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Abstract and Keywords
When we remember a past event, we typically remember not only the various
components of the event, or item memory (IM), but also the associations among
these components, or relational memory (RM). RM is more sensitive than IM to
several memory disorders, including those associated with healthy ageing. In
fact, the age effects on RM are about twice as large as those on IM. Studies with
animals, human patients, and neuroimaging techniques have shown that RM
depends prominently on the prefrontal cortex (PFC) and the medial temporal
lobes (MTLs). Although age-related RM deficits are most likely due to PFC and/
or MTL dysfunction, direct evidence for this causal link is very scarce. This
chapter reviews ideas and findings concerning the neural correlates of RM and
how they change as a function of ageing. The first section introduces some basic
concepts; the second section describes theories and evidence linking RM to PFC
and MTL function; the third section considers the effects of ageing on the PFC
and MTL substrates of RM. Finally, the fourth section discusses several open
issues.
Keywords: relational memory, item memory, prefrontal cortex, medial temporal lobe, ageing

Introduction
When we remember a past event, we typically remember not only the various
components of the event, or item memory (IM), but also the associations among
these components, or relational memory (RM). RM is more sensitive than IM to
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several memory disorders, including those associated with healthy ageing. In
fact, age effects on RM are about twice as large as those on IM (Spencer and
Raz 1995). Studies with animals, human patients, and neuroimaging techniques
have shown that RM depends prominently on the prefrontal cortex (PFC) and the
medial temporal lobes (MTLs). Although age-related RM deficits are most likely
due to PFC and/or MTL dysfunction, direct evidence for this causal link is very
scarce. In this chapter we review ideas and findings concerning the neural
correlates of RM and how they change as a function of ageing. In the first
section we introduce some basic concepts, in the second section we describe
theories and evidence linking RM to PFC and MTL function, and in the third
section we consider the effects of ageing on the PFC and MTL substrates of RM.
Finally, in the fourth section we discuss several open issues.

Basic concepts
There are different forms of RM. For example, our memory for a statement that
we heard at a party may involve associations between the statement and other
aspects of the event, including the topic of the conversation (semantic RM), the
voice of the speaker (featural RM), our location in the room (spatial RM), and
the sequence of the events in the party (temporal RM). These various forms of
RM are likely to depend on different neural correlates and to be differentially
affected by ageing.
(p.596) In the laboratory, semantic RM has been typically investigated using
word pairs. In a typical paradigm, participants study pairs of unrelated words
(tree–horse, tuxedo–lamp, cake–stapler,…), and their memory is tested with item
recognition and associative recognition tests (e.g. Hockley 1992). In the item
recognition test, participants decide whether single words (e.g. cake) are old or
new. In the associative recognition test, they decide whether word pairs are
identical with studied pairs (e.g. tree–horse) or are made up of words previously
studied in different pairs (e.g. tuxedo–stapler). Dissociations between item and
associative recognition tests can be used to distinguish the cognitive and/or
neural mechanisms of IM and RM. Spatial, temporal, featural, and source RM
have typically been investigated under the rubric ‘context memory’ or ‘source
memory’ (reviewed by Johnson et al. 1993). In the standard paradigm,
participants study single items (e.g. words) in two or more locations (e.g. left
versus right side of the screen), times (e.g. first versus second study list),
formats (e.g. red versus blue letters), or sources (e.g. male versus female
speaker), and then perform an item and a context (or source) memory task. In
the item memory task, they indicate what items were presented (e.g. old–new
recognition), whereas in the context memory task, they indicate where (spatial
RM), when (temporal RM), or how (featural RM; source RM) they were
presented.
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Given that tasks are never pure, item memory tasks always involve a certain
amount of relational memory. Actually, recognition memory tasks are assumed to
involve two processes: recollection and familiarity (reviewed by Yonelinas 2002).
Recollection refers to the retrieval of a past event that is accompanied by the
recovery of specific associations or contextual details (i.e. IM plus RM), whereas
familiarity refers to the feeling that an event occurred in the past in the absence
of specific associations or contextual details (i.e. IM without RM). Among other
methods, recollection and familiarity can be distinguished using the remember–
know procedure (Tulving 1985; reviewed by Gardiner 2001), in which
participants use introspection to decide whether their recognition decision was
based on recollection (‘remember’ responses) or familiarity (‘know’ responses).
Although the recollection–familiarity distinction approximately maps onto the
RM–IM distinction, we tend to prefer the latter terminology for three reasons.
First, the recollection–familiarity distinction applies mainly to retrieval, whereas
the RM–IM distinction can be applied to both encoding and retrieval. Secondly,
the recollective experience is complex and may be based on different types of
information. For example, in a study in which participants were asked to
describe the basis of their ‘remember’ responses (Perfect et al. 1996), they
reported the retrieval of external associations (25.5 per cent of ‘remember’ (p.
597) responses), inter-item associations (22.1 per cent), spatial associations
(13.5 per cent), temporal associations (15 per cent), featural associations (22 per
cent), etc. Since there is evidence that memory for these different kinds of
associations involves distinct MTL and PFC regions, we prefer to describe them
as different forms of RM rather than treating them as different aspects of the
same recollection process. Finally, whereas recollection refers to an explicit form
of memory, the term relational memory can be applied to implicit forms of
memory dependent on hippocampal function (Ryan et al. 2000).

Prefrontal cortex and medial temporal lobe contributions to relational
memory
In a strict sense, all forms of memory are relational, and hence the distinction
between RM and IM is only a matter of degree. Thus the standard research
strategy for investigating RM has been to compare conditions which involve both
RM and IM but emphasize one over the other. This has been an effective method,
as attested by numerous studies showing functional, developmental, lesion, and
functional neuroimaging dissociations between RM and IM conditions. Only a
subset of these studies is reviewed in this chapter. First, the review focuses on
the MTL and PFC regions, and does not cover the important contributions of
other brain regions, such as the role of the ventral temporal regions in featural
RM, the role of the parietal regions in spatial RM, or the role of lateral temporal
regions in semantic RM. Secondly, the review focuses on functional
neuroimaging and lesion data, and does not cover other types of data, such as
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single-cell recordings. Finally, only some of the many ideas and theories
proposed about RM are mentioned and discussed.
Prefrontal cortex

It is generally accepted that the PFC plays a supervisory role over the function
of other brain regions including the MTL (Norman and Shallice 1986; Miller and
Cohen 2001). During encoding, the PFC is assumed to implement the strategies
that organize the input to the MTL, and during retrieval, it is assumed to control
search and monitoring operations (Moscovitch 1992). Consistent with the idea
that these working-with-memory functions (Moscovitch 1992) are more critical
for RM than for IM, PFC lesions tend to yield larger deficits on RM than on IM
(reviewed by Stuss et al. 1994; Wheeler et al. 1995; Shimamura 2002; Yonelinas
2002). For example, PFC damage has been associated with pronounced temporal
RM deficits in both recency discrimination tasks (Milner 1971; McAndrews and
Milner 1991; Milner et al. 1991; Butters et al. 1994; Kesner et al. 1994) and
order recall tasks (Shimamura et al. 1990; Mangels 1997a) (reviewed by Milner
et al. 1985; (p.598) Schacter 1987; Petrides 1994). Also, PFC lesions tend to
impair recollection more than familiarity (reviewed by Yonelinas 2002; Wheeler
and Stuss 2003). In monkeys, PFC damage has been associated with greater
deficits on spatial and temporal RM than on IM (reviewed by Petrides 1994). The
PFC lesions that lead to RM deficits are often in the dorsolateral cortex (Milner
et al. 1991; Petrides 1994), whereas lesions in the ventromedial cortex may be
more important for IM (Bachevalier and Mishkin 1986).
The results of functional neuroimaging studies suggest that semantic RM is
associated with activity in the left PFC during both encoding (Mottaghy et al.
1999; Fletcher et al. 2000; Lepage et al. 2000; Henson et al. 2002) and retrieval
(Badgaiyan et al. 2002). The lateralization of PFC activity during context memory
is less clear. Compared with IM conditions, the left PFC was more activated
when participants remembered whether a studied item was seen or imagined
(Nolde et al. 1998b), was seen on the left or the right of the screen (Rugg et al.
1999), or was larger or smaller than a probe item (Ranganath et al. 2000).
Moreover, the left PFC was more activated for recollection than for familiarity
(Henson et al. 1999b; Dobbins et al. 2003). However, other studies have
associated context memory with the right PFC. For example, right PFC activity
was linked to the recovery of spatial-order information (Henson et al. 1999a;
Kostopoulos and Petrides 2003) and temporal-order information (Cabeza et al.
1997b, 2003). The reasons for these inconsistencies in the lateral-ization of RMrelated PFC activity are still unclear, but they may be related to the type of
information retrieved and/or the nature of retrieval processes recruited by the
task.
Regarding the type of information retrieved, a recent study by Dobbins and
Wagner (2005) found that that a semantic RM decision (what type of semantic
encoding task was associated with each item) yielded activations in left PFC
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activity whereas a featural RM decision (how large was each item on the screen
during encoding) yielded activations in right PFC activity. Of course, this finding
fits very well with the well-known hemispheric asymmetry between semantic–
linguistic processing versus pictorial–spatial processing. Regarding the nature of
retrieval processes, we recently found a hemispheric asymmetry in PFC activity
between two RM tasks—word-pair cued recall and context recognition. As
illustrated in Figure 24.1, whereas the left PFC was more activated for recall
than for context recognition, the right PFC showed the converse pattern. Given
that the stimuli were verbal in both cases, this hemispheric asymmetry seems to
reflect a difference in retrieval processes rather than a difference in information
type. In particular, we proposed that recall tasks are more dependent on
information production processes mediated by the left PFC, whereas recognition
tasks are more (p.599)
dependent on monitoring and
verification processes mediated by
right PFC activity (Cabeza et al.
2003).

Thus there is evidence that the
lateralization of PFC activity
during RM may reflect the
nature of the information
retrieved as well as the nature
of the retrieval processes. It is
still uncertain whether the
conceptual–perceptual and
production–monitoring

Figure 24.1 Hemispheric asymmetry in
PFC activity between two RM tasks:

dimensions are orthogonal or
whether they could be
integrated. For example, it is
possible that production
processes depend more on
conceptual than on perceptual
information, whereas the
converse occurs for monitoring
processes.

word-pair cued recall and context
recognition. Left PFC activity was greater
for cued recall than for context
recognition, possibly reflecting greater

Medial temporal lobe

production demands, whereas right PFC
activity was greater for context
recognition than for cued recall, possibly
reflecting greater monitoring demands.
See colour plate section. (Reproduced
from R. Cabeza et al., Journal of
Cognitive Neuroscience, 15, 249–259,
2003.)

