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Abstract

We used functional magnetic resonance imaging to assess the neural correlates of 

autobiographical, semantic, and episodic memory retrieval in healthy young and older adults. 

Participants were tested with an event-related paradigm in which retrieval demand was the only 

factor varying between trials. A Spatiotemporal Partial Least Square (ST-PLS) analysis was 

conducted to identify the main patterns of activity characterizing the groups across conditions. We 

identified brain regions activated by all three memory conditions relative to a control condition. 

This pattern was expressed equally in both age groups and replicated previous findings obtained in 

a separate group of younger adults. We also identified regions whose activity differentiated among 

the different memory conditions. These patterns of differentiation were expressed less strongly in 

the older adults than in the young adults, a finding which was further confirmed by barycentric 

discriminant analysis. This analysis showed an age-related dedifferentiation in autobiographical 

and episodic memory tasks, but not in the semantic memory task or the control condition. These 

findings suggest that the activation of a common memory retrieval network is maintained with age, 

whereas the specific aspects of brain activity that differ with memory content are more vulnerable 

and less selectively engaged in older adults. Our results provide a potential neural mechanism for 

the well-known age differences in episodic/autobiographical memory, and preserved semantic 

memory, observed when older adults are compared to younger adults.

Declarative memory involves the conscious retrieval of information, and includes episodic, 

semantic, and autobiographical memory. Semantic memory (SM) comprises memory for 

factual information and general decontextualized knowledge, while episodic memory (EM) 

supports the rich re-experiencing of a memory’s original spatio-temporal context (Tulving, 

1972, 1985). Autobiographical memory (AM) represents knowledge specific to an 

individual, and comprises both decontextualized personal semantics, such as a friend’s 
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name, and highly contextualized episodic memories, such as a relative’s wedding ceremony 

(Brewer, 1986; Conway, 2001). In general, AM has higher personal significance and 

emotional valence, is more structured by general world knowledge, and operates on a longer 

time frame than the conventional EM tested in the laboratory (Gilboa, 2004; Wheeler et al., 

1997).

Burianova and colleagues (Burianova & Grady, 2007; Burianova et al., 2010) developed a 

functional brain imaging paradigm to compare AM, EM, and SM directly. They identified a 

network of common regions supporting the retrieval of all three memory types, as well as 

sets of frontal and temporal brain areas specific to each memory condition. With the current 

study, we adopted this paradigm to explore how healthy aging affects the neural correlates of 

declarative memory. There is a large scientific literature documenting the effects of aging on 

memory, but no neuroimaging study so far has assessed these three forms of memory 

simultaneously within the same individuals.

Behavioural evidence indicates that SM is relatively preserved in healthy older adults (Allen 

et al., 2002; Craik & Jennings, 1992; Mitchell, 1989; Nilsson, 2003; Nyberg et al., 1996; 

Spaniol et al., 2006) as they typically perform as well as young adults on tasks of memory 

for general knowledge, such as naming and lexical decision-making (Allen et al., 1993; 

Balota & Ferraro, 1996; Mitchell, 1989), semantic priming (Laver & Burke, 1993) or 

multiplication verification (Allen et al., 1997). Given the relative preservation of SM in older 

adults, one would expect that the neural correlates of SM retrieval would also be relatively 

maintained. Indeed, several studies have found that brain activity during SM tasks, such as 

judging animacy or tests of memory for famous names, is similar in young and older adults, 

even though the older adults may show more frontal activity (Logan et al., 2002; Lustig et 

al., 2003; Nielson et al., 2006). In addition, results from an ERP study showed no age-

related change in the amplitude, latency or duration of the N400 (thought to reflect lexical 

access) recorded during a lexical categorization task (Giaquinto et al., 2007). Similarly, 

Maguire and Frith (2003) found no age-related change in the neural correlates of retrieval 

for public events, personal facts, or general knowledge.

