Z., Xiao, X., Ye, Z., Chen, C., & Xue, G. (2018). Reduced fidelity of
neural representation underlies episodic memory decline in normal aging.
Cerebral Cortex, 28(7), 2283-2296.

Ziegler, D. A., Piguet, O., Salat, D. H., Prince, K., Connally, E., & Corkin, S. (2010).
Cognition in healthy aging is related to regional white matter integrity, but not
cortical thickness. Neurobiology of Aging, 31(11) 1912-1926.

Ziegler, G., Dahnke, R., Jancke, L., Yotter, R. A., May, A., & Gaser, C. (2012). Brain
structural trajectories over the adult lifespan. Human Brain Mapping, 33(10),
2377-2389.

Zokaei, N., Burnett Heyes, S., Gorgoraptis, N., Budhdeo, S., & Husain, M. (2015).
Working memory recall precision is a more sensitive index than span. Journal of
Neuropsychology, 9(2), 319-329.

Zokaei, N., Cepukaityté, G., Board, A. G., Mackay, C. E., Husain, M., & Nobre, A. C.
(2019). Dissociable effects of the apolipoprotein-E (APOE) gene on short- and
long-term memories. Neurobiology of Aging, 73, 115-122.

183



	SK_Title_final
	Full_thesis_references
	SaanaKorkki_thesis_final_body
	SK_references_final