The MTL memory system has a
hierarchical organization;
inputs from various sensory
association cortices are channelled through the parahippocampal region (the
perirhinal cortex and the parahippocampal cortex) to the entorhinal cortex, and
from there to the hippocampus, which sits at the top of the hierarchy (Squire
and Zola-Morgan 1991).There is an ongoing debate about whether various MTL
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regions contribute differently to RM and IM.According to the hippocampal–RM
view, the hippocampus is more critical for RM than for IM (Eichenbaum et al.
1994; Kroll et al. 1996; Mishkin et al. 1998; Aggleton and Brown 1999; Eldridge
et al. 2000; Brown and Aggleton 2001). In its strongest version, this view
assumes that the hippocampus is not necessary for simple IM tasks, such as old–
new recognition. Instead, IM is assumed to depend on the parahippocampal
region, particularly the perirhinal cortex (Aggleton and Brown 1999; (p.600)
Brown and Aggleton 2001). The hippocampal–RM view fits very well with the
hierarchical organization of the MTL memory system. At the same time, the fact
that most connections among MTL regions are reciprocal suggests that these
regions operate in a highly integrated fashion. Thus an alternative view of the
MTL memory system does not assume marked differences between the roles of
various MTL subregions in declarative memory (Squire and Knowlton 1995).
According to this unified MTL view, the hippocampus is critical not only for RM
but also for IM, including simple recognition tasks (Reed and Squire 1994; Stark
and Squire 2001, 2003; Broadbent et al. 2002; Stark et al. 2002). Although there
is evidence supporting both the hippocampal–RM and the unified MTL view, at
present the field seems to be leaning towards the former.
Aggleton and Brown (Aggleton and Brown 1999; Brown and Aggleton 2001)
reviewed a large amount of evidence demonstrating that hippocampal lesions
produce greater deficits in RM whereas perirhinal/parahippocampal lesions yield
greater deficits in IM. For example, Kroll et al. (1996) found that hippocampal
patients were not impaired in recognizing standard items but made more false
alarms to items composed of parts previously seen in other items (conjunction
errors), suggesting that these parts were not properly bound during encoding.
Likewise, a recent study found that amnesic patients were impaired in
associative recognition when stimuli had to be integrated (word pairs) but not
when they were already integrated (compound words) (Giovanello et al. 2003).
However, there is also lesion evidence supporting the unified MTL view. For
instance, a recent study by Stark and Squire (2003), which used a similar
paradigm to Kroll et al. (1996), found that hippocampal patients were impaired
in simple recognition and did not show a greater proportion of conjunction
errors.
Positron-emission tomography (PET) and functional MRI (fMRI) studies have
also yielded evidence supporting the hippocampal–RM view. In the semantic RM
domain, for example, greater hippocampal activity has been found for tasks
involving the formation of associations among word pairs or word triplets in
comparison with rote rehearsal or single-word learning conditions (Henke et al.
1999; Davachi and Wagner 2001). In contrast, the parahippocampal gyrus,
perirhinal cortex, and entorhinal cortex have been implicated in memory for
single items or simple maintenance of multiple items (Wagner et al. 1998;
Davachi and Wagner 2001; Davachi et al. 2003). Outside the semantic domain,
studies investigating the formation of relationships between faces and names,
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faces and houses, and within complex scenes (Henke et al. 1997; Montaldi et al.
1998; Sperling et al. 2001) have found the hippocampus to be more activated in
these conditions than in item-based or non-relational conditions. Additionally,
tasks involving spatial navigation have found the hippocampus to be involved in
(p.601) successful memory for routes (Maguire et al. 1997; Burgess et al. 2001).
Although these studies provide support for the hippocampal–RM view, there is
also functional neuroimaging evidence supporting the unified MTL view. For
instance, studies of recognition memory for item-based pictures and words have
also found hippocampal activity (Stark and Squire 2000, 2001).

Effects of ageing on prefrontal cortex and medial temporal lobe
contributions to relational memory
It is generally accepted that RM decline is a fundamental aspect of age-related
cognitive deterioration (Burke and Light 1981; Johnson et al. 1993; NavehBenjamin 2000). According to Naveh-Benjamin’s (2000) associative deficit
hypothesis, older adults have a deficit in encoding and retrieving links between
units of information, including meaningful units (e.g. word pairs) and items with
their contexts. According to Johnson’s source monitoring framework (Johnson
et al. 1993; Schacter et al. 1998), remembering a complex event requires
binding its components during encoding, and evaluating and reconstructing the
recovered components during retrieval. Thus age-related RM deficits may reflect
weak component processing and binding during encoding (Chalfonte and
Johnson 1996; Mitchell et al. 2000b) and/or impaired component evaluation and
reconstruction during retrieval (Mitchell et al. 2000b).
The foregoing theoretical accounts are supported by behavioural evidence that
older adults are impaired in featural, spatial, and temporal RM (reviewed by
Kausler 1994; Spencer and Raz 1995) Regarding featural RM, older adults are
impaired in remembering whether information was presented auditorily or
visually (Kausler and Puckett 1981a; McIntyre and Craik 1987), in a male or a
female voice (Kausler and Puckett 1981b), in upper or lower case letters
(Kausler and Puckett 1980), or in a particular colour (Park and Puglisi 1985; but
see Chalfonte and Johnson 1996) or font (Naveh-Benjamin 2000). Regarding
spatial RM, older adults are impaired in remembering the location of words
(Denney et al. 1992) or objects (Park et al. 1982, 1983) on the screen, buildings
and landmarks in a ‘tourist’ map (Perlmutter et al. 1981; Light and Zelinski
1983), real objects in a real room (Utl and Graf 1993), and a platform in a virtual
water maze (Moffat et al. 2001; Moffat and Resnick 2002). Finally, regarding
temporal RM, older adults are impaired in order recall (Kausler et al. 1988;
Naveh-Benjamin 1990), recency discrimination (McCormack 1982; but see
Perlmutter et al. 1981), and list-section discrimination (McCormack 1981). The
foregoing RM deficits are most likely a consequence of age-related decline in
MTL and PFC functions, but neurobiological evidence of age-related RM deficits
is very scarce.
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(p.602) Prefrontal cortex

According to the frontal ageing hypothesis (Dempster 1992; Moscovitch and
Winocur 1995; West 1996), age-related cognitive deficits are primarily due to
PFC dysfunction (but see Greenwood 2000). Consistent with this hypothesis,
PFC not only shows the greatest amount of age-related atrophy (reviewed by
Raz 2004) but it is also affected by pronounced age-related deficits in dopamine
function (reviewed by Bäckman and Farde, in press). Moreover, older adults tend
to be more impaired in cognitive tasks sensitive to frontal damage, such as
interference, recall, and source memory tasks, than in other tasks (Moscovitch
and Winocur 1995; West 1996). Furthermore, PET and fMRI studies have
repeatedly found significant age-related differences in PFC activity during
cognitive performance (reviewed by Cabeza 2001a, b).
Although empirical support for the frontal ageing hypothesis is quite strong,
direct evidence linking age-related deficits in RM to PFC dysfunction is in short
supply. Indirect evidence has been provided by studies that found positive
correlations between the RM performance of older adults and their scores in
‘frontal lobe tasks’ (Craik et al. 1990; Glisky et al. 1995; Parkin et al. 1995;
Henkel et al. 1998). For example, Parkin et al. (1995) found that older adults’
temporal-order memory performance, but not their item memory performance,
was positively correlated with performance in a word fluency task. However,
these correlations are ambiguous because the so-called ‘frontal lobe tasks’
depend on the activity of other brain regions in addition to PFC (Esposito et al.
1999). To date, the only direct evidence linking older adults’ RM deficits with
PFC dysfunction has been provided by PET/fMRI studies showing age-related
decreases in PFC activity during RM encoding and retrieval.
During RM encoding, age-related decreased in PFC activity have been found for
semantic RM (Cabeza et al. 1997c), spatial RM (Mitchell et al. 2000a), and
semantic–featural RM (Iidaka et al. 2001). In a semantic RM study (Cabeza et al.
1997c), participants were scanned during intentional learning of word pairs.
Compared with young adults, older adults showed weaker activity in the left
ventrolateral PFC (Fig. 24.2), a region which has been strongly associated with
semantic processing and verbal encoding (reviewed by Gabrieli et al. 1998;
Cabeza and Nyberg 2000). Thus this finding suggests a deficit in older adults’
ability to form new semantic associations. In a spatial RM study (Mitchell et al.
2000a), object drawings were presented in a 3 × 3 matrix, and participants were
asked to hold in working memory the identity of the object, its location, or both
(combination trials). During combination trials, older adults showed weaker
medial PFC activity than young adults, possibly reflecting a deficit in binding
objects with their screen locations. Finally, in a study by Iidaka et al. (2001), (p.
603)
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participants were scanned while
encoding pairs of drawings
(related objects, unrelated objects,
and abstract designs). Two PFC
regions activated by young adults
during the encoding of unrelated
objects (left ventral and right
dorsal) were not activated by older
adults, although in a direct
comparison the age effect was not
significant, possibly because of the
small number of subjects.

During RM retrieval, we have
found age-related decreases in
PFC activity for semantic RM
(Cabeza et al. 1997c, 2002) and
temporal-order RM (Cabeza et
al. 2000, 2002). In a semantic
RM study (Cabeza et al. 1997c),

Figure 24.2 During word-pair learning,
left ventrolateral PFC was significantly
activated in young adults but not in older
adults, possibly reflecting age-related
deficits in memory encoding processes.
See colour plate section. (Based on

we scanned participants while
they were recalling word pairs

results originally reported in R. Cabeza,
Psychology and Aging, 17, 85–100, 2002.)

and found an age-related
decrease in right PFC activity.
At the same time, older adults showed an activation in the left ventrolateral PFC
which was not displayed by young adults. As a result, PFC activity was unilateral
in young adults but bilateral in older adults. We attributed this change to
functional compensation in the ageing brain. In a temporal-order RM study
(Cabeza et al. 2000), participants studied a list of words and were then scanned
while remembering what words were in the list (forced-choice recognition task)
and when they occurred within list (recency discrimination task). Compared with
the recognition task, the recency task yielded greater right PFC activity in young
adults but not in older adults. This finding constituted the first direct evidence
linking age-related deficits in context memory with changes in PFC function.
Interestingly, as in the foregoing recall study, an age-related increase in activity
was found in the PFC hemisphere that was less activated in young adults (left
PFC), again suggesting a compensatory mechanism. Thus, during RM retrieval,
older adults tend to show less activity in the PFC hemisphere that is most
activated by young adults but more activity in the contralateral PFC hemisphere.
This pattern has been found for both semantic and temporal-order (p.604) RM
(Cabeza et al. 1997c, 2000). A recent study comparing the effects of ageing on
these two forms of RM (Cabeza et al. 2002) is described at the end of this
chapter.
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Medial temporal lobe