In contrast to their preserved SM, older adults typically perform more poorly than young 

adults on EM tasks, such as those in which participants must remember items from a study 

list (e.g. Davidson & Glisky, 2002; Mitchell, 1989). Older adults’ EM deficit may be linked 

to a decreased capacity to retrieve context-specific information, such as source information 

(Burke & Light, 1981; Mitchell et al., 2006; Spaniol et al., 2006; Spencer & Raz, 1995). Li 

et al. (2001) proposed that aging decreases neural responsivity, and this decrease, in turn, 

leads to neural dedifferentiation which is defined as a loss of distinctiveness among different 

cognitive states’ neural signature. Li and colleagues suggested that older adults’ memory for 

events and contexts are more confusable because older adults’ brain activation profiles are 

less distinct from one another. Neuroimaging studies of EM have reported greater activity, 

mainly in prefrontal regions, in older adults relative to younger adults during EM retrieval 

tasks (Madden et al., 1999; Morcom et al., 2007). This pattern has been interpreted as a sign 

of a less selective use of resources (see Rajah & D’Esposito, 2005; Grady, 2002, 2008), or as 

a compensatory mechanism for age reductions elsewhere in the brain (Cabeza, 2002; Grady 

et al., 2005; Rajah & D’Esposito, 2005). Age-related changes that suggest a differential use 
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of strategies during EM tasks also have been reported. Studies of recognition have shown 

that, in older adults, successful memory is mediated by rhinal areas associated with 

familiarity-based recognition (Brown & Aggleton, 2001; Daselaar et al., 2006; Henson et al., 

2003; but see Duarte et al., 2010) but that in young adults, successful memory is mediated 

by the hippocampus, a structure associated with recollection-based recognition (Cohn et al., 

2009; Eldridge et al., 2000; Grady et al., 2005). Taken together, these imaging studies 

indicate that age effects on EM retrieval are paralleled by neural changes that may reflect 

less effective brain activation in older adults, as well as a variety of compensatory changes in 

response to this loss of effectiveness.

Like EM, AM can be affected by aging (see Piefke & Fink, 2005, for a review). In older 

adults, AM for personal events is typically more gist-like, lacks details (Addis et al., 2008; 

Levine et al., 2002; St Jacques & Levine, 2007), and is less vivid (Piolino et al., 2006). Only 

two studies have compared the neural correlates of AM in young and older adults. One of 

these (Maguire & Frith, 2003) reported that hippocampal activation was more bilateral in 

older than in young adults. This difference could reflect compensation, since hippocampal 

activation correlates with emotionality, levels of details and imagery in both young (Addis et 

al., 2004) and older adults (Viard et al., 2007). The other study (Donix et al., 2010) found 

increased occipital activity in older relative to younger adults during AM retrieval, which 

was interpreted as an age difference in the demands made on visual processing or imagery. 

Taken together, EM and AM studies suggest that an important correlate of age differences in 

the capacity to retrieve contextual or re-experiential details during AM and EM tasks is an 

alteration in medial temporal lobe activity, although altered activity in cortical regions also 

appears to be involved.

With this study, we wanted to assess the relative effect of aging on the neural correlates of 

SM, EM and AM in the same experiment, rather than in isolation, and to examine this age 

effect on large-scale, integrated activity in the brain. We tested young and older adults using 

the paradigm of Burianova and Grady (2007) to identify age-related activation changes in 

areas identified as parts of the common network, as well as regions that are unique to each 

memory type. We used Spatiotemporal Partial Least Squares (ST-PLS; Krishnan et al., In 

Press; McIntosh et al., 2004)—which is a multivariate statistical analysis method—in order 

to identify whole-brain patterns of activity related to the memory conditions and to 

determine how these patterns differed between younger and older adults. We chose ST-PLS, 

rather than a more conventional univariate analysis, because we assume that cognitive 

processes are the result of integrated activity across multiple brain regions that are 

functionally connected to one another, rather than the result of activity in any single brain 

region. Multivariate techniques, such as ST-PLS, are sensitive to how patterns of brain 

activity covary with behavioural tasks. Therefore, ST-PLS can assess commonalities, as well 

as differences, among groups and conditions, and this allowed us to identify the aspects of 

memory-related neural activity that are shared among memory conditions, as well as those 

that are maintained in older adults.

