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Abstract

Richly detailed memories for particular events depend on processes that bind individual features of experience together. Previous
cognitive behavioral research indicates that older adults have more difficulty than young adults in conditions requiring feature binding. We
used functional magnetic resonance imaging (fMRI) during a working memory task to identify neural substrates of this age-related deficit
in feature binding. For young, but not older, adults there was greater activation in left anterior hippocampus on combination trials
(remember objects together with their locations) than on trials in which participants were told to remember only which objects or only
which locations occurred. The results provide neuroimaging evidence for an age-related hippocampal dysfunction in feature binding in
working memory.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction disruptions in feature binding during working memory
tasks [49]. Although the brain regions that play a role in

Creating new associations between the individual fea- maintaining individual features in working memory have
tures of experience (e.g., colors, locations, objects) is received considerable attention [66], neuroimaging studies
critical for establishing episodic (autobiographical) have only recently begun to explicate the processes
memories. Recent behavioral evidence suggests that, com- mediating the binding together of individual features
pared to young adults, older adults show a deficit in [32,33,54]. Furthermore, the neural correlates of age-re-
remembering combinations of features, even when they lated deficits in binding processes remain to be identified.
show equivalent memory for the individual features [10]. In order to explore the neural differences that may
Establishing such associations is presumably facilitated by underlie age-related binding deficits, we used fMRI to
working memory [3] processes by which people reflect investigate neural activity during working memory tasks
[36] on current experience. That is, the processes by which that did and did not require binding features. Young and
information is maintained and manipulated in working older adults were tested in three working memory tasks
memory constitute encoding processes that determine later that required them to hold information in working memory
long-term memory [36]. Consistent with the idea that and respond on the basis of memory for either individual
age-related deficits in long-term memory may be related at features or feature combinations (see Fig. 1). Across
least in part to encoding deficits, older adults show conditions, the study stimuli were the same while the

instructions and type of test varied. During different blocks
of trials, participants were tested on either object, location,1Published on the World Wide Web on 22 May 2000.
or combined object1location information (see Fig. 1).*Corresponding author. Tel.: 11-609-258-4664; fax: 11-609-258-
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Fig. 1. Schematic of the working memory task (see Materials and methods for details).

available studies is to compare young and older adults on a people maintained integrated feature information versus a
memory task (e.g., old /new recognition), usually with task in which they maintained the features separately [54].
reference to a non-memory baseline control (e.g. [44]). In addition, electrophysiological recordings in monkeys
However, here we are not interested in overall differences during working memory tasks show that some cells in
in levels of neural activation between young and older prefrontal cortex code for both object and location [55].
adults (i.e., main effect of age), but rather in the relative Together, such findings are consistent with the idea that
performance of young and older adults on memory tasks feature binding depends on a frontal-hippocampal circuit in
that require binding and memory tasks that do not (i.e., an which PFC influences the opportunities for the hippocam-
age by condition interaction). Thus, our analysis was pal binding critical for long-term episodic memory
designed to identify areas that were differentially active [8,12,37], for example, by maintaining conjunctions of
between young and older adults in the combination features and/or modulating hippocampal activity. There is
condition relative to the single feature conditions. extensive evidence that PFC plays a role in maintaining

