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Human recognition memory shows a decline during normal ageing, which is thought to be related to age-associated
dysfunctions of mediotemporal lobe structures. Whether the hippocampus is critical for human general relational
memory or for spatial relational memory only is still disputed. The human perirhinal cortex is thought to be
critically involved in non-relational memory, but another view postulates hippocampal involvement in both relational
and non-relational memory. Investigating whether there is a differential impact of ageing on these memory processes
may shed further light into these issues. Thus, in the present study, 106 healthy adults performed three recognition
memory tasks in a consecutive age groups design involving a range from age 20 to 76. This allowed the separate
assessment of spatial and nonspatial relational memory as well as non-relational memory. Both spatial and nonspatial
relational memory declined in the 66-76 yr group. This pattern is consistent with the presumed course of
hippocampal changes across normal ageing and points to the hippocampal role in relational memory in general. An
impairment of non-relational memory commenced earlier in the 51-65 yr group. This finding is discussed in relation

to perceptual/attentional mediation of memory and its potential brain correlates in ageing.

There is an ongoing debate about the contribution of the hippo-
campus to relational memory (Eichenbaum 2004) as compared to
spatial relational processing consistent with the cognitive map
theory (O’Keefe 1999). Studies of hippocampal lesions in humans
and fMRI studies generally support the hypothesis of a general
role of the hippocampus in relational memory (Spiers et al. 2001;
Eldridge et al. 2005; Fenker et al. 2005; Kumaran et al. 2007).
Right hippocampus activation correlated with novelty detection
of both spatial and nonspatial relations of stimulus pairs, but not
with novelty detection of single stimuli, which in turn correlated
with perirhinal activation (Kohler et al. 2005). In contrast, ani-
mal lesion studies and human fMRI studies focusing mainly on
spatial localization and navigation (Maguire et al. 1997, 1998;
O’Keefe 1999; Burgess et al. 2002; Kumaran and Maguire 2005;
Lavenex et al. 2006) have supported the idea of a more important
role of the hippocampus in spatial compared to nonspatial rela-
tional processing.

Relational memory has generally been linked to recollec-
tion, i.e., episodic memory for event features within a specific
context whereas item or non-relational memory is thought to
rely on familiarity, i.e., the feeling of knowing an item without
remembering the study context (Yonelinas 2002; Rugg and
Yonelinas 2003; Aggleton and Brown 2006). Evidence for the
dissociability of relational and item/non-relational recognition
stems from fMRI studies of differential hippocampus vs. perirhi-
nal cortex/anterior parahippocampal cortex activations associ-
ated with the two types of memory (Pihlajamaki et al. 2004;
Kohler et al. 2005; Daselaar et al. 2006; Montaldi et al. 2006).
Studies of patients with hippocampal lesions have as yet not
yielded a clear picture with respect to the dissociability of rela-
tional and non-relational memory (Yonelinas et al. 2002; Manns
et al. 2003; Mayes et al. 2004; Wixted and Squire 2004; Wais et al.
2006; Wixted 2007). Interestingly, single-unit recordings in hu-
man epilepsy patients demonstrated that hippocampal neurons
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show a familiarity response in the absence of successful recollec-
tion, but notably also in the absence of successful non-relational
recognition (Rutishauser et al. 2006). Thus, whether the hippo-
campus is involved in recollection/relational memory only or in
both recollection/relational and familiarity/non-relational
memory remains to be clarified. The perirhinal cortex was shown
to be involved in the perceptual analysis of single items and in
binding of individual stimulus features into a coherent represen-
tation of an object, which requires perceptual and mnemonic
competence (Bussey et al. 2002; Buckley 2005; Bussey and Sak-
sida 2005). It may support relational processing under some cir-
cumstances, such as unitizing two features of the same kind to
one single item or merged unity representation, but not spatio-
temporal relational associations (Norman and O’Reilly 2003;
Mayes et al. 2004; Jager et al. 2006). The hippocampus, on the
other hand, mediates associations of the same kind such as ob-
ject-object associations (Kesner and Hopkins 2006).