Based on the aging literature, we would predict larger age differences for networks involved 

in AM and EM than in SM. In addition, several theories of cognitive aging, such as the 

HAROLD model (hemispheric asymmetry reduction in the old, Cabeza 2002), the 
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compensation-related utilization of neural circuits hypothesis (CRUNCH; Reuter-Lorenz et 

al., 2008), and the Scaffolding Theory of Aging and Cognition (STAC; Park & Reuter-

Lorenz, 2009), would predict an over-recruitment of prefrontal regions, or alternate brain 

circuits, to compensate for age deficiencies and to aid performance on the tasks. If such a 

compensatory set of regions were to be engaged during one or more of our memory tasks, 

we would expect to see a network uniquely engaged by the older adults, but not younger 

adults. Finally, a loss of selectivity or dedifferentiation in the neural specificity of responses 

to the retrieval of different kinds of content might be observed. In order to quantify neural 

selectivity, we performed a multi-subject barycentric discriminant analysis (MUSUBADA; 

Abdi & Williams, 2010; Williams et al., 2010). MUSUBADA calculates how the largest 

patterns of whole-brain activity present in the data are expressed for each group, within each 

condition. These brain activity patterns, or dimensions, are analogous to the patterns picked 

up by ST-PLS, and thus MUSUBADA is a good complementary technique to ST-PLS. 

Additionally, MUSUBADA computes, for each group and condition mean, confidence 

ellipses which provide an intuitive display of neural specificity per group, condition, and 

dimension rather than an overall measure of differentiation. In our case, we would expect 

dedifferentiation in older adults not to affect the brain activity pattern common to all 

memory types, but instead to reduce the differences seen in brain patterns that distinguish 

among AM, EM, and SM in younger adults.

Methods

Participants

Fifteen young (age range = 20–33, 6 males) and fifteen older adults [age range = 63–77, 6 

males; Mini-Mental State Examination (MMSE) range = 27–30, mean = 29.31] were 

recruited for this study. All participants were right-handed and native or fluent English 

speakers with either normal or corrected-to-normal vision. Exclusion criteria included poor 

health conditions (e.g. back problems), history of neurological or psychiatric disorders, head 

injury, and stroke. Informed consent was obtained in accordance with a protocol approved 

by Baycrest’s Research Ethics Board.

Procedure

Immediately before scanning, participants received a practice session during which they 

were exposed to examples of the four conditions (control, AM, EM, and SM). The study 

consisted of six fMRI runs of 498 seconds each. Each run consisted of 28 trials of 16 

seconds (7 trials per condition); trials from each condition were randomized within the run. 

For each trial, a stimulus was presented (4s), followed by an inter-stimulus interval (1s), a 

question (10s), and an inter-trial interval (1s). The stimuli and paradigm used here are 

described in greater detail in Burianova and Grady (2007). For the control trials, participants 

were presented with a scrambled meaningless picture, which was followed by a request to 

press one of three response pad keys corresponding to a letter. (e.g. “Press a key that 

corresponds to the letter A”; “1 = A”, “2 = G”, “3 = I don’t know”).

For AM, EM, and SM trials, a photograph was presented with a cue word directing attention 

to the gist of the image (e.g. “poverty,” “grandparents,” “airplane”). The picture was 
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followed by one of three types of questions (EM, AM, or SM). Conditions were randomized, 

and participants became aware of the condition at question onset. EM questions were about 

an element from the picture (e.g. “On the picture which you just saw, what was the colour of 

the bicycle?”). SM questions were about general knowledge related to the theme of the 

picture (e.g. “In which city was John F. Kennedy assassinated?”). For both these conditions, 

three answer choices were presented, with either button 1 or 2 corresponding to the correct 

answer, and button 3 corresponding to the answer “I don’t know.” During AM trials, 

participants were instructed to retrieve a personal event related thematically to the picture 

(e.g. “think of a time you were with older relatives”), and to rate the vividness of their 

memory for that event (e.g., 1 = “very vivid,” 2 = “somewhat vivid,” 3 = “not vivid at all”). 