The anatomical and functional integrity of MTL declines with ageing, and this
decline is associated with deficits in memory performance. Even if milder than
PFC decline, MTL decline in healthy ageing is usually reliable (reviewed by Raz
2000). The hippocampus shows significant reductions in neurons (reviewed by
West 1993), synapses (Geinisman et al. 1995), and overall volume (reviewed by
Raz 2000), and the volumes of entorhinal, perirhinal, and parahippocampal
cortices are also reduced (Insausti et al. 1998). Importantly, age-related MTL
atrophy correlates with measures of memory performance (reviewed by Raz
2000). For example, several studies have found that in older adults a larger
hippocampal volume is associated with better verbal memory (Jack et al. 1999;
Petersen et al. 2000; Tisserand et al. 2000; Hackert et al. 2002). The link
between age-related RM deficits and MTL decline is also supported by functional
neuroimaging studies. Early PET studies suggested that these reductions
occurred during encoding (Grady et al. 1995) but not during retrieval (Schacter
et al. 1996; Bäckman et al. 1997; Cabeza et al. 2000). However, event-related
fMRI studies have found them during both encoding (Mitchell et al. 2000a;
Iidaka et al. 2001; Daselaar et al. 2003b) and retrieval (Cabeza et al. 2004).
In two recent event-related fMRI studies, age-related changes in MTL activity
were directly linked to differences between RM and IM (Mitchell et al. 2000a;
Cabeza et al. 2004). In the aforementioned study by Mitchell et al. (2000a), in
which participants had to maintain in working memory information about
objects, locations, or both (combination trials), young adults showed greater left
anterior hippocampal activity for combination than for object and location trials
(Fig. 24.3), suggesting that this region is involved in binding objects with their
locations (i.e. spatial RM encoding). Older adults, in contrast, did not show
greater activity for combination trials (Fig. 24.3), possibly because of an agerelated deficit in hippocampal binding during spatial RM.
The study by Cabeza et al. (2004) investigated, among other issues, the effects of
ageing on recollection and familiarity using the remember—know paradigm.
Young and older participants were scanned while recognizing words studied
before scanning. As illustrated in Figure 24.4, older adults made fewer
‘remember’ responses but more ‘know’ responses than young adults. This
finding is consistent with evidence that older adults tend to be impaired in
recollection but not in familiarity (Parkin and Walter 1992; Jennings and Jacoby
1993; Mantyla 1993; (p.605)
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(p.606) Java 1996; Searcy et al.
1999), and with evidence of a
differential effect of ageing on
‘remember’ and ‘know’ responses
(Parkin and Walter 1992).
Analyses of MTL activity during
word recognition yielded a
dissociation between two MTL
regions; whereas a hippocampal
region was more activated in
young than in older adults, a
parahippocampal region was more
activated in older than in young
adults. Given evidence linking the
hippocampus to recollection and
cortical MTL regions to familiarity
(reviewed by Aggleton and Brown
1999; Yonelinas 2002), this
dissociation suggest an agerelated reduction in hippocampalbased recollection coupled with an
accerelated increase in
parahippocampal-based
familiarity. Consistent with the
latter, the correlation between the
parahippocampal activation and
the number of ‘know’ responses in
older adults was positive and
significant. Although further
research is obviously required,
this is probably the first evidence
linking age-related differences in
MTL activity with differential age
effects on recollection and
familiarity.

Figure 24.3 During a working memory
task, young adults showed greater
hippocampal activity when maintaining
information about objects in different
screen locations (combo trials), than
when maintaining the objects or the
locations alone (object and location
trials). In contrast, older adults did not
show greater hippocampal activity for
combo trials. (Reproduced from K.J.
Mitchell et al., Cognitive Brain Research,
10, 197–206, 2000.) See also colour plate
section.
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Open issues
Despite the great progress
made towards clarifying the
involvement of PFC and MTL
regions in RM and how it
changes as a function of ageing,
several important issues remain
unsolved. These open issues
include the following:
similarities and differences
between RM encoding and
retrieval; similarities and
differences between various
forms of RM; the role of preexisting associations in the
formation and retrieval of new
associations; the role of PFC–
MTL interactions during RM;
and the role of compensation on
age-related changes in RM.

Figure 24.4 (a) During episodic retrieval,
older adults produced fewer ‘remember’
responses (recollection), but more ‘know’
responses (familiarity), than young
adults. (b) During the same episodic
retrieval task, the hippocampus was more
activated in young adults than in older
adults, whereas the parahippocampal
gyrus was more activated in older adults
than in young adults. The
parahippocampal activation in older
adults was significantly correlated with
the number of ‘know’ responses in this
group, suggesting that this activation
reflected an age-related increase in
familiarity-based responding.
(Reproduced from R. Cabeza et al.,
Cerebral Cortex, 14, 364–375, 2004.) See
also colour plate section.

These five issues are considered
in separate sections below
Relational memory encoding versus relational memory retrieval

Very little is known regarding similarities and differences between the neural
correlates of RM encoding and RM retrieval. In general, lesion evidence cannot
address this issue because memory decrements following brain damage may
reflect encoding deficits, retrieval deficits, or both. Some information may be
gained by manipulating variables that differentially affect encoding versus
retrieval phases (Mangels 1997b), but this evidence is still indirect. In contrast,
functional neuroimaging can independently measure neural activity during
encoding and during retrieval, and compare them directly with each other.
Cross-study comparisons have identified differences in the distributions of
encoding and retrieval activations within the PFC (e.g. the HERA model (Tulving
et al. 1994; Nyberg et al. 1996)) and within the MTL (e.g. the HIPER model
(Lepage et al. 1998; but see Schacter and Wagner 1999)). Only a handful of
functional neuroimaging studies have compared RM encoding and retrieval (p.
607) directly within subjects (Mottaghy et al. 1999; Iidaka et al. 2000; Schmidt
et al. 2002), and they have all used blocked designs that cannot distinguish
successful versus unsuccessful activity.
To address this issue, we recently conducted an event-related fMRI study that
measured activity associated with semantic and featural RM during both
encoding and retrieval. In the semantic RM condition, participants encoded
word pairs, and at test they distinguished between old (identical) and new
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(recombined) pairs. In the perceptual RM condition, they associated word pairs
with different fonts, and at test they distinguished between pairs presented in
the same font (identical) or in the font previously seen on a different pair
(recombined). Encoding success activity was identified by comparing pairs that
were subsequently remembered (hits: identical pairs classified as identical)
versus forgotten (misses: identical pairs classified as recombined). This method
is known as the subsequent memory paradigm (reviewed by Paller and Wagner
2002). Retrieval success activity was identified by comparing activity for hits
and misses during retrieval. One of the main findings of this study was the
identification of brain regions that were generally involved in RM regardless of
phase (encoding versus retrieval) and information type (semantic versus
perceptual). Two of these regions were the left ventrolateral PFC region and the
left hippocampus, consistent with the idea that PFC and MTL play a fundamental
role in RM.
Directly comparing brain activity during RM encoding and retrieval is also
critical for understanding the neural bases of age-related memory deficits
because these deficits may reflect difficulties in any of these two phases.
Moreover, deficits during one phase may be partly counteracted by
compensatory changes during the other phase. For example, weak binding
during encoding may be compensated by more careful evaluation during
retrieval. In functional neuroimaging studies of ageing, age-related reductions in
activity tend to be more pronounced during encoding, whereas age-related
increases in activity tend to be more pronounced during retrieval (Cabeza
2001a). One possible interpretation is that older adults attempt to compensate
encoding deficits by deploying greater processing resources during retrieval
(Schiavetto et al. 2002). To investigate this idea, it is critical to compare agerelated changes in brain activity during encoding and retrieval within
participants, and to use event-related designs that distinguish between
successful and unsuccessful activity. The few functional neuroimaging studies of
ageing that investigated both encoding and retrieval (Grady et al. 1995; Cabeza
et al. 1997c; Anderson et al. 2000; Daselaar et al. 2003a) did not investigate RM
and did not isolate successful encoding and retrieval activity. Thus this is an
important gap in the available data concerning RM and ageing.
(p.608) Different forms of relational memory

Direct evidence regarding the role of various PFC and MTL subregions in
different forms of RM is very scarce. Within PFC, featural RM has been
associated with the ventrolateral cortex, and spatial RM with the dorsolateral
cortex (Goldman-Rakic et al. 1999). However, an alternative view proposes that
these regions differ in terms of processes rather than in terms of information
kind (Petrides 1994; Owen et al. 1999). Within MTL, spatial RM has been
associated with the hippocampus and the parahippocampal cortex (reviewed by
Burgess et al. 2002), featural RM has been associated with the perirhinal cortex
(reviewed by Murray 1999; Brown and Aggleton 2001), and temporal RM has
Page 13 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
been associated with the hippocampus (Dusek and Eichenbaum 1997; Mayes et
al. 2001). However, most of the foregoing distinctions are based on cross-study
comparisons, and very few studies have directly compared different forms of RM
within subjects.
There is also little information regarding the effects of ageing on various forms
of RM. At the behavioural level, a meta-analysis concluded that RM for spatial
and temporal context shows greater age-related decline than RM for stimulusbound perceptual features, such as colour (Spencer and Raz 1995). One possible
explanation is that perceptual features are naturally integrated with the item,
and hence are less dependent on self-initiated binding operations. Another
explanation is that that featural RM is not true RM because it involves blends
rather than representations that preserve the whole as well as the parts
(compositionality) (Cohen et al. 1997).
It is possible that the critical factor is not the nature of information involved
(semantic, spatial, etc.) but whether the items being related are of the same type
(intra-type RM, e.g. a word–word pair) or of different type (crosstype RM, e.g. a
word–face pair). Intra-type and cross-type RM may differ both within PFC and
within MTL. A difference within PFC is suggested by a recent version of
Baddeley’s working memory model (Baddeley 2000), which postulates not only
separate buffers for verbal and visuospatial information (phonological loop and
visuospatial sketchpad), but also a third buffer for maintaining and integrating
information from different sources (episodic buffer). Baddeley (2000) suggested
that the episodic buffer may be mediated by a right anterior/dorsolateral PFC
region, which an fMRI study found to be activated during the maintenance of
integrated letter/location information (Prabhakaran et al. 2000). However, it is
unclear how the function of this region differs from that of the medial PFC
region which the aforementioned study by Mitchell et al. (2000a) found to be
activated during combination trials.
Within MTL, although the hippocampal–RM view attributes RM to the
hippocampus (Aggleton and Brown 1999; Brown and Aggleton 2001), there is
(p.609) evidence that parahippocampal (reviewed by Burgess et al. 2002) and
perirhinal (reviewed by Murray 1999) cortices can also support certain kinds of
associations. Thus the hippocampal-RM view has been refined by suggesting
that the hippocampus is critical not for all kinds of associations, but for
associations across different events (Bunsey and Eichenbaum 1996; Dusek and
Eichenbaum 1997; Nagode and Pardo 2002) or across different information
types (Mayes and Montaldi 1999; Mayes et al. 2001). Consistent with this last
hypothesis, Vargha-Khadem et al. (1997) reported that three patients with
selective hippocampal damage were impaired in associative recognition of face–
voice and object–location pairs but not in word–word, non-word–non-word, and
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face–face pairs. Although this finding is very interesting, evidence for the crosstype–intra-type distinction is still very scarce.
Regarding the effects of ageing, there is evidence that older adults are
considerably impaired in cross-type RM tasks, such as remembering people’s
names (Maylor 1990, 1998). In fact, a difficulty in remembering the names of
familiar people is one of the most common cognitive complaints in older adults
(Martin 1986) and the cognitive skill that they want to improve the most (Cohen
and Faulkner 1985). A recent fMRI study found an age-related decrease in left
PFC activity during encoding of novel face–name associations (Sperling et al.
2003). Although this finding may suggest an age-related deficit in cross-type
RM, it is important to note that age-related decreases in left PFC activity during
encoding have also been found for intra-type RM (word pairs) (Cabeza et al.
1997c). In the case of MTL, the aforementioned finding of age-related decrease
in hippocampal activity during maintenance of integrated object/location
information (Mitchell et al. 2000a) could be interpreted as a deficit in cross-type
RM. However, the effects of ageing on intra-type versus cross-type RM have not
been directly investigated.
Role of pre-existing associations