To further clarify the issues of hippocampal involvement in
spatial relational vs. general relational memory and the potential
dissociability of recollection/relational memory and familiarity/
non-relational memory, this study investigates effects of healthy
ageing on different recognition memory processes. Hippocampal
volume has been found to decline in a curvilinear manner with
rising age, with an accelerated decrease after age 50-60 (Raz et al.
2005; Cohen et al. 2006). The volume of the perirhinal cortex
remains relatively stable across age (Insausti et al. 1998a,b). Con-
sistent with these findings, recollection/relational memory
showed a more pronounced age-related decline than the rela-
tively stable familiarity/non-relational memory component of
recognition memory in previous studies (Grady et al. 1994;
Yonelinas 2002; Cabeza et al. 2004). However, this pattern has
been challenged in a recent study (Prull et al. 2006). Using three
different methods to estimate recollection and familiarity, recol-
lection was consistently found to be reduced in older compared
to younger subjects, irrespective of the analysis method. Two of
the three methods did, however, also yield familiarity deficits in
older adults. Support for an age-related decline of both recogni-
tion memory components also came from another recent study

Learning & Memory



Relational and non-relational memory across ageing

involving 144 young and old partici- Table 1. Neuropsychological data (M, means; SEs, standard errors) for the four age groups
pants (Toth and Parks 2006). The rea-
sons for these conflicting findings are as 20-35yr 3550y S1-6Syr 66-85 yr
yet unresolved. The ageing studies car- M (SE) M (SE) M (SE) M (SE)
ried out so far were exclusively based on
extreme group comparison of one IQ 107.02 (0.99) 111.00 (0.83) 112,69 (1.21) 112.72 (2.60)
Verbal STM 7.96  (0.37) 8.31  (0.38) 7.58  (0.36) 7.00  (0.32)
young and one older group, a procedure  yerpal WM 7.00  (0.33) 714 (0.40) 6.23  (0.34) 6.00  (0.33)
which entails the known problems of co-  Nonverbal STM 8.93  (0.25) 8.93  (0.29) 7.85  (0.28) 6.83  (0.35)
hort effects. A consecutive age groups Nonverbal WM 8.54  (0.32) 8.10  (0.33) 7.00  (0.30) 5.96 (0.32)
design might be better suited to eluci- BDI 479 (0.74) 534 (0.81) 412 (0.61) 6.67  (1.03)
MMST 28.71  (0.25) 29.07  (0.19) 29.08  (0.13) 28.43  (0.24)

date the course of progression of rela-

tional and non-relational memory
across ageing.

To address the aforementioned is-
sues, spatial and nonspatial relational as
well as non-relational memory were studied in a consecutive age
groups design, involving healthy subjects ranging in age from 20
to 76 yr. A variant of a task which yielded specific hippocampal
and perirhinal cortex activations in a recent fMRI study was used
(Kohler et al. 2005). Despite the known limitations of cross-
sectional investigations (Hedden and Gabrieli 2004), the design
allows an estimation of the course of the progression of recogni-
tion memory across age and may mirror the course of the pre-
sumed age-associated changes in different brain regions. For in-
stance, the presumed curvilinear changes in hippocampal func-
tion may be paralleled by a late-life decline in relational memory.
The separate assessment of spatial and nonspatial relational
memory should add to our knowledge about the generality of the
hippocampal mediation of relational memory. If the perirhinal
cortex was critical for non-relational memory, its estimates
should remain relatively stable with rising age. A critical involve-
ment of the hippocampus in non-relational memory, on the
other hand, would yield a similar decline of relational and non-
relational memory.

Results

The data for neuropsychological screening are summarized in
Table 1. The age groups differed significantly in estimated intel-
lectual ability (IQ) (F(3,102) = 3.48, P = 0.019), with better perfor-
mance of the 66-76 yr group (P = 0.046) and the 51-65 yr group
(P =0.037) compared to the 20-35 yr group. The groups did not
differ significantly on verbal short-term memory (both F = 2.29).
There were, however, significant age differences for nonverbal
memory. The group difference in nonverbal short-term memory
(F(3,102) = 11.47, P < 0.001) was due to the poorer performance of
the 66-76 yr group compared to the 20-35 yr group (P < 0.001)
and the 36-50 yr group (P < 0.001). Analysis of nonverbal work-
ing memory also yielded significant age differences
(F3,102) = 12.34, P <0.001), with lower scores of the 66-76 yr
group compared to the 20-35 yr (P <0.001) and the 36-50 yr
groups (P < 0.001), and lower scores of the 51-65 yr group com-
pared to the 20-35 yr group (P =0.006). The four age groups
differed neither on depression (F=1.70) nor the dementia
screening score (MMST [mini-mental status test], F = 2.09). Taken
together, the data suggest typical patterns observed in healthy
ageing samples.

Spatial relational memory in the four age groups
comparison

ANOVA yielded significant age differences in discrimination in-
dices (F3 102 = 11.01, P < 0.001, see Fig. 1). Post-hoc Bonferroni-
corrected tests yielded the following results, and no other group
differences reached significance. The 66-76 yr group showed
poorer discrimination than each of the younger groups (20-35 yr
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Abbreviations: STM, short-term memory; WM, working memory; BDI, Beck depression inventory;
MMST, mini-mental status test.

group [P < 0.001], 36-50 yr group [P =0.001], 51-65 yr group
[P =0.010]). Separate analysis of the hit rates yielded the same
pattern (see Fig. 2, overall group difference F 4, = 10.58,
P <0.001, 66-76 group vs. 20-35 yr group [P < 0.001], vs. 36-50
yr group [P = 0.001], vs. 51-65 yr group [P = 0.020]). The signifi-
cant age group difference for false alarm rates (F3 0, = 4.19,
P =0.008) was due to higher error rates in the 66-76 yr group
compared to the youngest group (P = 0.004, see Fig. 2). Analysis
of response bias did not yield significant age group differences
(see Table 2, F=0.79).