Each photograph was presented three times over the course of the study (once for each of the 

three memory conditions), but never more than once per run. Accuracy was stressed over 

speed. The main purpose of the behavioural response was to discard incorrect trials and to 

insure that participants were engaged in the task. We found that, for our participants, 

reaction time was uncorrelated with accuracy, as measured by percent correct trials.

MRI and fMRI data acquisition

Brain images were obtained with a Siemens 3 T Trio Scanner using a Matrix 12-channel 

head coil. The anatomical images were acquired with a T1-weighted 3D MPRage oblique 

axial sequence (160 slices, 1mm thick, FOV = 256mm). Brain activity was measured using 

the blood oxygenation level-dependent (BOLD) response. Functional images were acquired 

with an EPI oblique axial sequence (TR = 2000 ms, TE = 30ms, FOV = 200 mm, Flip = 70, 

28 images, 5mm thick).

Stimuli were projected onto a screen located behind the participant made visible through a 

mirror mounted on top of the head coil. Plastic goggles with corrective lenses were used 

when needed. Responses were made with the right hand using the first three buttons of a 

four button Fiber-Optic Response Pad System (Current Designs Inc.). Heart rate and 

respiration data were collected to be regressed out of the functional images.

fMRI Data Analysis

Images were reconstructed and preprocessed utilizing the Analysis of Functional 

Neuroimages (AFNI; Cox, 1996) and Statistical Parametric Mapping (SPM5) software’s. 

The images were corrected for motion associated with heart-rate and respiration, for the 

timing of the interleaved functional sequence (slice-timing), and for within-run head motion 

(co-registration). Images were normalized to standard MNI space using SPM5’s functional 

EPI template and smoothed with a 6-mm Gaussian filter.

Results were analyzed with ST-PLS, which was conducted on data from both young and old 

adults to assess differences across conditions and age groups. For the analysis, we kept trials 

with correct responses for the control, SM and EM conditions, and AM trials for which 

participants answered “very vivid” or “somewhat vivid” (see Figure 1).

For each voxel, ST-PLS calculated the percent change in signal intensity value from a trial’s 

first TR (the onset of the question), at each of the subsequent 7 TRs (16s). ST-PLS created a 

cross-block covariance matrix between changes in brain activity (for each voxel at each time 
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point) and experimental manipulations (our task conditions: AM, SM, EM, and Ctl). A 

singular value decomposition was then conducted on this matrix.

The result of this analysis provided a set of latent variables (LVs), which identify how 

patterns of brain activity vary across the experimental conditions. Each LV accounts for a 

proportion of the covariance between conditions and brain activity, with the first LV 

accounting for the largest part. Two sets of weights called saliences are associated to each 

LV. The first set of saliences characterizes a contrast across the task conditions, and the 

second set of saliences expresses how each brain voxel’s pattern of signal change reflected 

the task contrast at each TR (McIntosh et al., 2004). In addition, ST-PLS calculated brain 

scores for each subject for each LV for each condition; brain scores are the product of each 

voxel’s salience by the normalized signal value for that voxel, summed across all brain 

voxels. These brain scores reflect how strongly a participant expresses the patterns of an LV 

per condition. Temporal brain scores were also calculated per participant for each task 

condition. These brain scores reflected how strongly the LV’s pattern of voxel salience was 

expressed over time, and allowed us to identify the TRs with maximal condition and group 

contrasts in the LV.

The significance of each LV was determined using a permutation test (McIntosh et al., 1996) 

with 500 permutations and the reliability of the voxel saliences was determined using 

bootstrap estimation of the standard errors (SE) using 100 boostrap samples (Efron & 

Tibshirani, 1985; McIntosh et al., 2004). Voxels with a salience/SE ratio of magnitude > 4 

were considered to be reliable (Burianova & Grady, 2007; Sampson et al., 1989). Voxels 

with the highest salience/SE ratio within a 2cm cube centered around them were considered 

local maxima for each active cluster. Maxima from clusters composed of more than 20 

reliably activated voxels, with a minimal distance of 10 voxels between voxel peaks, are 

reported in the results section in MNI coordinates. In addition, (95%) confidence intervals 

for the mean brain scores (mean-centered and collapsed across all TRs in the analysis 

window) in each condition and group were calculated with the bootstrap procedure. When 

two confidence intervals for two conditions did not overlap, we considered that these two 

conditions differed reliably.