Another open issue is the effect of pre-existing associations on new RM learning,
which may be positive or negative depending on whether pre-existing
associations match or mismatch with novel associations. As an example of a
positive influence, learning pairs of related words is typically better and faster
than learning pairs of unrelated items (Wicklund et al. 1964). Regrettably, very
little is known about the neural correlates of this relatedness effect, which has
been investigated in only a few functional neuroimaging studies (Mayes et al.
1998; Fletcher et al. 2000; Lepage et al. 2000). PFC activations in these studies
have been consistent; left ventrolateral PFC tends to be more activated for
unrelated than for related pairs, possibly reflecting greater demands in forming
new associations (Fletcher et al. 2000; (p.610) Lepage et al. 2000). In contrast,
MTL activations have been inconsistent; whereas one study found greater MTL
activity for related than for unrelated words (Lepage et al. 2000), another study
found greater MTL activity for related than for unrelated words (Mayes et al.
1998). A speculative account of this difference is that the former finding reflects
semantic retrieval for pre-existing associations, whereas the latter finding
reflects episodic encoding of novel associations. Clearly, the neural basis of the
relatedness effect is an important issue and deserves further investigation.
As for the effects of ageing, there is evidence that pre-experimental associative
strength can attenuate and even eliminate age-related deficits in pairedassociate learning (but see Verhaeghen et al. 1993; reviewed by Kausler 1994).
For example, in one study (Zaretsky and Halberstam 1968b) age-related deficits
in pair associate learning were large for high-strength pairs, modest for
medium-strength pairs, and negligible for high-strength pairs (see also Kausler
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and Lair 1966; Zaretsky and Halberstam 1968a). These findings are consistent
with the resources theory of cognitive ageing (e.g. Craik 1986), which postulates
that older adults have reduced processing resources (e.g. attention, working
memory) and hence are less impaired in conditions involving greater
environmental support. These findings are also consistent with the notion that
semantic memory is relatively preserved in older adults (Craik and Jennings
1992; Bäckman et al. 2000; Nyberg et al. 2003). Thus, older adults’ relatively
good performance with pairs composed of related words may reflect the
recruitment of semantic memory operations to compensate for episodic RM
decline. Unfortunately, no functional neuroimaging evidence is available about
this issue.
In contrast with the foregoing results, when pre-existing associations are
inconsistent with novel associations they tend to impair RM (reviewed by
Anderson and Neely 1996) and augment age-related RM deficits (reviewed by
Kausler 1994). In the AB–AC paradigm, for example, studying a list of word pairs
AB (e.g. apple–piano) followed by a list of partially overlapping pairs AC (e.g.
apple–stove) impairs memory for both the first list (retroactive interference) and
the second list (proactive interference). The ability to overcome interference
depends on the roles of PFC and MTL in establishing strong associations during
encoding, and in accessing specific targets and monitoring recovered
information during retrieval. Consistent with this idea, PFC and MTL damage
tends to increase interference effects (Shimamura et al. 1995; Kroll et al. 1996).
Only two functional neuroimaging studies have investigated the interference
effect in episodic memory. In Fletcher et al.’s (2000) PET study, participants
studied a list of word pairs repeatedly and then studied a list of recombined
pairs. Left ventrolateral PFC activity decreased with repetitions but became very
active for (p.611) recombined pairs, suggesting that this region mediates
binding operations which are critical for overcoming interference. In Henson et
al.’s (2002) fMRI study, a multiple interference condition (AB, AC, AD) was
compared with a repetition condition (AD, AD, AD). At test, participants recalled
the most recent associate (e.g. A→D). During encoding, activity in the left
ventrolateral PFC decreased with repetition and increased with interference,
consistent with Fletcher et al.’s results. During retrieval, activity in the left
ventrolateral PFC activity decreased with repetition, possibly reflecting
diminished generation demands, whereas activity in the right dorsolateral PFC
increased with interference, possibly reflecting augmented monitoring demands.
Turning to ageing, there is evidence that older adults are more sensitive to RM
interference than young adults (reviewed by Kausler 1994). This evidence is
consistent with the view that ageing is associated with deficits in inhibitory
control (Hasher and Zacks 1988; Hasher et al. 1999). Among other paradigms,
greater interference in older adults has been found during word-pair learning
(Lair et al. 1969; Winocur and Moscovitch 1983; Kliegl and Lindenberger 1993).
For example, enhanced sensitivity to interference in the AB–AC paradigm was
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found in older adults, particularly among those living in institutions (Winocur
and Moscovitch 1983). Although functional neuroimaging studies of cognitive
ageing have not investigated interference during RM, they have investigated
interference in other paradigms (Jonides et al. 2000; Nielson et al. 2002). For
example, in a verbal working memory task in which interference yielded left
ventrolateral PFC activity in young adults, older adults showed reduced
interference-related activity in the same region (Jonides et al. 2000). It is
possible that similar age-related differences in activation will also be found for
RM.
PFC–MTL interactions in relational memory

Although in previous sections we have considered the roles of PFC and MTL in
RM independently of each other, it is obvious that RM depends not only on the
function of these two regions but also on their interaction during encoding and
retrieval. Functional interactions between brain regions are very difficult to
investigate. Lesions are informative only if they are very selective, affecting a
specific white matter bundle but not the neighbouring grey matter. In the case of
RM, a critical white matter bundle is the uncinate fasciculus, which directly links
the PFC and MTL regions. A few years ago, we reported a case study of a
traumatic brain injury patient with a very small lesion that apparently transected
the right uncinate fasciculus (Levine et al. 1998). In addition to severe
retrograde amnesia, this patient showed impaired recollection but preserved
familiarity, consistent with the idea that PFC–MTL interactions are particularly
critical for RM.
(p.612) In functional neuroimaging studies, interactions among brain regions
have been investigated using network and correlational analyses (reviewed by
Nyberg and McIntosh 2001). For example, McIntosh et al. (1997) found that
during IM retrieval the correlation between left hippocampal and right
ventrolateral PFC activations changed as a function of retrieval success. Given
that PFC is more critical for RM than for IM, PFC–MTL activity correlations are
likely to be greater for RM than for IM. Moreover, they are likely to be greater
for successful than for unsuccessful RM.
Investigating PFC–MTL interactions during RM is also important for
understanding the effects of ageing on RM because there is evidence that ageing
alters functional connectivity, possibly leading to a disconnection among
components of neurocognitive networks (age-related disconnection hypothesis).
In fact, in a study in which we applied structural equation modelling to PET
data, we found significant age-related changes in functional connectivity
between PFC and other brain regions during RM encoding and retrieval (Cabeza
et al. 1997a). In another PET study (Esposito et al. 1999), the correlation
between activity in the left dorsolateral PFC and the right MTL during
performance of the Wisconsin Card Sorting Test was significant in young but not
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in older adults. This result is consistent with the age-related disconnection
hypothesis.
This hypothesis is also supported by evidence that ageing significantly impairs
white matter integrity, and that this impairment is correlated with age-related
deficits in cognitive performance. In vivo measures of white matter integrity are
provided by qualitative analyses of white matter hyperintensity (WMH) in MRI
images or by quantitative analyses of diffusion tensor imaging (DTI). DTI
assesses the integrity of directionally organized white matter pathways by
measuring the diffusivity of water molecules. Several studies have found
significant correlations between WMH and age-related cognitive deficits
(reviewed by Raz 2000). Using DTI, one study found a significant correlation
between age-related white matter decline, particularly in anterior brain regions,
and age-related executive deficits (O’Sullivan et al. 2001) Likewise, we have
found significant correlations between age-related white matter deficits and agerelated slowing (Madden et al. 2003).
Age-related compensation during RM