Hippocampus and prefrontal cortex (PFC) regions were information in working memory [20], and reciprocal
of particular interest based on the extensive prior literature connections between PFC and hippocampus are consistent
suggesting that these regions are involved in feature with such a circuit [29].
binding. Damage to the hippocampus and associated If PFC and hippocampal regions jointly participate in a
structures can produce a profound deficit in episodic feature binding circuit, then we would expect to find
memory, and it has been proposed that such amnesia evidence of disruption in activity in one or both of these
reflects disruption of hippocampally-mediated feature bind- regions in older, compared to younger, adults. Interesting-
ing processes [13,70]. Consistent with this proposal, ly, Grady et al. [30] found hippocampal activation in
amnesics [59], including those with identified hippocampal young but not older adults during encoding of faces — a
lesions [43], show a deficit, compared to normal controls, task that may involve the binding of featural information
on tasks designed to test binding. Furthermore, recent PET (e.g., [43], Exp. 2), although the relation between hip-
studies indicate that the hippocampus is involved in the pocampal binding processes and processes subserved by
formation of semantic and inter-item associations, i.e., the fusiform ‘face area’ [40] remain to be explored.
binding [32,33]. Damage to PFC usually does not produce Indirect evidence for the specific role of PFC and hip-
marked anterograde amnesia. It can, however, impair pocampal regions in feature binding comes from studies
source memory (e.g., remembering where an object was showing a correlation between older adults’ scores on
seen, what color it was, who said what) more than item neuropsychological tests used clinically to assess frontal
memory (e.g., remembering the object or what was said) and medial-temporal function and their performance in
[64]; furthermore, recent neuroimaging evidence shows source identification tasks [18,27,34]. Nevertheless, neuro-
areas of PFC that are more active during tests requiring psychological tests provide only suggestive evidence about
source information than tests requiring only old /new underlying brain regions [62]. Thus, more direct evidence
discrimination [35,50,56,61]. Greater PFC activation has about the neural mechanisms that may account for age-
also been found during a working memory task in which related feature binding deficits is needed.
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2. Materials and methods Data were motion corrected using a 6 parameter auto-
mated algorithm (AIR) [73]; images for all participants

The study was approved by the Institutional Review were co-registered to a common (young adult) reference
Boards at Princeton University and the University of brain using a 12 parameter automated algorithm (AIR),
Pennsylvania and all participants gave written, informed mean normalized to equate mean global signal intensity
consent. The participants were six, right-handed young across all images over time and between subjects, and
adults (M age523.7 yrs, M education517.5 yrs) and six, spatially smoothed using a 3D gaussian filter (8 mm
right-handed, older adults (M age567.0 yrs, M education5 FWHM). NIS software (developed by the Laboratory for
15.5 yrs). Older adults reported themselves in good health, Clinical Cognitive Neuroscience, University of Pittsburgh,
did not have a history of strokes, seizures, or loss of and the Neuroscience of Cognitive Control Laboratory,
consciousness, had normal scores on the MMSE, Beck Princeton University) was used for the statistical analyses.
Depression Inventory, and the Geriatric Mood Assessment, The raw mean normalized signal values for each voxel
and were not taking any psychotropic medications. were examined using a mixed Analysis of Variance with

Each trial (see Fig. 1) consisted of three 333 grids, the following factors: Age (young, old)3Condition (ob-
presented sequentially; each grid contained a different ject, location, combination)3Scan (2–8, see Fig. 1)3
object (colored line drawing) [69] in a different location, Cycle (1st, 2nd, and 3rd repetition of each condition), with
excluding the center cell. Conditions were blocked (12 subject as a random factor. Scans 2–8 were examined to
trials per block) and blocks were presented in pseudo- include stimulus encoding and maintenance processes that
random order so each condition occurred in each third of presumably underlie feature binding. The regions of pri-
the experimental session. There were three such orders, mary interest were: (a) those that were differentially active
each used for two young and two older adults. In all cases, between conditions for young and older adults as indicated
the condition name (instructing participants to remember by a significant Age3Condition interaction (where a
object or location or both) appeared for 1 s, followed by region included at least 4 contiguous voxels [25], each of
the three study arrays which appeared for 1 s each, which was significant in the Age3Condition interaction at
followed by an 8-s retention interval (during which time a P,0.025) that was not qualified by higher order interac-
‘1’ appeared). A test probe then appeared for 2 s, tions and in which subsequent planned comparisons
followed by a 12-s intertrial interval (ITI). Thus each trial showed that activation in the combination condition was
was 26 s including the ITI. On object trials, the test probe greater than both the object and the location conditions
was a black and white object in the center of a grid; (P,0.025), and (b) those that showed a main effect of
participants responded (via right-handed button press) ‘yes’ condition (4 contiguous voxels, each at P,0.025) that was
if it corresponded to a study item on that trial and ‘no’ (left not qualified by any interaction with age and that showed
hand) if it did not. On location trials, the test probe was a the combination condition was greater than both feature
black dot in one of the grid cells (other than the center) and conditions in subsequent planned comparisons (P,0.025).
participants responded ‘yes’ if it appeared in a location that To localize the regions of interest, the data were overlaid
an object had occupied on that trial and ‘no’ if it appeared on the structural images of the common reference brain
elsewhere. On combination trials, a black and white object (one of the young subjects) which had been transformed to
appeared in one of the periphery cells and participants Talairach space [71] using AFNI [17].
responded ‘yes’ if the test probe corresponded exactly to a
studied object / location pairing and ‘no’ if it did not.
Distractor items in this condition were always re-pairings 3. Results
of objects and locations from the current trial. The objects
on each trial were drawn randomly from a set of eight to 3.1. Behavioral data
equate the number of different objects with the number of
different locations, with the restriction that each item Consistent with previous findings [49], older adults
appear equally often in each condition. Stimuli were demonstrated a deficit in accuracy (corrected recognition)
presented using PsyScope software [11]. Thirteen volumes in the combination condition (M young50.95 [SD50.05];
were obtained per trial, one every 2 s (see Fig. 1). M older50.74 [SD50.25]; t(10)52.07, P50.06) but not