We also analyzed the group effects using MUSUBADA, which is a variation of discriminant 

analysis. We used MUSUBADA to determine if a pattern recognition technique could 

identify (i.e. “discriminate between”) the experimental conditions and if the discriminability 

between these conditions would interact with age. MUSUBADA computes the average (i.e. 

“barycenter”) scan per condition for all the participants and performs a principal component 

analysis (PCA) on this set of scans. It provides discriminant factor scores for the 

experimental conditions that can be used to display these conditions on a PCA-like map. We 

also projected the barycenters of the older and younger participants for each experimental 

condition on a map where the distance between two conditions reflected how much the brain 

patterns differed between them. Finally, we used a bootstrap procedure, with both scans and 

participants treated as random factors, to compute 95% confidence ellipses for each 

barycenter in the two groups, which we then plotted on the factor score map. Ellipses from 

different conditions that did not overlap on a least one map are significantly (p < .05) 

different from each other (see Abdi et al., 2009).
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Results

Behavioural results

Accuracy and reaction time for each task condition are plotted per age group in Figure 1. A 

series of 2 (group) × 4 (task condition) ANOVAs were conducted on the percentage of 

correct trials, and on the mean reaction time for correct trials, respectively. The tests 

revealed no significant main effect of age group (F < 1), and no significant age group × 

condition interaction effect [accuracy: F(3, 84) = 1.914, p = .134; reaction time: F < 1] on 

either measure. However, both tests revealed a significant main effect of task condition 

[accuracy: F(3, 84) = 157.226, p < .001; reaction time: F(3, 84) = 181.481, p < .001]. Paired-

sample t-tests corrected for multiple comparisons with the Holm-Bonferroni method 

revealed that all conditions differed significantly from each other in their mean accuracy 

score (p < .001, adjusted). Mean accuracy for attempted trials (excluding “I don’t know” 

answers) did not differ significantly between the SM and the EM conditions [t < 1]. With the 

exception of AM and SM (t < 1), mean reaction time for correct trials differed significantly 

between all the other conditions as well (p < .005, adjusted). The lack of group difference in 

reaction time ruled out motor response latency (i.e. button press) as a source of age 

differences in the BOLD response. Also, the lack of group difference in accuracy ruled out 

unbalanced statistical power as a confound, because both groups had equivalent numbers of 

trials entered in the analysis per condition.

fMRI results: ST-PLS

We obtained three significant LVs from our ST-PLS analysis. The first LV revealed regions 

whose activity differentiated the three memory conditions from the control condition. 

Because this LV accounted for over half of the covariance in the data, we performed an 

additional ST-PLS omitting the control condition for a better assessment of the differences 

among the memory conditions. This analysis provided two additional LVs. Figure 2 shows 

the mean brain scores for these three LVs, averaged per condition, for each age group. 

Temporal brain scores indicated that maximal differentiation of the task conditions was 

achieved around TRs 4 and 5, or 8–10s following the onset of the question (See 

Supplementary Figure). We report the brain regions with reliable contributions to the 

observed brain patterns at these two TRs.

Common Memory Regions—The first LV of the analysis that included the control 

condition (LV1) accounted for the largest amount of cross-block covariance in the data 

(55.1%, p < .002), and identified brain regions whose level of activation differed between all 

memory conditions and the control condition. This pattern was expressed in both young and 

older adults to a similar degree. Figure 2 (left) shows the brain scores per condition for this 

LV in each group. In addition to showing a difference between the control and the memory 

conditions, the confidence intervals revealed a greater engagement of the common memory 

regions during AM relative to SM and EM, and greater engagement during SM than EM in 

both age groups. During EM, the memory regions also were significantly less engaged in 

young adults than in older adults.
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The pattern of peak voxels from this LV (See Table 1) closely resembles the common 

memory network proposed by Burianova and colleagues (Burianova & Grady, 2007). This 

network includes the middle temporal cortices, the left inferior frontal gyrus, the angular 

gyrus, the caudate nuclei, posterior cingulate, and the left medial temporal lobe. All of these 

regions were activated above baseline in the three memory conditions in both age groups 