As mentioned before, several functional neuroimaging studies of RM have found
that ageing is associated not only with decreases but also with increases in
activation (Cabeza et al. 1997c, 2000, 2002). Age-related increases in activation
have often been found in PFC regions contralateral to the ones most activated in
young adults, thereby leading to a more bilateral pattern of PFC activity in older
(p.613) adults (Cabeza et al. 1997c, 2002). Age-related bilateral PFC
recruitment is not exclusive to RM, and has been observed for IM and several
other cognitive functions, including perception, language, semantic retrieval,
working memory, and inhibitory control. These findings have been
conceptualized within a model called hemispheric asymmetry reductions in old
adults (HAROLD) (Cabeza 2002), which states that, under similar circumstances,
PFC activity tends to be less asymmetric in older adults than in young adults.
According to a compensation hypothesis, age-related bilateral recruitment
reflects an attempt of the ageing brain to counteract neural decline (Cabeza et
al. 1997c, 2002; Reuter-Lorenz et al. 2000), whereas according to a
dedifferentiation hypothesis, it reflect an age-related difficulty in recruiting
specialized neural mechanisms (Li and Lindenberger 1999; Li 2004).
We investigated these two hypotheses by measuring brain activity during two
RM tasks: word-pair cued recall and context recognition (Cabeza et al. 1997c,
2002; Reuter-Lorenz et al. 2000). As mentioned before, in young adults we had
found that the left PFC was more activated for cued recall than for context
recognition, possibly reflecting greater production demands, whereas the right
PFC was more activated for context recognition than for cued recall, possibly
reflecting greater monitoring demands (Cabeza et al. 2003). Based on the
HAROLD model, we predicted that this hemispheric asymmetry in PFC activity
would be reduced in older adults. Moreover, we tested the compensation and
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dedifferentiation hypotheses by selecting, before the imaging study and on the
basis of a memory battery, two different groups of older participants, one group
whose memory performance was similar to that of our young participants (Old–
High), and another whose memory performance was significantly below that of
young participants (Old–Low). Whereas the compensation hypothesis predicts
that the HAROLD pattern should be more pronounced in Old–High than in Old–
Low participants, the dedifferentiation hypothesis predicts the converse pattern
or no differences between elderly groups. As illustrated in Figure 24.5,
compared with recall, context recognition was associated with greater right PFC
activations in young and Old–Low participants but with bilateral PFC activations
in Old–High participants. The finding of HAROLD for high-performing rather
than for low-performing elderly has been replicated (Rosen et al. 2002) and
provides strong support for the compensation hypothesis.
Regarding RM, it is interesting to note that in this study bilateral PFC
recruitment in older adults was found during context recognition but not during
word-pair recall. During cued recall, both Old–High and Old–Low participants
showed left PFC activations, similar to those displayed by young adults (Cabeza
et al. 2003). Prima facie, this result suggests that compensatory bilateral (p.
614)
recruitment in older adults occurs
for some forms of RM (e.g. context
memory) but not others (e.g.
word-pair recall). However, as
noted before, we found bilateral
PFC recruitment in older adults in
a previous study investigating
word-pair cued recall (Cabeza et
al. 1997c). One possible
explanation is that the probability
of finding age-related bilateral
recruitment increases with task
demands (Nolde et al. 1998a).
Consistent with this idea, in the
study in which we found agerelated bilateral recruitment
during cued recall (Cabeza et al.
1997c) we did not find it during a
less demanding recognition task,
and in the study in which we
found bilateral activity during
context memory (Cabeza et al.
2002) we did not find it during a
less demanding cued recall task.
As for the function of the PFC
regions recruited by older adults, given the production—monitoring hypothesis
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(Cabeza et al. 2003), one may speculate that older adults compensate for deficits in
monitoring processes by recruiting additional production processes and vice versa.

Conclusions

Figure 24.5 Consistent with the
In summary, there is a
compensatory interpretation of bilateral
considerable amount of
PFC recruitment in older adults, highevidence that RM depends on
performing but not low-performing older
MTL and PFC functions, and
adults showed bilateral PFC activation
that age-related RM deficits are
during context memory (Reproduced
related to the (p.615)
from R. Cabeza et al., NeuroImage, 17,
dysfunction of these regions.
1394–1402, 2002). See colour plate
PFC is assumed to control
section.
encoding and retrieval
strategies, which tend to be
more critical for RM than for IM. Consistently, the effects of PFC lesions are
usually greater for RM than for IM tasks, and for recollection than for familiarity.
Also, PFC activity tends to be greater for RM than for IM during both encoding
and retrieval. The lateralization of these activations seems to depend on both the
type of information retrieved (conceptual versus perceptual) and the proportion
of retrieval processes involved (production versus monitoring). PFC is the brain
region most affected by ageing, both structurally and functionally, and hence
PFC dysfunction is assumed to play a major role in age-related cognitive deficits,
including RM decline. The link between age-related RM decline and PFC
dysfunction is supported by evidence of age-related decreases in PFC activity
during RM encoding and retrieval. These decreases are sometimes accompanied
by increases in the contralateral PFC region, which have been attributed to
functional compensation.
Regarding the contributions of MTL to RM, the hippocampal–RM view attributes
them specifically to the hippocampus, whereas the unified MTL view postulates
that this region is similarly involved in RM and IM. Although the theoretical
debate is still ongoing, the former view is becoming very popular. Consistent
with the hippocampal–RM view, hippocampal lesions in animals and humans
have been found to produce larger effects on RM than on IM, and several PET/
fMRI studies have found greater hippocampal activity for RM than for IM. The
anatomical and functional integrity of MTL declines with age, and some of these
changes are significantly correlated with measures of memory performance. In
two functional neuroimaging studies, age-related deficits in RM were directly
linked to differences in MTL activity.
Notwithstanding all these findings, there are several unsolved issues, including
the following. First, it is unclear how the neural correlates of RM differ for
encoding and retrieval. This gap in the data is problematic not only for
understanding general RM mechanisms, but also for understanding age-related
changes in RM. Secondly, there is very little evidence regarding the neural
correlates of various forms of RM, even though they are likely to involve distinct
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PFC and MTL subregions and to be differentially affected by ageing. Thirdly,
pre-existing associations are known to modulate the formation of new RM and
age-related RM decline, but evidence about the neural basis of these effects is
very scarce. Fourthly, RM is assumed to depend not only on PFC and MTL
functions but on the interactions between these two regions, but evidence about
these interactions is virtually non-existent. Finally, even though there is evidence
of compensatory brain activity in older adults during RM, it is unclear how this
differs for various RM tasks and how it is affected by task demands.
(p.616) Thus the functional neuroanatomy of RM in young and older adults is a
very exciting and challenging research domain. It is exciting because of the
great empirical progress made during the last couple of decades and the rich
background of theories and ideas about RM. It is challenging because of the
complexity of the problem and the considerable number of unsolved issues.
Despite these difficulties, the rapid convergence of findings and ideas predicts
important breakthroughs in the near future.
References
Bibliography references:
Aggleton, J.P. and Brown, M.W. (1999). Episodic memory, amnesia, and the
hippocampal-anterior thalamic axis. Behavioral and Brain Sciences, 22, 425–444.
Anderson, M.C. and Neely, J.H. (1996). Interference and inhibition in memory
retrieval. In Handbook of Perception and Cognition: Memory (2nd edn). (ed E.L.
Bjork and R.A. Bjork). San Diego, CA: Academic Press, pp 237–313.
Anderson, N.D., Iidaka, T., McIntosh, A.R., Kapur, S., Cabeza, R. and
Craik, F.I.M. (2000). The effects of divided attention on encoding- and retrievalrelated brain activity: a PET study of younger and older adults. Journal of
Cognitive Neuroscience, 12, 775–792.
Bachevalier, J. and Mishkin, M. (1986). Visual recognition impairment follows
ventromedial but not dorsolateral prefrontal lesions in monkeys. Behavioral
Brain Research, 20, 249–261.
Bäckman, L. and Farde, L. (2004). The role of dopamine systems in cognitive
aging. In Cognitive Neuroscience of Aging: Linking Cognitive and Cerebral
Aging (ed R. Cabeza, L. Nyberg, and D.C. Park). New York: Oxford University
Press, pp. 58–84.
Bäckman, L., Almkvist, O., Andersson, J., et al. (1997). Brain activation in
young and older adults during implicit and explicit retrieval. Journal of Cognitive
Neuroscience, 9, 378–391.

Page 21 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
Bäckman, L., Small, B.J., and Wahlin, A. (2000). Cognitive functioning in very
old age. In Handbook of Aging and Cognition II (ed F.I.M. Craik and T.A.
Salthouse). Mahwah, NJ: Erlbaum.
Baddeley, A. (2000). The episodic buffer: a new component of working memory?
Trends in Cognitive Sciences, 4, 417–423.
Badgaiyan, R.D., Schacter, D.L., and Alpert, N.M. (2002). Retrieval of
relational information: a role for the left inferior prefrontal cortex. NeuroImage,
17, 393–400.
Broadbent, N.J., Clark, R.M., Zola, S.M., and Squire, L.R. (2002). The
medial temporal lobe and memory. In The Neuropsychology of Memory (3rd edn)
(ed L.R. Squire and D.L. Schacter). New York: Guilford Press, pp 3–23.
Brown, M.W. and Aggleton, J.P. (2001). Recognition memory. What are the
roles of the perirhinal cortex and hippocampus? Nature Reviews Neuroscience,
2, 51–61.
Bunsey, M. and Eichenbaum, H. (1996). Conservation of hippocampal
memory function in rats and humans. Nature, 379, 255–257.
Burgess, N., Maguire, E.A., Spiers, H.J., and O’Keefe, J. (2001). A
temporoparietal and prefrontal network for retrieving the spatial context of
lifelike events. NeuroImage, 14, 439–453.
(p.617) Burgess, N., Maguire, E.A., and O’Keefe, J. (2002). The human
hippocampus and spatial and episodic memory. Neuron, 35, 625–641.
Burke, D.M. and Light, L.L. (1981). Memory and aging: the role of retrieval
processes. Psychological Bulletin, 90, 513–514.
Butters, M.A., Kaszniak, A.W., Glisky, E.L., Eslinger, P.J., and Schacter,
D.L. (1994). Recency discrimination deficits in frontal lobe patients.
Neuropsychology, 8, 343–353.
Cabeza, R. (2001a). Functional neuroimaging of cognitive aging. In Handbook
of Functional Neuroimaging of Cognition (ed R. Cabeza and A. Kingstone).
Cambridge, MA: MIT Press, pp 331–377.
Cabeza, R. (2001b). Cognitive neuroscience of aging: contributions of functional
neuroimaging. Scandinavian Journal of Psychology, 42, 277–286.
Cabeza, R. (2002). Hemispheric asymmetry reduction in older adults: the
HAROLD model. Psychology and Aging, 17, 85–100.
Cabeza, R. and Nyberg, L. (2000). Imaging cognition II: an empirical review of
275 PET and fMRI studies. Journal of Cognitive Neuroscience, 12, 1–47.
Page 22 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
Cabeza, R., McIntosh, A.R., Tulving E., Nyberg, L., and Grady, C.L.
(1997a). Age-related differences in effective neural connectivity during encoding
and recall. Neuroreport, 8, 3479–3483.
Cabeza, R., Mangels, J., and Nyberg, L., et al. (1997b). Brain regions
differentially involved in remembering what and when: a PET study. Neuron, 19,
863–870.
Cabeza, R., Grady, C.L., Nyberg, L., et al. (1997c). Age-related differences in
neural activity during memory encoding and retrieval: a positron emission
tomography study. Journal of Neuroscience 17, 391–400.
Cabeza, R., Anderson, N.D., Houle, S., Mangels, J.A., and Nyberg, L.
(2000). Age-related differences in neural activity during item and temporal-order
memory retrieval: a positron emission tomography study. Journal of Cognitive
Neuroscience, 12, 1–10.
Cabeza, R., Anderson, N.D., Locantore, J.K., and McIntosh, A.R. (2002).
Aging gracefully: compensatory brain activity in high-performing older adults.
NeuroImage, 17, 1394–1402.
Cabeza, R., Locantore, J.K., and Anderson, N.D. (2003). Lateralization of
prefrontal cortex activity during episodic memory retrieval: evidence for the
production-monitoring hypothesis. Journal of Cognitive Neuroscience, 15, 249–
259.
Cabeza, R., Daselaar, S.M., Dolcos, F., Prince, S., Budde, M., and Nyberg,
L. (2004). Task-independent and task-specific age effects on brain activity during
working memory, visual attention and episodic retrieval. Cerebral Cortex, 14,
364–375.
Chalfonte, B.L. and Johnson, M.K. (1996). Feature memory and binding in
young and older adults. Memory and Cognition, 24, 403–416.
Cohen, G. and Faulkner, D. (1985). Memory for proper names: age differences
in retrieval. British Journal of Developmental Psychology, 4, 187–197.
Cohen, N.J., Poldrack, R.A., and Eichenbaum, H. (1997). Memory for items
and memory for relations in the procedural/declarative memory framework.
Memory, 5, 131–178.
Craik, F.I.M. (1986). A functional account of age differences in memory. In
Human Memory and Cognitive Capabilities, Mechanisms, and Performances (ed
F. Lix and H. Hagendorf). Amsterdam: North-Holland, pp 499–422.