RTs associated with hits (see Fig. 3) yielded significant age
differences (F3 102, = 9.58, P <0.001), with the 20-35 yr group
responding faster than each of the other groups (36-50 yr group
[P =0.036], 51-65 yr group [P =0.025], 66-76 yr group
[P < 0.001]), and the 36-50 yr group responding faster than the
66-76 yr group (P = 0.047). The significant RT difference on false
alarm trials (F3 105, = 3.26, P = 0.025) was due to faster responses
of the youngest compared to the oldest group (P = 0.028).

Nonspatial relational memory in the four age groups

comparison

As in the spatial task, analysis of the discrimination indices for
nonspatial memory (see Fig. 1) indicated a significant age differ-
ence (F3 102, = 8.47, P < 0.001), with the 66-76 yr group showing
poorer recognition performance than each of the younger groups
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Figure 1. Discrimination indices (M, means; SEs, standard errors) of
spatial and nonspatial relational and non-relational memory estimates in
the four age groups. Lines indicate significant paired group differences
(Bonferroni-corrected).
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Figure 2. Hits and false alarm rates (M, means; SEs, standard errors) of spatial and nonspatial
relational and non-relational memory estimates in the four age groups. Lines indicate significant paired

post-hoc tests for group differences (Bonferroni-corrected).

(20-35 yr group [P < 0.001], 36-50 yr group [P = 0.002), and the
51-65 yr group [P = 0.006]). Analysis of hit rates yielded the same
pattern (overall group difference F; ;4,, = 7.85, P < 0.001, 66-76
group vs. 20-35 yr group [P < 0.001], vs. 36-50 yr group
[P =0.001], vs. 51-65 yr group [P = 0.001]). Similar to the spatial
task, the false alarm group difference (F3 10, = 3.98, P = 0.010)
was due to higher false alarm rates in the 66-76 yr group com-
pared to the youngest group (P = 0.005) (see Fig. 2). Response bias
estimates did not differ between age groups (see Table 2,
F=0.51).

The significant RT difference on hits trials (see Fig. 3,
F3,102) = 8.02, P < 0.001) was due to slower responses in the 66—
76 yr relative to the two youngest age groups (20-35 yr group
[P < 0.001], 36-50 yr group [P = 0.021]). The group difference for
RTs on false alarms trials (F(3 102 = 7.01, P <0.001) was due to
faster RTs of 20-35 yr group compared to the 66-76 yr group
(P <0.001) and the 36-50 yr group (P = 0.019).

Non-relational memory in the four age groups

comparison
The significant age group difference for the discrimination index
(F(3,102) = 11.01, P < 0.001) was due to a poorer performance of
the 66-76 yr group relative to the two youngest age groups (vs.
20-35 yr group [P < 0.001], vs. 35-50 yr group [P = 0.001]). The
difference between the 66-76 yr and 51-65 yr groups approached
but did not reach significance (P = 0.055). In addition, the dis-
crimination index of the 51-65 yr group was lower than the
index of the youngest group (P = 0.023) (see Fig. 1). Analysis of
hit rates also yielded an overall group
difference (F3 102y = 4.15, P =0.008),
with lower hit rates of the 66-76 yr

Non-relational -
Hit rate

rates of the 51-65 yr group were higher
than those of the 20-35 yr group
(P =0.011). Response bias estimates did
not differ between groups (see Table 2,
F=0.79).

The significant RT difference for
hits trials (see Fig. 3, F3 192 = 5.19,
P =0.002) was related to slower respond-
ing of the 66-76 yr group compared to
the two youngest groups (vs. 20-35 yr
[P =0.001], vs. 36-50 yr [P = 0.030]). The
RT on false alarm trials did not differ be-
tween groups (F = 2.45).

Direct comparison of spatial

and nonspatial relational and
non-relational memory in the four
age groups

An ANOVA with repeated measures in-
cluding the discrimination ability in the
three memory tasks as the within-
subjects factor and age group as the be-
tween-factor yielded a main effect of
task (F(5,102) = 55.84, P <0.001), as per-
formance in the non-relational memory task is generally lower
than in both relational memory tasks. There was also a main
effect of age group (F3 102, = 15.86, P < 0.001), showing decreas-
ing discrimination ability with increasing age. However, there
was no memory task X age group interaction (F ;o = 0.51).