Data were acquired at the University of Pennsylvania the object (M young50.95 [SD50.07]; M older50.95
Medical Center using a 1.5 T Signa scanner (GE Medical [SD50.05]; P.0.10) or location (M young50.93 [SD5

Systems). Sagittal and axial T1-weighted anatomical im- 0.08]; M older50.88 [SD50.14]; P.0.10) conditions.
ages were obtained for every participant. A gradient echo,
echoplanar sequence (TR52000 ms, TE550 ms) was used 3.2. fMRI data
to acquire functional data sensitive to the blood oxygen-
ation level dependent (BOLD) signal [51]. Resolution was We were interested in areas where an Analysis of
3.7533.75 mm in plane, and 5 mm between planes (21 Variance showed a condition by age interaction and where
axial slices of functional data were acquired). subsequent planned comparisons between conditions
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showed greater activity in the combination condition than significant age by condition interaction. For the young
both the object and the location condition for either age adults, the subsequent contrasts showed that the activation
group. Areas that showed patterns in the subsequent in the combination condition was greater than the location
contrasts in which the combination condition was greater condition but not significantly greater than the object
than only object (or only location) were considered likely condition. For the older adults, activation in both the
to be object (or location) processing areas and not specific combination and location conditions was significantly
to feature binding. One region met the criteria for a feature lower than that in the object condition. Although this area
binding area: An area of left anterior hippocampus (see did not meet our criteria for being a binding region in
Fig. 2a). In this area, for young adults activation was either age group, we present it here because of recent
significantly greater in the combination condition than in converging results [54]. Prabhakaran et al. [54], looking
both the location and object conditions. This was not the only at young adults, found a region of right BA 10 that
case for the older adults, where activation was lowest in was more active in a working memory task when they
the combination condition (and significantly below that of presented to-be-remembered features in an integrated
the object condition). This pattern indicates that, compared fashion than when they presented the features separately.
to a feature only memory task, a memory task requiring The area in Fig. 2b is in the medial frontal gyrus, a brain
feature binding results in relatively greater hippocampal region that appears to be included in the Prabhakaran et al.
activation in young, but not older, adults. integration area (although Prabhakaran et al. do not

An area of right BA 10 (see Fig. 2b) also showed a provide Talairach coordinates for their activation, visual