Page 23 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
(p.618) Craik, F.I.M. and Jennings, J.M. (1992). Human memory. In The
Handbook of Aging and Cognition (ed F.I.M. Craik and T.A. Salthouse). Hillsdale,
NJ: Erlbaum.
Craik, F.I.M., Morris, L.W., Morris, R.G., and Loewen, E.R. (1990). Relations
between source amnesia and frontal lobe functioning in older adults. Psychology
and Aging, 5, 148–151.
Daselaar, S.M., Veltman, D.J., Rombouts, S.A., Lazeron, R.H.,
Raaijmakers, J.G., and Jonker, C. (2003a). Neuroanatomical correlates of
episodic encoding and retrieval in young and elderly subjects. Brain, 126, 43–56.
Daselaar, S.M., Veltman, D.J., Rombouts, S.A., Raaijmakers, J.G., and
Jonker, C. (2003b). Deep processing activates the medial temporal lobe in
young but not in old adults. Neurobiology of Aging, 24, 1005–1011.
Davachi, L. and Wagner, A.D. (2001). Hippocampal contributions to episodic
encoding: Insights from relational and item-based learning. Journal of
Neurophysiology, 88, 982–990.
Davachi, L., Mitchell, J.P., and 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, 2157–2162.
Dempster, F.N. (1992). The rise and fall of the inhibitory mechanism: toward a
unified theory of cognitive development and aging. Developmental Review, 12,
45–75.
Denney, N.W., Dew, J.R., and Kihlstrom J.F. (1992). An adult developmental
study of the encoding of spatial location. Experimental Aging Research, 18, 25–
32.
Dobbins, I.G. and Wagner, A.D. (2005). Recollecting events and detecting
novelty: domain-general and domain-sensitive prefrontal retrieval mechanisms.
Cerebral Cortex, 15, 1768–1778.
Dobbins, I.G., Rice, H.J., Wagner, A.D., and Schacter, D.L. (2003). Memory
orientation and success: separable neurocognitive components underlying
episodic recognition. Neuropsychologia, 41, 318–333.
Dusek, J.A. and Eichenbaum, H. (1997). The hippocampus and memory for
orderly stimulus relations. Proceedings of the National Academy of Sciences of
the United States of America, 94, 7109–7114.

Page 24 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
Eichenbaum, H., Otto, T., and Cohen, N.J. (1994). Two component functions
of the hippocampal memory system. Behavioral and Brain Sciences, 17, 449–
517.
Eldridge, L.L., Knowlton, B.J., Furmanski, C.S., Bookheimer, S.Y., and
Engle, S.A. (2000). Remembering episodes: a selective role for the hippocampus
during retrieval. Nature Neuroscience, 3, 1149–1152.
Esposito, G., Kirby, G.S., Van Horn, J.D., Ellmore, T.M., and Faith Berman,
K. (1999). Context-dependent, neural system-specific neurophysiological
concomitants of ageing: mapping PET correlates during cognitive activation.
Brain, 122, 963–979.
Fletcher, P.C., Shallice, T., and Dolan, R.J. (2000). ‘Sculpting the response
space’—an account of left prefrontal activation at encoding. NeuroImage, 12,
404–417.
Gabrieli, J.D., Poldrack, R.A., and Desmond, J.E. (1998). The role of left
prefrontal cortex in language and memory. Proceedings of the National Academy
of Sciences of the United States of America, 95, 906–913.
Gardiner, J.M. (2001). Episodic memory and autonoetic consciousness: a firstperson approach. Philosophical Transactions of the Royal Society of London,
Series B, Biological Sciences, 356, 1351–1361.
(p.619) Geinisman, Y., deToledo-Morell, L., Morell, F., and Heller, R.E.
(1995). Hippocampal markers of age-related memory dysfunction: behavioural,
electrophysiological and morphological perspectives. Progress in Neurobiology,
45, 223–252.
Giovanello, K.S., Verfaellie, M., and Keane, M.M. (2003). Familiarity-based
associative recognition memory in amnesia. Journal of Cognitive Neuroscience,
Supplement, C179, 107.
Glisky, E.L., Polster, M.R., and Routhieaux, B.C. (1995). Double dissociation
between item and source memory. Neuropsychology, 9, 229–235.
Goldman-Rakic, P.S., O‘Scalaidhe, S.P., and Chafee, M.V. (1999). Domain
specificity in cognitive systems. In The Cognitive Neurosciences (2nd edn) (ed
M.S. Gazzaniga). Cambridge, MA: MIT Press.
Grady, C.L., McIntosh, A.R., Horwitz, B., et al. (1995). Age-related reductions
in human recognition memory due to impaired encoding. Science, 269, 218–221.
Greenwood, P.M. (2000). The frontal aging hypothesis evaluated. Journal of the
International Neuropsychological Society, 6, 705–726.

Page 25 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
Hackert, V.H., den Heijer, T., Oudkerk, M., Koudstaal, P.J., Hofman, A.,
and Breteler, M.M. (2002). Hippocampal head size associated with verbal
memory performance in nondemented elderly. NeuroImage, 17, 1365–1372.
Hasher, L. and Zacks, R.T. (1988). Working memory, comprehension and
aging: a review and a new view. Psychology of Learning and Motivation, 22, 193–
225.
Hasher, L., Zacks, R.T., and Rahhal, T.A. (1999). Timing, instructions, and
inhibitory control: some missing factors in the age and memory debate.
Gerontology, 45, 355–357.
Henke, K., Buck, A., Weber, B., and Wieser, H.G. (1997). Human
hippocampus establishes associations in memory. Hippocampus, 7, 249–256.
Henke, K., Weber, B., Kneifel, S., Wieser, H.G., and Buck, A. (1999).
Human hippocampus associates information in memory. Proceedings of the
National Academy of Sciences of the United States of America, 96, 5884–5889.
Henkel, L.A., Johnson, M.K., and De Leonardis, D.M. (1998). Aging and
source monitoring: cognitive processes and neuropsychological correlates.
Journal of Experimental Psychology: General, 127, 251–268.
Henson, R.N.A., Shallice, T., and Dolan, R.J. (1999a). Right prefrontal cortex
and episodic memory retrieval: a functional MRI test of the monitoring
hypothesis. Brain, 122, 1367–1381.
Henson, R.N.A., Rugg, M.D., Shallice, T., Josephs, O., and Dolan, R.J.
(1999b). Recollection and familiarity in recognition memory: an event-related
functional magnetic resonance imaging study. Journal of Neuroscience, 19,
3962–3972.
Henson, R.N., Shallice, T., Josephs, O., and Dolan, R.J. (2002). Functional
magnetic resonance imaging of proactive interference during spoken cued
recall. NeuroImage, 17, 543–558.
Hockley, W.E. (1992). Item versus associative information: further comparisons
of forgetting rates. Journal of Experimental Psychology: Learning, Memory, and
Cognition, 18, 1321–1330.
Iidaka, T., Anderson, N.D., Kapur, S., Cabeza, R., and Craik, F.I. (2000).
The effect of divided attention on encoding and retrieval in episodic memory
revealed by positron emission tomography. Journal of Cognitive Neuroscience,
12, 267–280.

Page 26 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
(p.620) Iidaka, T., Sadato, N., Yamada, H., Murata, T., Omori, M., and
Yonekura, Y. (2001). An fMRI study of the functional neuroanatomy of picture
encoding in younger and older adults. Cognitive Brain Research, 11, 1–11.
Insausti, R., Insausti, A.M., Sobreviela, M.T., Salinas, S., and MartinezPenuela, J.M. (1998). Human medial temporal lobe in aging: anatomical basis of
memory preservation. Microscopy Research and Technique, 43, 8–15.
Jack, C.R., Jr, Petersen, R.C., Xu, Y.C., et al. (1999). Prediction of AD with
MRI-based hippocampal volume in mild cognitive impairment. Neurology, 52,
1397–1403.
Java, R.I. (1996). Effects of age on state of awareness following implicit and
explicit word-association tasks. Psychology and Aging, 11, 108–111.
Jennings, J.M. and Jacoby, L.L. (1993). Automatic versus intentional uses of
memory: Aging, attention, and control. Psychology and Aging, 8, 283–293.
Johnson, M.K., Hashtroudi, S., and Lindsay, D.S. (1993). Source monitoring.
Psychological Bulletin, 114, 3–28.
Jonides, J., Marshuetz, C., Smith, E.E., Reuter-Lorenz, P.A., Koeppe, R.A.,
and Hartley, A. (2000). Brain activation reveals changes with age in resolving
interference in verbal working memory. Journal of Cognitive Neuroscience, 12,
188–196.
Kausler, D.H. (1994). Learning and Memory in Normal Aging. San Diego, CA:
Academic Press.
Kausler, D.H. and Lair, C.V. (1966). Associative strength and paired-associate
learning in elderly subjects. Journal of Gerontology, 21, 278–280.
Kausler, D.H. and Puckett, J.M. (1980). Adult age differences in recognition
memory for a nonsemantic attribute. Experimental Aging Research, 6, 349–355.
Kausler, D.H. and Puckett, J.M. (1981a). Adult age differences in memory for
modality attributes. Experimental Aging Research, 7, 117–125.
Kausler, D.H. and Puckett, J.M. (1981b). Adult age differences in memory for
sex of voice. Journal of Gerontology, 36, 44–50.
Kausler, D.H., Salthouse, T.A., and Saults, J.S. (1988). Temporal memory
over the adult lifespan. American Journal of Psychology, 101, 207–215.
Kesner, R.P., Hopkins, R.O., and Fineman, B. (1994). Item and order
dissociation in humans with prefrontal cortex damage. Neuropsychologia, 32,
881–891.