Non-relational -
False alarm rate

Relationship between age, neuropsychological data,
and discrimination indices of spatial and nonspatial
relational and non-relational memory across the adult
lifespan
Correlation analyses, corrected for multiple testing, were con-
ducted with all 106 participants to elucidate the relationship be-
tween the neuropsychological data and recognition memory in-
dices across the adult lifespan, and not only between age groups.
They yielded negative correlations between age and spatial rela-
tional (R= —0.47, P <0.001), nonspatial relational (R = —0.40,
P <0.001), and non-relational memory (R= —0.47, P <0.001),
respectively. Spatial and nonspatial relational memory correlated
positively (R = 0.60, P < 0.001), as did spatial relational and non-
relational memory (R = 0.61, P <0.001) and to a relatively lesser
extent nonspatial relational and non-relational memory
(R=0.50, P <0.001). The same analysis conducted separately for
each age group, corrected for multiple testing, did not yield any
statistically significant correlation in any of the groups.

All stepwise regression analyses, also conducted across the
adult lifespan, yielded significant results, with age alone being a
predictor for spatial relational (F 04, = 28.86, P < 0.001,

Table 2. Response biases (M, means; SEs, standard errors) for the four age groups

group compared to the two youngest age
groups (vs. 20-35 yr group [P =0.012],
vs. 36-50 yr group [P =0.025], see Fig.

2). The significant age difference in false
alarm rates (F( 102y = 7.81, P <0.001)
was due to higher rates of the 66-76 yr
group relative to the 20-35 yr group
(P <0.001) and the 36-50 yr group

20-35yr 36-50 yr 51-65 yr 66-85 yr
M (SEs) M (SEs) M (SEs) M (SEs)

Response bias index spatial

relational memory 0.60 (0.04) 0.56 (0.03) 0.54 (0.04) 0.51 (0.05)
Response bias index nonspatial

relational memory 0.59 (0.04) 0.61 (0.03) 0.63 (0.04) 0.56 (0.04)
Response bias index

non-relational memory 0.62 (0.03) 0.65 (0.03) 0.69 (0.04) 0.63 (0.04)

(P =0.026). In addition, the false alarm
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Figure 3. RTs (M, means; SEs, standard errors) for spatial and nonspatial relational and non-relational

memory in the four age groups. Lines indicate significant paired post-hoc tests for group differences
(Bonferroni-corrected).

R? = 0.22, Beta-coefficient = —0.47, T= —5.37, P <0.001) and
non-relational memory (F(; 04 = 28.93, P < 0.001, R* =0.22,
Beta-coefficient = —0.47, T = —5.38, P < 0.001). For nonspatial re-
lational memory, age combined with verbal short-term memory
and IQ were included as predictors (F 10, = 11.29, P <0.001,
R? =0.25, Beta-coefficient[age] = —0.41, Tlage]= —4.46, P <0.001,
Beta-coefficient[verbal short-term memory] = 0.20, T[verbal short-
term memory] = 2.29, P =0.024, Beta-coefficient[IQ] = 0.20,
T[IQ] =2.17, P =0.032).

relational memory. However, age corre-
lated with and predicted (solely and
jointly) performance in all three tasks
across the adult lifespan. With respect to
the lack of a statistically significant
task X age group interaction, one has to
bear in mind that (1) the relational and
non-relational tasks were designed to
aim at differential memory processes
and (2) the non-relational memory task
was confounded by a higher level of dif-
ficulty, and thus the interpretation of
lacking interaction between noncompa-
rable memory performances is not
straightforward. Taken together, the im-
plications concerning the issue of disso-
ciability of relational and non-relational
memory vs. the issue of hippocampal in-
volvement in non-relational memory
may be potentially complicated, and
this will be discussed in the second part
of the Discussion.

Spatial and nonspatial relational
memory indices were affected

similarly across ageing

The relatively late onset of the discrimi-
nation impairment for spatial and non-
spatial relational memory was based on

both lower hit rates and higher false alarm rates in the 66-76 yr
group, with relatively stable performance in all younger groups.
The question arises as to whether the course of memory changes
with rising age would fit with what is known about their neuro-
nal mechanisms and changes with normal ageing. The observed
performance pattern appears to mirror neuroimaging data of a
late-onset decline of hippocampal volume with a latency (Raz et
al. 2005; Cohen et al. 2006). This points to the possibility that the
loss of functional integrity required in this task occurred only

after a substantial loss of hippocampal volume. However, it
should be noted that correlations between hippocampal volume