Fig. 2. Hippocampal and prefrontal regions showing age by condition interaction. (a) Area of left anterior hippocampus (Talairach coordinates: x5233,
y5214, z5211) that showed an Age3Condition interaction (max. F for the ROI55.72) and in which the activation in the combination condition was
greater than both the object (max. t for the ROI53.33) and location (max. t for the ROI53.02) conditions in the young adults. For the older adults,
activation in the combination condition was significantly lower than the object condition (max. t for the ROI52.86). The points on the X-axis correspond to
scans (2 s each) and the Y-axis is mean signal. Only data from scans 2–8 (also see Fig. 1) were included in the ANOVAs but data from the entire trial,
including intertrial interval, are presented in the figure. Note that group average activations are mapped onto a single (young) reference brain; the left side
of the image shown corresponds to the right side of the brain. (b) Area of right BA 10 (Talairach coordinates: x56, y554, z513) that showed an
Age3Condition interaction (max. F for the ROI56.30) and in which the activation in the combination condition was greater than the location condition
(max. t for the ROI52.69) in the young adults. For the older adults, activation in both the combination (max. t for the ROI53.08) and location (max. t for
the ROI54.00) condition was lower than the object condition.
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inspection suggests that our activation overlaps with, or is region of left precentral gyrus /premotor cortex (BA 6; see
adjacent to, their group activation). Furthermore, the Fig. 3b).
pattern shown in Fig. 2b suggests greater relative recruit-
ment of this area in the combination condition (compared
to the feature only conditions) for young but not older 4. Discussion
adults. Together with the Prabhakaran et al. finding, our
results suggest that dysfunction in this region may contrib- 4.1. An age-related deficit in feature binding: Disruption
ute to an age-related binding deficit. of a hippocampal-PFC circuit?

We should note that although activity appears to be
greater overall for the older than the young adults in both The present results provide the first direct evidence for
areas in Fig. 2, this was not the case in all areas. There age-related hippocampal formation dysfunction in a mem-
were regions (not meeting our criteria for binding regions) ory task requiring feature binding. The finding of greater
in which older adults showed lower (e.g., cerebellum, BA activation for young adults in anterior hippocampus in the
22) or similar (e.g., BA 19/39) levels of activity compared combination condition (binding) than individual feature
to the young adults. conditions (Fig. 2a) supports a recent proposal by Schacter

Although our primary focus here is on age differences in and Wagner that anterior hippocampal activations may be
feature binding areas, several ‘feature’ regions often particularly likely when tasks involve relational encoding
identified in the working memory literature were found by [63].
looking for areas that showed a main effect of condition, With respect to the role of PFC in feature binding,
not qualified by an interaction with age, and where planned although the greater activation in right BA 10 for younger
comparisons showed significantly greater activity in the adults for combination compared to location trials (Fig. 2b)
object condition compared to the location condition (e.g., did not fully meet our criteria for a binding region
left BA 7/19 [20], left BA 44/6 [68], left BA 32 [67]; see (combination was greater than location but not greater than
Table 1) or greater activity in the location condition object), it is consistent with data obtained by Prabhakaran
compared to the object condition (e.g., right BA 7 [15,20]; et al. [54]. They compared young adults’ working memory
see Table 1). More central to the present interests, we for letters and locations presented in a combined format to
found two ‘binding regions’ that did not interact with age, their working memory for letters and locations presented
that is, areas where main effects of condition followed by independently and found greater activity in right BA 10 in
subsequent contrasts showed significantly greater activity their combination condition. Together, these two studies
in the combination condition than in both the object and provide converging evidence for a role for right BA 10 in
the location conditions. One was a region of left anterior feature binding.
cingulate cortex (BA 32/24; see Fig. 3a), the other was a Raz ([57]; see also [58]) recently reviewed neuro-

Table 1
‘Feature’ areas: areas showing a main effect of condition, not qualified by an interaction with age, and in which subsequent planned comparisons showed

a(A) Object.Location or (B) Location.Object

Contrast of interest BA area Talairach coordinates max t value
(x, y, z)

(A) Object.Location Left 10 /46 225, 52, 16 3.30
Left 47 221, 19, 23 2.49
Left 44 /6 230, 7, 28 3.23
Left 32 26, 4, 40 2.33
Left 34 215, 26, 215 2.81
Left 7 /19 229, 252, 34 3.75

(extending inferiorly to z517)
Left 19 243, 274, 4 2.56
Medial 23 /31 0, 224, 24 5.52
Right 22/42 49, 11, 8 4.37
Right 21/20 35, 26, 221 3.22
Right 19/30 17, 245, 22 4.43