Page 27 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
Kliegl, R. and Lindenberger, U. (1993). Modeling intrusions and correct recall
in episodic memory: adult age differences in encoding of list context. Journal of
Experimental Psychology: Learning, Memory, and Cognition, 19, 617–637.
Kostopoulos, P. and Petrides, M. (2003). The mid-ventrolateral prefrontal
cortex: insights into its role in memory retrieval. European Journal of
Neuroscience, 17, 1489–1497.
Kroll, N.E.A., Knight, R.T., Metcalfe, J., Wolf, E.S., and Tulving, E. (1996).
Cohesion failure as a source of memory illusions. Journal of Memory and
Language, 35, 176–196.
Lair, C.V., Moon, W.H., and Kausler, D.H. (1969). Associative interference in
the paired-associate learning of middle-aged and old subjects. Developmental
Psychology, 1, 548–552.
Lepage, M., Habib, R., and Tulving, R. (1998). Hippocampal PET activations
of memory encoding and retrieval: the HIPER model. Hippocampus, 8, 313–322.
(p.621) Lepage, M., Habib, R., Cormier, H., Houle, S., and McIntosh,
A.R. (2000). Neural correlates of semantic associative encoding in episodic
memory. Cognitive Brain Research, 9, 271–280.
Levine, B., Black, S.E., Cabeza, R., et al. (1998). Episodic memory and the
self in a case of isolated retrograde amnesia. Brain, 121, 1951–1973.
Li, S.-C. (2004). Neurocomputational perspectives linking neuromodulation,
processing noise, representational distinctiveness, and cognitive aging. In
Cognitive Neuroscience of Aging: Linking Cognitive and Cerebral Aging(ed R.
Cabeza, L. Nyberg, and D.C. Park). New York: Oxford University Press.
Li, S.-C. and Lindenberger, U. (1999). Cross-level unification: a computational
exploration of the link between deterioration of neurotransmitter systems
dedifferentiation of cognitive abilities in old age. In Cognitive Neuroscience of
Memory (ed L.-G. Nilsson and H.J. Markowitsch). Seattle, WA: Hogrefe and
Huber, pp. 103–146.
Light, L.L. and Zelinski, E.M. (1983). Memory for spatial information in young
and old adults. Developmental Psychology, 19, 901–906.
McAndrews, M.P. and Milner, B. (1991). The frontal cortex and memory for
temporal order. Neuropsychologia, 29, 849–859.
McCormack, P.D. (1981). Temporal coding by young and elderly adults: a test
of the Hasher-Zacks model. Developmental Psychology, 17, 509–515.

Page 28 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
McCormack, P.D. (1982). Temporal coding and study-phase retrieval in young
and elderly adults. Bulletin of the Psychonomic Society, 20, 242–244.
McIntosh, A.R., Nyberg, L., Bookstein, F.L., and Tulving, E. (1997).
Differential functional connectivity of prefrontal and medial temporal cortices
during episodic memory retrieval. Human Brain Mapping, 5, 323–327.
McIntyre, J.S. and Craik, F.I.M. (1987). Age differences in memory for item
and source information. Canadian Journal of Psychology, 41, 175–192.
Madden, D.J., Whiting, W.L., Huettel, S.A., et al. (2003). Age-related change
in functional integrity of white matter pathways obtained from diffusionweighted imaging. Journal of Cognitive Neuroscience Supplement, 22.
Maguire, E.A., Frackowiak, R.S.J., and Frith CD (1997). Recalling routes
around London: Activation of the right hippocampus in taxi drivers. Journal of
Neuroscience, 17, 7103–7110.
Mangels, J.A. (1997a). Relationship between strategic processing and memory
for temporal order in patients with frontal lobe lesions. Neuropsychology, 11, 1–
15.
Mangels, J.A. (1997b). Strategic processing and memory for temporal order in
patients with frontal lobe lesions. Neuropsychology, 11, 1–15.
Mantyla, T. (1993). Knowing but not remembering: adult age differences in
recollective experience. Memory and Cognition, 21, 379–388.
Martin, M. (1986). Ageing and patterns of change in everyday memory and
cognition. Human Learning, 5, 63–74.
Mayes, A.R. and Montaldi, D. (1999). The neuroimaging of long-term memory
encoding processes. Memory, 7, 613–659.
Mayes, A.R., Gooding, P.A., Hunkin, N.M., et al. (1998). Storage of verbal
associations is sufficient to activate the left medial temporal lobe. Behavioral
Neurology, 11, 163–172.
(p.622) Mayes, A.R., Isaac, C.L., Holdstock, J.S., et al. (2001). Memory for
single items, word pairs, and temporal order of different kinds in a patient with
selective hippocampal lesions. Cognitive Neuropsychology, 18, 97–123.
Maylor, E.A. (1990). Recognizing and naming faces: aging, memory retrieval,
and the tip of the tongue state. Journal of Gerontology, 45, 215.
Maylor, E.A. (1998). Retrieving names in old age: short- and (very) long-term
effects of repetition. Memory and Cognition, 26, 309–319.

Page 29 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
Miller, E.K. and Cohen, J.D. (2001). An integrative theory of prefrontal cortex
function. Annual Review of Neuroscience, 24, 167–202.
Milner, B. (1971). Interhemispheric differences in the localization of
psychological processes in man. British Medical Bulletin, 27, 272–277.
Milner, B., Petrides, M., and Smith, M.L. (1985). Frontal lobes and the
temporal organization of memory. Human Neurobiology, 4, 137–142.
Milner, B., Corsi, P., and Leonard, G. (1991). Frontal-lobe contribution to
recency judgments. Neuropsychologia, 29, 601–618.
Mishkin, M., Vargha-Khadem, F., and Gadian, D.G. (1998). Amnesia and the
organization of the hippocampal system. Hippocampus, 8, 212–216.
Mitchell, K.J., Johnson, M.K., Raye, C.L., and D’Esposito, M. (2000a). fMRI
evidence of age-related hippocampal dysfunction in feature binding in working
memory. Cognitive Brain Research, 10, 197–206.
Mitchell, K.J., Johnson, M.K., Raye, C.L., Mather, M., and D’Esposito, M.
(2000b). Aging and reflective processes of working memory: binding and test
load deficits. Psychology and Aging, 15, 527–541.
Moffat, S.D. and Resnick, S.M. (2002). Effects of age on virtual environment
place navigation and allocentric cognitive mapping. Behavioral Neuroscience,
116, 851–859.
Moffat, S.D., Zonderman, A.B., and Resnick, S.M. (2001). Age differences in
spatial memory in a virtual environment navigation task. Neurobiology of Aging,
22, 787–796.
Montaldi, D., Mayes, A.R., Barnes, A., et al. (1998). Associative encoding of
pictures activates the medial temporal lobes. Human Brain Mapping 6, 85–104.
Moscovitch, M. (1992). Memory and working-with-memory: a component
process model based on modules and central systems. Journal of Cognitive
Neuroscience, 4, 257–267.
Moscovitch, M., and Winocur, G. (1995). Frontal lobes, memory, and aging.
Annals of the New York Academy of Sciences, 769, 119–150.
Mottaghy, F.M., Shah, N.J., Krause, B.J., et al. (1999). Neuronal correlates of
encoding and retrieval in episodic memory during a paired-word association
learning task: a functional magnetic resonance imaging study. Experimental
Brain Research, 128, 332–342.

Page 30 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
Murray, E. (1999). Memory for objects in nonhuman animals. In The
CognitiveNeurosciences (2nd edn) (ed M.S. Gazzaniga). Cambridge, MA: MIT
Press.
Nagode, J.C. and Pardo, J.V. (2002). Human hippocampal activation during
transitive inference. Neuroreport, 13, 933–944.
Naveh-Benjamin, M. (1990). Coding of temporal order information: an
automatic process? Journal of Experimental Psychology: Learning, Memory, and
Cognition 16, 117–126.
(p.623) 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, 1170–1187.
Nielson, K.A., Langenecker, S.A., and Garavan H.P. (2002). Differences in
the functional neuroanatomy of inhibitory control across the adult lifespan.
Psychology and Aging 17, 56–71.
Nolde, S.F., Johnson, M.K., Raye, C.L. (1998a). The role of prefrontal cortex
during tests of episodic memory. Trends in Cognitive Sciences, 2, 399–406.
Nolde, S.F., Johnson, M.K., and D’Esposito, M. (1998b). Left prefrontal
activation during episodic remembering: an event-related fMRI study.
Neuroreport, 9, 3509–3514.
Norman, D.A. and Shallice, T. (1986). Attention to action: willed and
automatic control of behavior. In Consciousness and Self-Regulation: Advances
in Research and Theory (ed R.J. Davidson; G.E. Schawartz, and D. Shapiro D).
New York: Plenum, pp 1–18.
Nyberg, L. and McIntosh, A.R. (2001). Functional neuroimaging: network
analyses. In Handbook of Functional Neuroimaging of Cognition (ed R. Cabeza
and A. Kingstone). Cambridge, MA: MIT Press, pp 49–72.
Nyberg, L., Cabeza, R., and Tulving, E. (1996). PET studies of encoding and
retrieval: the HERA model. Psychonomic Bulletin and Review, 3, 135–148.
Nyberg, L., Maitland, S.B., Ronnlund, M., et al. (2003). Selective adult age
differences in an age-invariant multifactor model of declarative memory.
Psychology and Aging, 18, 149–160.
O‘Sullivan, M., Jones, D.K., Summers, P.E., Morris, R.G., Williams, S.C.R.,
and Markus, H.S. (2001). Evidence for cortical ‘disconnection’ as a mechanism
of age-related cognitive decline. Neurology, 57, 632–638.