Discussion

The aim of the present study was to assess the course of spatial
and nonspatial relational and non-relational memory across the
adult age range in healthy subjects ranging in age from 20 to 76
yr. In summary, the declines of discrimination ability in both
spatial and nonspatial relational memory had a strikingly similar
late onset, as the 66-76 yr group was outperformed by all
younger age groups (see Fig. 1). Additionally, spatial and non-
spatial relational memory correlated highly across the adult
lifespan. Taken together, the analyses of the four age groups and
correlational analyses across the lifespan add evidence to the idea
that the hippocampus mediates general relational processing.
Non-relational memory showed an earlier commencing decline,
with subjects in the 51-65 yr age range also showing a discrimi-
nation ability deficit relative to the youngest group, and there
was also no difference between the two oldest groups (see Fig. 1).
This appears consistent with the account of a hippocampal role
in both relational and non-relational memory. A closer inspec-
tion of hit and false alarm rates revealed that the earlier com-
mencing decline of non-relational memory was mainly due to
the high false alarm rates of the two oldest groups relative to the
youngest group (see Fig. 2). The patterns of the hit rates across
ageing were strikingly similar for spatial and nonspatial rela-
tional, but somewhat different for non-relational memory,
which speaks in favor of the dissociability of relational and non-
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and recollection indices have not been consistently observed
(Schiltz et al. 2006). The reduced ability to remember object—
location associations in older adults has been convincingly
linked to reduced anterior hippocampal function (Mitchell et al.
2000). The data do not support the hypothesis that hippocam-
pally mediated relational processing disproportionately affects
spatial relationships (O’Keefe 1999). The non-relational memory
task used in the present study addressed visuospatial processing
to some degree, although clearly less so than the spatial relational
memory task, as the participants were instructed to memorize the
views of the objects and to later detect changes in the view. These
links were illustrated by the findings of the regression analysis
across the adult lifespan, with age alone being a strong predictor
of the discrimination indices in spatial relational and non-
relational memory and the high correlation between both types
of recognition memory. The courses of both spatial and nonspa-
tial relational memory across ageing were, however, strikingly
similar, both reflecting a late-life onset of a significant impair-
ment. Taken together, the finding of a strikingly similar course of
spatial and nonspatial relational memory across the human adult
lifespan supports the idea of a general role of the hippocampus in
relational memory processes (Spiers et al. 2001; Eichenbaum
2001, 2004; Kohler et al. 2005; Kesner and Hopkins 2006; Rolls
and Kesner 2006; Kumaran et al. 2007) and adds to increasing
evidence from experimental animal studies (Gilbert et al.
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2001; Kesner et al. 2002) and human ageing studies using
extreme group comparisons (Prull et al. 2006; Toth and Parks
2006).

The non-relational memory index declined earlier

across ageing
A somewhat surprising finding is the relatively early commenc-
ing decline of recognition memory and more specifically of the
ability to reject nontargets in non-relational memory. This prob-
lem was already present in the 51-65 yr group as compared to
the youngest group (see Fig. 1), and there were no statistically
significant differences in the abilities to discriminate, detect
targets, and reject nontargets between the two oldest groups as
in relational memory. The present age-related reductions of
non-relational memory extend recent evidence of age-associated
familiarity deficits in older participants (Prull et al. 2006; Toth
and Parks 2006). The two familiarity memory studies were based
on extreme groups comparisons (young group age range = 18-28
vs. older group range = 63-81) (Toth and Parks 2006); (and
young group range = 18-22 vs. older group range = 60-82)
(Prull et al. 2006), and thus do not provide information about
the course of the age-related changes. The decline of discrimina-
tion indices on the non-relational memory task (see Fig. 1) and
the lack of memory task X age group interaction at hand are
inconsistent with a previously reported age-associated dissocia-
tion of impaired recollection/stable familiarity (Grady et al.
1994; Yonelinas 2002; Cabeza et al. 2004) and accord more with
the view that the hippocampus plays a role in both relational
and non-relational memory processing (Wixted and Squire
2004; Wais et al. 2006). However, it should be stressed that our
non-relational task was clearly more difficult than non-relational
recognition based on familiarity of single items, as illustrated on
the basis of hit and false alarm rates (see Fig. 2) and RTs (see
Fig. 3) (see below for thorough discussion), which limits the
comparability of the rates of decline. An important question in
this regard is whether non-relational memory of an object con-
sisting of two or more features of the same kind may also de-
pend upon relational memory to some degree (Yonelinas 2002).
This is unlikely for the present task, since Norman and O’Reilly
(2003) argued that associating two features to one item, but not
spatiotemporal relational associations, can be supported by a
familiarity-type process, and selective hippocampal lesions spare
the recognition for items and also associations between items of
the same kind (e.g., word-word or face—face pairs) (Mayes et al.
2004). Still, the current non-relational memory task clearly
supported unitization to a lesser degree than, e.g., encoding of
arbitrary word pairs in relational vs. non-relational conditions
(Quamme et al. 2007). In this study, the strategy to encode
arbitrary word pairs as compounds appeared to be clearly re-
lated to familiarity memory. The alternative strategy to en-
code the words as segregated words in a sentence relied on
recollection. In our task, the subjects were not instructed to use
specific encoding strategies. In the non-relational task, they
were simply told to memorize the views, and this may not have
sufficed to promote unitization. In summary, this task seemed
to place disproportionately high demands on perceptual
processing and also did not easily benefit from verbal media-
tion, semantic processing, or screen position cues as was the case
for the relational memory tasks. The non-relational task required
the precise perceptual analysis of the conjunctions of features of
the two objects as one merged stimulus representation to dis-
tinguish the view during recognition. This process has been
linked to the perirhinal cortex (Buckley 2005; Bussey and Saksida
2005).