(B) Location.Object Left 21 242, 24, 228 2.59
Left 22 /42 262, 26, 8 3.74
Right 39 39, 262, 28 3.70
Right 7 20, 261, 40 2.89

a All areas contained at least four contiguous voxels each of which was significant at P,0.025 in both the main effect and subsequent comparisons.
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Fig. 3. Anterior cingulate and precentral gyrus /premotor cortex regions showing main effect of condition. (a) Area of left anterior cingulate (BA 32/24;
Talairach coordinates: x526, y54, z540; max. F for the ROI56.69) in which activation in the combination condition was greater than both the object
(max. t for the ROI53.16) and location (max. t for the ROI53.44) conditions. (b) Area of left precentral gyrus /premotor cortex (BA 6; Talairach
coordinates: x5254, y525, z535; max. F for the ROI57.29) in which activation in the combination condition was greater than both the object (max. t
for the ROI54.03) and location (max. t for the ROI53.56) conditions.

anatomical, neurochemical, and metabolic indicators of context) and that this might help explain older adults’
aging and concluded that normal aging has a greater long-term location memory deficits [10]. This possibility
impact on prefrontal cortex than on the hippocampal remains to be explored. What is clear from Fig. 2a and b,
formation (in contrast, atrophy of the hippocampus and the however, is that, with respect to the proposed frontal-
entorhinal cortex may be a pathological feature of Al- hippocampal binding circuit, older adults showed a relative
zheimer’s Disease). However, even mild age-related neuro- lack of engagement of BA 10 and anterior hippocampus in
pathology in the hippocampal formation may be par- the binding condition, compared to young adults. Whether
ticularly disruptive when feature binding is necessary and the identified regions are uniquely involved in binding
may be exacerbated by frontal dysfunction. objects and locations, or whether they play a more general

Although visual inspection of Fig. 2 suggests that there role in binding, remains to be established.
may be differences between age groups in the pattern of It is worth noting that both young and older adults
activity on feature only trials, it is unlikely that the age- showed a tonic (sustained) pattern of hippocampal activa-
related binding deficit is the result of an age-related feature tion in which overall levels did not clearly track the
memory deficit. Older adults’ performance in the object separate within-trial periods (stimulus presentation, reten-
and location conditions did not differ significantly from tion interval, and test probe) and for which differences
that of young adults. In addition, we also found age-related between conditions persisted during the intertrial interval.
binding deficits but no age-related object or location This is in contrast, for example, to the clear phasic
feature deficits in two (N548 and 32, respectively) other (transient) pattern of the ACC and BA6 activation shown
behavioral working memory studies using this procedure in Fig. 3a and b. The tonic hippocampal pattern is
[49]. Thus, we have no evidence that the apparent differ- consistent with recent evidence that the hippocampus may
ences in brain activity in the feature only conditions had show longer sustained response (901 s) than other regions
behavioral consequences in the short term. It is possible (e.g., auditory cortex, Broca’s area) [41]. Kato et al. [41]
that older adults’ apparent difficulty recruiting these re- suggest that such sustained activation is consistent with the
gions in the location condition, relative to the object presumed role of the hippocampus in the transition from
condition, indicates problems with location binding more working memory to long term memory function. Kato et
generally (e.g., binding locations to the experimental al. also reported sustained response in the parahippocam-
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´pus and Fernandez et al. [23] recently found greater tonic giving rise to various kinds of ‘difficulty’ will help specify
activity in entorhinal cortex during study of short lists of the function(s) of brain regions.
words that were subsequently well remembered compared
to those that were poorly remembered. However, more 4.2. Other feature binding areas
transient, within-trial phasic activity in hippocampus [24]
and parahippocampus [7,72] has been reported in studies There were two regions in this experiment where
investigating the encoding of individual items. It seems activity was greater in the combination condition than both
likely, therefore, that both tonic and phasic activation of the object and location conditions and where condition did
the hippocampus play important roles in memory. not interact with age. One was a region of anterior

