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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.
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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 RM- 
related 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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Figure 24.1  Hemispheric asymmetry in 
PFC activity between two RM tasks: 
word-pair cued recall and context 
recognition. Left PFC activity was greater 
for cued recall than for context 
recognition, possibly reflecting greater 
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.)

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 
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.

Medial temporal lobe

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

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), 
we scanned participants while 
they were recalling word pairs 
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 age- 
related 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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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.

 (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 age- 
related reduction in hippocampal- 
based 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.
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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.

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 pre- 
existing 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. 
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 age- 
related 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 
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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 stimulus- 
bound 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 cross- 
type–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 paired- 
associate 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 age- 
related 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 age- 
related 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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Figure 24.5  Consistent with the 
compensatory interpretation of bilateral 
PFC recruitment in older adults, high- 
performing but not low-performing older 
adults showed bilateral PFC activation 
during context memory (Reproduced 
from R. Cabeza et al., NeuroImage, 17, 
1394–1402, 2002). See colour plate 
section.

(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
In summary, there is a 
considerable amount of 
evidence that RM depends on 
MTL and PFC functions, and 
that age-related RM deficits are 
related to the  (p.615) 

dysfunction of these regions. 
PFC is assumed to control 
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.
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