It follows that linking the course of memory changes with
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rising age in non-relational memory to potential underlying
brain mechanisms is more difficult than in the relational
memory task. If the present results had been found with equated
levels of difficulty between the relational and non-relational
tasks, three possible competing scenarios would arise. Firstly, the
results would have to be interpreted in favor of the account that
the hippocampus is also critical for non-relational memory. Spe-
cifically, the decline of the discrimination indices in non-
relational memory and the lacking memory task X age group
interaction could be explained by an ageing-related disruption of
hippocampal function. Secondly, the results might be due to an
age-associated decline in the functional integrity of the peri-
rhinal cortical circuits despite their stable volume across ageing,
which remains to be investigated (Burke and Barnes 2006; In-
sausti et al. 1998a,b). Unfortunately, the major caveat of the
present study is the between-task difference in difficulty, which
limits the implications of the results with respect to the first two
competing accounts.

A third scenario raises the possibility that the reduction of
non-relational memory might be linked to the high attentional
demands of the task which might induce the joint recruitment of
the perirhinal cortex and the thalamus. There are several lines of
evidence which indicate that the non-relational memory task
appeared to be more difficult than a simple non-relational
memory task based on the familiarity of individual items. It also
appeared to be more difficult than the relational tasks, an effect
which was not observed in pilot studies. The lower discrimina-
tion ability indices for the non-relational memory task were
mainly attributable to the higher false alarm rates which in-
creased with each age group (see Fig. 2). The RTs for false alarms
were considerably longer for the non-relational compared to the
relational memory task; this difference is particularly pro-
nounced for the youngest group, confirming the high level of
difficulty (see Fig. 3). It, therefore, may have recruited additional
attention-related brain mechanisms which do not play a role in
a non-relational memory task using single items, and the brain
imaging correlates of the single-item non-relational memory task
by Kohler et al. (2005) may not have direct implications for the
current study. In the Kohler et al. (2005) study, novel items in the
non-relational task were not encountered in the study phase, as
opposed to the novel items in the relational tasks, which con-
sisted of objects studied in recombined arrangements. In the cur-
rent version, we aimed to create similar levels of work load and
novelty levels in the relational and non-relational tasks. Taken
together, our task also placed higher demands on discriminabil-
ity, as all non-relational pairs were equally familiar with respect
to object co-occurrence and spatial layout, and familiarity of spa-
tial orientation was the key feature for old/novel judgement;
hence, the subjects were more inclined to endorse even changed
pairs. Given the necessity of recruiting increased perceptual and
attentional resources during the non-relational memory task, the
question arises whether a recruitment of the thalamus might
have been needed in addition to the perirhinal cortex. Familiar-
ity-type recognition has been associated with a circuit linking the
perirhinal cortex and the thalamus (Aggleton and Brown 1999).
Interestingly, the volume of the thalamus was found to decrease
linearly with rising age (Walhovd et al. 2005). Relative to
younger subjects, older adults showed increased thalamic activa-
tion during verbal encoding or visual target detection, presum-
ably reflecting enhanced attentional processing (Madden et al.
1999, 2004). Higher activation in the thalamus might serve to
compensate the reduced occipital activations of older adults
shown in response to novel stimuli (Madden et al. 2004) and
higher-order visual feature processing in general (Huettel et al.
2001). The age-related posterior-thalamic shift of brain activa-
tions may enhance target-relevant features relayed for visual pro-
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cessing of the spatial orientation of the non-relational items
(Madden et al. 2004). In contrast, relational memory could be
supported by memorizing the relationships of the gist of the
objects, without reference to the actual view (i.e., perceptual de-
tails) of the objects. Thus, it is possible that the necessity of re-
cruiting increased perceptual and attentional resources during
the non-relational memory task might be associated with recruit-
ment of the thalamus. The relatively early memory deficit (slowly
beginning in the 51-65 yr group) might be linked to a dysfunc-
tion of this mechanism (Raz et al. 2005; Walhovd et al. 2005).