Inspection of Fig. 2b suggests that tonic effects were cingulate cortex (ACC; BA 32/24). Botvinick et al. [5],
also evident in PFC, although like the hippocampus, these have suggested that ACC may respond to cognitive conflict
tonic effects may be superimposed on phasic effects of (e.g., conflict between representations or between tasks;
within task events. One type of function that would not see also [56]) and may modulate activity in other regions
necessarily be tied to specific trial events but rather to the (e.g., PFC). Consistent with this idea, the pattern of
overall task structure would be a circuit in which a region activity shown in Fig. 3a may reflect the greater potential
modulates another area in one or more conditions. The for conflict among features in the binding condition. In
present findings would be consistent with a circuit in addition, D’Esposito and colleagues [21] found increased
which PFC directly or indirectly facilitates hippocampal ACC activity in a dual-task condition that required par-
processing. ticipants to perform both a semantic and spatial task at the

We will need additional experiments to isolate the exact same time compared to either task alone. It is possible that
role of right PFC in feature binding. Note that the BA 10 trying to remember both objects and locations in our study
region shown in Fig. 2b is consistent with the location of may have been similar to trying to perform a dual-task.
the BA 10 activation found in Prabhakaran et al.’s [54] We also saw a region of left BA 6 activity that was
integration condition but different from the ventral (BA 44, greater in the combination condition than either of the
45, 47) and dorsolateral (BA 9, 46) PFC areas associated feature only conditions (Fig. 3b). Left BA 6 is often active
with maintenance or manipulation of various types of in both verbal [2,6,19,39] and location-based working
information in working memory [6,8,16,22,66]. The BA 10 memory tasks [15,52]. It has been suggested that this
region in Fig. 2b is also different from the right PFC areas region is part of a subvocal rehearsal circuit [2,39,65] or is
(BA 8, 9, 44, and 46) [53] or middle frontal gyrus areas involved in spatial attention [1,14,26]. In addition, left
[46] that have been associated with simple vigilance or premotor activity has been implicated during the genera-
sustained attention, arguing against the idea that older tion of images representing concrete words [48] and
adults were simply less able to sustain attention during the bilateral premotor activity has been associated with inter-
combination than the feature conditions. nally-guided shifts of attention ([14,60]; see also [28]).

Nor can the present results be explained simply in terms Together, this suggests that premotor activation during the
of ‘task difficulty.’ No doubt, to the extent that binding combination condition may be associated with imaging
requires additional processes, it is more difficult than the objects in their location during rehearsal, or with shifts in
feature conditions. However, behavioral findings from our spatial attention during combined spatial and verbal rehear-
lab show that under conditions similar to those of the sal.
present study, memory for individual features was not The fact that the relative activation levels across con-
adversely affected in either young or older adults by ditions in ACC and BA 6 did not interact with age
encoding instructions that encouraged participants to re- suggests that some of the component processes recruited in
member combinations of features on all trials ([49, Exp. the combination condition were operating similarly in both
2]). Thus, there is no behavioral evidence that intentional young and older adults. Thus the behavioral decrement of
binding in and of itself leads to generalized memory the older adults in the combination condition presumably
decrements for features, as one might predict if combina- reflects disruption of processes subserved by other regions,
tions were more difficult simply because of increased load. particularly binding processes subserved by anterior hip-
More important, neither this area of BA 10 nor the pocampus and, perhaps, BA 10.
hippocampus appear to show a sensitivity to increasing
working memory load [45] or other manipulations of task 4.3. Potential advantages of event-related blocked
difficulty [4,21,31,39,42]. The more general point is that designs
‘difficulty’ is not a satisfactory explanatory concept, rather
it is something to be explained. That is, different types of Early fMRI studies using blocked designs that did not
difficulty arise from different types and combinations of analyze for time periods within trials could not observe
component cognitive processes. Therefore, we would not phasic effects. More recent event-related designs provide
expect all types of difficulty to activate exactly the same information about within-trial phasic effects but might be
areas [56]. Consideration of the component processes insensitive if expectations about the time the hemodynamic
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