Page 31 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
Owen, A.M., Herrod, N.J., Menon, D.K., et al. (1999). Redefining the
functional organization of working memory processes within human lateral
prefrontal cortex. European Journal of Neuroscience, 11, 567–574.
Paller, K.A. and Wagner, A.D. (2002). Observing the transformation of
experience into memory. Trends in Cognitive Sciences, 6, 93–102.
Park, D.C. and Puglisi, J.T. (1985). Older adults’ memory for the color of
pictures and words. Journal of Gerontology, 40, 198–204.
Park, D.C., Puglisi, J.T., and Lutz R. (1982). Spatial memory in older adults:
effects of intentionality. Journal of Gerontology, 38, 582–588.
Park, D.C., Puglisi, J.T., and Sovacool, M. (1983). Memory for pictures,
words, and spatial locations in older adults: evidence for pictorial superiority.
Journal of Gerontology, 38, 582–588.
Parkin, A.J. and Walter, B.M. (1992). Recollective experience, normal aging,
and frontal dysfunction. Psychology and Aging, 7, 290–298.
Parkin, A.J., Walter, B.M., and Hunkin, M. (1995). Relationships between
normal aging, frontal lobe function, and memory for temporal and spatial
information. Neuropsychology 9, 304–312.
Perfect, T.J., Mayes, A.R., Downes, J.J., and Van Eijk, R. (1996). Does context
discriminate recollection from familiarity in recognition memory? Quarterly
Journal of Experimental Psychology A, 49, 797–813.
(p.624) Perlmutter, M., Metzger, R., Nezworski, T., and Miller, K. (1981).
Spatial and temporal memory in 20 and 60 year olds. Journal of Gerontology, 36,
59–65.
Petersen, R.C., Jack, C.R., Jr, Xu, Y.C., et al. (2000). Memory and MRI-based
hippocampal volumes in aging and AD. Neurology, 54, 581–587.
Petrides, M. (1994). Frontal lobes and working memory: evidence from
investigations of the effects of cortical excisions in nonhumans primates. In
Handbook of Neuropsychology (ed F. Boller and J. Grafman). Amsterdam:
Elsevier, pp. 59–82.
Prabhakaran, V., Narayanan, K., Zhao, Z., and Gabrieli, J.D.E. (2000).
Integration of diverse information in working memory within the frontal lobe.
Nature Neuroscience, 3, 85–89.
Ranganath, C., Johnson, M.K., and D’Esposito, M. (2000). Left anterior
prefrontal activation increases with demands to recall specific perceptual
information. Journal of Neuroscience, 20: RC108, 1–5.
Page 32 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
Raz, N. (2000). Aging of the brain and its impact on cognitive performance:
integration of structural and functional findings. In In Handbook of Aging and
Cognition II (ed F.I.M. Craik and T.A. Salthouse). Mahwah, NJ: Erlbaum, pp. 1–
90.
Raz, N. (2004). The aging brain observed in vivo: differential changes and their
modifiers. In Cognitive Neuroscience of Aging: Linking Cognitive and Cerebral
Aging (ed R. Cabeza, L. Nyberg, and D.C. Park). New York: Oxford University
Press, pp.19–57
Reed, J.M. and Squire, L.R. (1994). Impaired recognition memory in patients
with lesions limited to the hippocampal formation. Behavioral Neuroscience,
113, 3–9.
Reuter-Lorenz, P., Jonides, J., Smith, E.S., et al. (2000). Age differences in
the frontal lateralization of verbal and spatial working memory revealed by PET.
Journal of Cognitive Neuroscience, 12, 174–187.
Rosen, A.C., Prull, M.W., O‘Hara, R., et al. (2002). Variable effects of aging
on frontal lobe contributions to memory. Neuroreport, 13, 2425–2428.
Rugg, M.D., Fletcher, P.C., Chua, P.M., and Dolan, R.J. (1999). The role of
the prefrontal cortex in recognition memory and memory for source: an fMRI
study. NeuroImage, 10, 520–529.
Ryan, J.D., Althoff, R.R., Whitlow, S., and Cohen, N.J. (2000). Amnesia is a
deficit in relational memory. Psychological Science, 11, 454–461.
Schacter, D.L. (1987). Memory, amnesia, and frontal lobe dysfunction.
Psychobiology, 15, 21–36.
Schacter, D.L. and Wagner, A.D. (1999). Medial temporal lobe activations in
fMRI and PET studies of episodic encoding and retrieval. Hippocampus, 9, 7–24.
Schacter, D.L., Savage, C.R., Alpert, N.M., Rauch, S.L., and Albert, M.S.
(1996). The role of hippocampus and frontal cortex in age-related memory
changes: a PET study. Neuroreport 7, 1165–1169.
Schacter, D.L., Norman, K.A., and Koutstaal, W. (1998). The cognitive
neuroscience of constructive memory. Annual Review of Psychology, 49, 289–3
18.
Schiavetto, A., Kohler, S., Grady, C.L., Winocur, G., and Moscovitch, M.
(2002). Neural correlates of memory for object identity and object location:
effects of aging. Neuropsychologia, 40, 1428–1442.

Page 33 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
(p.625) Schmidt, D., Krause, B.J., Mottaghy, F.M., et al. (2002). Brain
systems engaged in encoding and retrieval of word-pair associates independent
of their imagery content or presentation modalities. Neuropsychologia 40, 457–
470.
Searcy, J.H., Bartlett, J.C., and Memon, A. (1999). Age differences in
accuracy and choosing in eyewitness identification and face recognition.
Memory and Cognition, 27, 538–552.
Shimamura, A.P. (2002). Memory retrieval and executive control processses. In
Principles of Frontal Lobe Function. (ed D.T. Stuss and R.T. Knight). New York:
Oxford University Press, pp. 210–220.
Shimamura, A.P., Janowsky, J.S., and Squire, L.R. (1990). Memory for the
temporal order of events in patients with frontal lobe lesions and amnesic
patients. Neuropsychologia, 28, 803–813.
Shimamura, A.P., Jurica, P.J., Mangels, J.A., et al. (1995). Susceptibility to
memory interference effects following frontal lobe damage: findings from tests
of paired-associate learning. Journal of Cognitive Neuroscience, 7, 144–152.
Spencer, W.D. and Raz, N. (1995). Differential effects of aging on memory for
content and context: a meta-analysis. Psychology and Aging, 10, 527–539.
Sperling, R.A., Bates, J.F., Cochchiarella, A.J., Schacter, D.L., Rosen, B.R.,
and Albert, M.S. (2001). Encoding novel face–name associations: a functional
MRI study. Human Brain Mapping, 14, 129–139.
Sperling, R.A., Bates, J.F., Chua, E.F., et al. (2003). fMRI studies of
associative encoding in young and elderly controls and mild Alzheimer’s disease.
Journal of Neurology, Neurosurgery, and Psychiatry, 74, 44–50.
Squire, L.R. and Knowlton, B.J. (1995). Memory, hippocampus, and brain
systems. In The Cognitive Neurosciences (ed M.S. Gazzaniga). Cambridge, MA:
MIT Press, pp. 825–837.
Squire, L.R. and Zola-Morgan, S. (1991). The medial temporal lobe memory
system. Science, 253, 1380–1386.
Stark, C.E.L. and Squire, L.R. (2000). Functional magnetic resonance imaging
(fMRI) activity in the hippocampal region during recognition memory. Journal of
Neuroscience, 20, 7776–7781.
Stark, C.E. and Squire, L.R. (2001). Simple and associative recognition
memory in the hippocampal region. Learning and Memory, 8, 190–197.

Page 34 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
Stark, C.E. and Squire, L.R. (2003). Hippocampal damage equally impairs
memory for single items and memory for conjunctions. Hippocampus, 13, 281–
292.
Stark, C.E., Bayley, P.J., and Squire, L.R. (2002). Recognition memory for
single items and for associations is similarly impaired following damage to the
hippocampal region. Learning and Memory, 9, 238–242.
Stuss, D.T., Eskes, G.A., and Foster, J.K. (1994). Experimental
neuropsychological studies of frontal lobe functions. In Handbook of
Neuropsychology (ed F. Boller and J. Grafman) Amsterdam: Elsevier, pp. 149–
185.
Tisserand, D.J., Visser, P.J., van Boxtel, M.P., and 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, 569–576.
Tulving, E. (1985). Memory and consciousness. Canadian Psychology, 25, 1–12.
(p.626) Tulving, E., Kapur, S., Craik, F.I.M., Moscovitch, M., and Houle,
S. (1994). Hemispheric encoding/retrieval asymmetry in episodic memory:
positron emission tomography findings. Proceedings of the National Academy of
Sciences of the Unied States of America, 91, 2016–2020.
Utl, B. and Graf, P. (1993). Episodic spatial memory in adulthood. Psychology
and Aging, 8, 257–253.
Vargha-Khadem, F., Gadian, D.G., Watkins, K.E., Connelly, A., Van
Paesschen, W., and Mishkin, M. (1997). Differential effects of early
hippocampal pathology on episodic and semantic memory. Science, 277, 376–
380.
Verhaeghen, P., Marcoen, A., and Goossens, L. (1993). Facts and fiction
about memory aging: A quantitative integration of research findings. Journal of
Gerontology, 48, 157–171.
Wagner, A.D., Schacter, D.L., Rotte, M., et al. (1998). Building memories:
remembering and forgetting of verbal experiences as predicted by brain activity.
Science, 281, 1188–1191.
West, M.J. (1993). Regionally specific loss of neurons in the aging human
hippocampus. Neurobiology of Aging, 14, 287–293.
West, R.L. (1996). An application of prefrontal cortex function theory to
cognitive aging. Psychological Bulletin, 120, 272–292.

Page 35 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

Prefrontal and medial temporal lobe contributions to relational memory in young
and older adults
Wheeler, M.A. and Stuss, D.T. (2003). Remembering and knowing in patients
with frontal lobe tests. Cortex, 39, 827–846.
Wheeler, M.A., Stuss, D.T., and Tulving, E. (1995). Frontal lobe damage
produces episodic memory impairment. Journal of the International
Neuropsychological Society, 1, 525–536.
Wicklund, D.A., Palermo, D.S., and Jenkins, J.J. (1964). The effects of
associative strength and response hierarchy on paired-associate learning.
Journal of Verbal Learning and Verbal Behavior, 3, 413–420.
Winocur, G. and Moscovitch, M. (1983). Paired-associate learning in
institutionalized and noninstitutionalized old people: an analysis of interference
and context effects. Journal of Gerontology, 38, 455–464.
Yonelinas, A.P. (2002). The nature of recollection and familiarity: a review of 30
years of research. Memory and Language, 46, 441–517.
Zaretsky, H.H. and Halberstam, J.L. (1968a). Age differences in pairedassociate learning. Journal of Gerontology, 23, 165–168.
Zaretsky, H.H. and Halberstam, J.L. (1968b). Effects of aging, brain damage,
and associative strength on paired-associate learning and relearning. Journal of
Genetic Psychology, 112, 165–168.

Page 36 of 36

PRINTED FROM OXFORD SCHOLARSHIP ONLINE (oxford.universitypressscholarship.com). (c) Copyright Oxford University Press,
2021. All Rights Reserved. An individual user may print out a PDF of a single chapter of a monograph in OSO for personal use.
Subscriber: Duke University; date: 10 December 2021