Potential alternative interpretations of the age-associated
recognition memory deficits might relate to differences in gen-
eral level of intellectual status, response speed, or response bias/
motivation. Careful matching and estimating IQ, years of educa-
tion, MMST, BDI (Beck depression inventory), overall neutral rec-
ognition memory biases, and a lenient reaction time window
make these explanations unlikely.

In summary, relational and non-relational memory were
both significantly affected by age, with a late-life onset of rela-
tional memory deficits and an earlier onset of non-relational
memory impairment. The pattern across ageing is consistent
with a hippocampal mediation of both spatial and nonspatial
memory and its late-life dysfunction, and thus strongly supports
the account of a hippocampal role in general relational memory
(Eichenbaum 2001). A caveat of this study was the unequal task
difficulty regarding the relational vs. non-relational memory,
thus the current evidence as for the non-relational memory can
be interpreted in terms of favoring either one of the following
views. Non-relational memory based on perceptually difficult
and attention-demanding processes may lead to recognition
memory deficits commencing earlier in life, which might be
linked to either the critical involvement of the hippocampus in
relational and non-relational memory (Wixted and Squire 2004;
Wais et al. 2006), loss of functional changes of the perirhinal
cortex despite structural changes, or insufficient recruitment of
the thalamus.

Materials and Methods

Participants

One hundred and six healthy partici-
pants were recruited by advertisement
and private contact and gave written in-
formed consent to take part in the study.
Half of the participants of the youngest
age group were undergraduate psychol-
ogy students and received course credit
for participation. The study was con-
ducted in accordance with the require-
ments of the local ethics committee. Ex-
clusion criteria were a history of neuro-
logical, psychiatric, head trauma or
substance abuse, a MMST score below
27, a BDI score above 15, misunder-
standing of task instructions as assessed
in a post-experimental debriefing, or ab-
normally long reaction times (>2500
ms).

The remaining participants were as-
signed to one of four age groups: 20-35
yr (N =28, 18 females, M = 23.89,
SD =0.78), 36-50 yr (N = 29, 16 females,
M =42.72, SD =0.75), 51-65 yr (N = 26,
17 females, M = 55.85, SD = 0.81), and
66-76 yr (N =23, 12 females, M = 69.61,
SD =0.89).

The proportion of males and fe-
males did not differ significantly be-
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tween groups (all X* < 2.46). Screening of neuropsychological
status entailed estimation of general intellectual ability by a short
German version of the Wechsler Adult Intelligence
Scales (Dahl 1972). Verbal and nonverbal short-term and work-
ing memory were assessed by the German version of the digit
and block span tests of the Wechsler Memory Scale—Revised
(Wechsler 1987).

Assessment of relational
and non-relational memory

The memory assessment procedure of this study was based on a
computerized recognition memory test used in a recent fMRI
study (Kohler et al. 2005). In brief, subjects had to encode a series
of line drawings of object pairs which were presented in distinct
spatial layouts (see Fig. 4a). In the test phase, old and novel item
pairs were presented, and subjects had to indicate for each pair
whether it was previously encountered or novel. Novel items
were systematically manipulated versions of the studied pairs
involving new object-location (Fig. 4b) or object-object relation-
ships (Fig. 4c).

Non-relational memory was assessed in a variation of the
original task. We aimed to develop merged unity representations
of object pairings without the need for relational processing.
Kohler et al. (2005) used individual objects for the non-relational
memory task, which led to ceiling effects in recognition memory.
The procedure of the present study aimed to avoid such ceiling
effects. The stimuli consisted of two objects presented centrally
on the screen (Fig. 4d). Novel items were horizontally flipped
versions of the individual objects of the studied pairs, while all
test items were intact pairs with regard to their studied spatial
layouts (Fig. 4e). Thus, both the object-location and the object-
object relationships were held constant. Critically, as opposed to
the two relational tasks, the prior occurrence or familiarity of the
spatial orientation determined non-relational recognition
memory. In the two relational tasks the spatial orientation of the
individual objects never changed. Familiarity of the spatial ori-
entation of the individual objects could thus not contribute to
performance. Instead, the prior spatial layout or co-occurrence of
the objects had to be remembered for successful task perfor-
mance. Using paired stimuli rather than individual objects, the

4d

4e

Figure 4. Schematic overview of the spatial and nonspatial relational (black background) and non-
relational memory (white background) tasks. (a) Example of an original picture from the study phase
of the spatial and nonspatial relational task which serves also as an old picture in the test of spatial and
nonspatial relational memory. (b) Example of a new picture in the test of spatial relational memory. (c)
Example of a new picture in the test of nonspatial relational memory. (d) Example of an original picture
from the study phase of the non-relational memory task which serves also as an old picture in the test
of non-relational memory. (e) Example of a new picture in the test of non-relational memory.
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general processing load was more comparable in the relational
and non-relational tasks. The level of novelty of the distractor
items was also more comparable to the relational tasks than in
the original version, where the distractors of the non-relational
memory task—unlike the relational task—had not been encoun-
tered before. In both the relational and non-relational tasks, the
novel items were thus systematically altered versions of previ-
ously encountered stimuli. The non-relational memory proce-
dure was intended to tap into a merged representation of a single
stimulus consisting of two object features.

The number of items in each task and the number of rep-
etitions of the study phase (N = 4) were determined on the basis
of extensive piloting. The stimulus pairs were based on 144 gray-
level texture line drawings of objects presented against a white
background; the stimuli were derived from a database (standard-
ized according to naming agreement, familiarity, complexity,
and imagery judgements) (Rossion and Pourtois 2004). For each
participant, 72 drawings were randomly allocated to the rela-
tional task, the remainder to the non-relational memory task. In
the relational tasks (see Fig. 4a—c), successful relational memory
required the formation and recollection of object-location or ob-
ject-object relationships between the separate spatial or nonspa-
tial components of an episode. In the non-relational memory
task (Fig. 4d,e), successful performance did not require the
memory of relations but could be accomplished on the basis of
the familiarity of the spatial orientations of items.

Relational memory

Study phase (Fig. 4a)

For each participant, 72 objects were randomly paired to create
the 36 study items. These 36 item pairs were shown in one of 18
distinct spatial configurations in an invisible 8 X 6 grid. Follow-
ing the original study, each spatial configuration was used twice
in two different object pairings, which allowed altering the ob-
ject—object relationships without a simultaneous change in ob-
ject-location relationships. The participants were asked to
memorize the object-object and object-location relationships of
each pair and were shown examples of old and new test items in
the spatial and nonspatial relational conditions, so that they
would be able to focus on the relevant features. Each item was
displayed for 2000 ms each with ISIs of 3000 ms. The 36 items
were presented in blocks of four (30 sec between-block intervals);
each pair appeared only once within a block. The recognition test
followed immediately after the fourth repetition of the study
phase.

Test of spatial relational memory (Fig. 4b)

Each of the 36 old and 18 novel items was randomly presented
for 2500 ms with an ISI of 3000 ms. Old and new items were
made up of the same object pairs. In old items, the spatial ar-
rangement of the two objects was identical to the study phase; in
novel items, the spatial positions of the objects were swapped.
Participants were asked to indicate by button-presses whether an
item was old or novel. The discrimination index P, and bias index
B, of the Two-High-Threshold Model (P, = hit rate — false alarm
rate, and B, = false alarm rate/[1 — (hit rate — false alarm rate)|)
were calculated to estimate spatial relational memory. The Two-
High-Threshold Model with P, and B, as a dependent measure
was chosen, because it was reported to be more sensitive than the
signal-detection theory discrimination measure (Snodgrass and
Corwin 1988). RTs were also recorded.

Test of nonspatial relational memory (Fig. 4c)

The 36 old and 18 novel items were presented in random order;
items were presented for 2500 ms each, with ISIs of 3000 ms. All
items retained the same locations on the screen as in the study
phase, but they differed with respect to nonspatial pairing: Old
items entailed the same object pairs as in the study phase,
whereas novel items involved new object combinations, with
each object keeping its spatial location from the study phase.
Participants had to indicate by button-presses whether an item
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was old or novel, and discrimination and bias indices as well as
RTs were assessed.

Non-relational memory

Study phase (Fig. 4d)

Thirty-six item pairs were presented at the central location of the
screen. Subjects were asked to memorize the object-object rela-
tionships and the views from which the objects were displayed
and were shown examples of old and new test items, so that they
would be able to attend to the relevant features. As in the rela-
tional memory tasks, items were presented for 2000 ms with ISIs
of 3000 ms.

Test of non-relational memory (Fig. 4e)

The 36 old and 18 new items were presented in random order;
each item was shown for 2500 ms with ISIs of 3000 ms. All object
pairs were shown at the same location as in the study phase. Old
items preserved the view from which the objects were depicted.
In novel items the objects were shown from a different view.
Subjects had to indicate by button-presses whether an item was
old or novel, and discrimination and bias indices and RTs were
analyzed.

The order of the relational and non-relational memory tasks
was randomized across subjects. There was only one study phase
for the two relational tasks (see above), and the order of the
spatial and nonspatial recognition phase was also randomized.
Stimuli and responses were displayed, recorded, and analyzed
using the Presentation software (Neurobehavioral Systems, Inc.,
http://www.neurobs.com/), and statistical analyses were per-
formed via SPSS 15.0.
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