(Figure 3, top). Brain regions with more activity during the retrieval period of the control 

task than during the memory tasks mainly consisted of bilateral occipital areas. This 

difference was accounted for by a deactivation from trial onset during the memory 

conditions, rather than by an increase during the control condition. We normalized activation 

to the onset of the question (immediately after the cue photograph was removed), a time 

point at which activity in occipital regions was elevated by the viewing of the cue 

photograph. Occipital activity declined when the cue was removed and the focus of the task 

switched to an internal retrieval process. This reduction of activity was larger during the 

memory trials than during the control trials, accounting for the apparently greater activity 

during the control condition that we observed.

Regions Distinguishing Among Memory Conditions—LV2 (p < .002) accounted for 

59.9% of the cross-block covariance of the matrix that did not include the control condition. 

This LV identified brain regions whose activity differed maximally between the AM and the 

EM condition in both groups, with the SM condition contributing less to the pattern of 

activity (Figure 2, middle). Confidence intervals revealed significantly more positive EM 

and SM brain scores in young adults than in older adults. In general, this pattern that 

differentiated AM from EM and SM was expressed to a greater degree in the young adults.

Peak voxels from regions contributing to this LV are listed in Table 2. Regions that showed 

greater activity during the EM than during the AM condition included the bilateral inferior 

frontal gyrus, middle, and superior occipital areas, as well as the right inferior temporal 

gyrus (Figure 3, middle). The right superior parietal lobule and the left fusiform also 

differentiated AM and EM because they showed greater deactivation during the AM than 

during the EM condition relative to the first TR in the trial.

A more extensive set of regions showed greater activity during the AM condition, relative to 

EM and SM. These regions (Figure 3, middle) included both ventral and dorsal portions of 

medial prefrontal cortex, the bilateral hippocampus (with the maximum of the left region 

being somewhat posterior to the hippocampal region identified by LV1), the left angular 

gyrus, the temporal poles, and the left caudate nucleus. This pattern of activation is 

consistent with the regions typically activated during AM retrieval (See Maguire, 2001; 

Svoboda et al., 2006 for a review).

LV3 (p < .002) accounted for 23.5% of the cross-block covariance in the matrix that did not 

include the control condition, and identified brain regions whose activity distinguished SM 

from the other two conditions in both age groups (Figure 2, right). Confidence intervals 

revealed significantly more negative brain scores for SM in young adults than in older 

adults, and more positive scores for AM, again indicating that this pattern was expressed 

more robustly in young adults. In addition, brain scores were significantly more positive for 
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EM than AM in older adults, whereas there was no difference between these two conditions 

in young adults. Activity for EM did not differ between the groups on this LV.

Peak voxels from regions contributing to this LV are listed in Table 3. Regions showing 

greater activation during AM and EM than during the SM condition (Figure 3, bottom) 

included the left anterior cingulate cortex, the inferior parietal lobule, the left insula, and the 

middle frontal gyrus in both hemispheres. Activity in the left superior parietal lobule, the 

precuneus, and the right supramarginal gyrus also differentiated AM and EM from SM, but 

showed greater deactivation, relative to the first TR in the trial, during the SM condition than 

during the EM and AM conditions. Regions with more activity for SM than AM or EM 

included the left middle temporal gyrus and the cerebellum. Activity in the inferior and 

middle occipital gyri also was greater during SM due to stronger deactivation during the AM 

condition.

In order to see whether the reduced expression of these brain activity patterns in older adults 

was related to task performance, we computed composite brain scores for each older 

participant for each of the three LVs. These composites were obtained by summing the 

absolute values of a subject’s brain scores for all conditions. We then correlated these brain 

scores with task accuracy and reaction time. None of the correlations between the composite 

score and task accuracy or reaction time reached significance (r =.021 to .472, p > .05, 

uncorrected).

fMRI results: MUSUBADA

MUSUBADA identified three components which explained, respectively, 54, 27, and 19 % 

of the variance between the experimental conditions. Figures 4a and 4b display the maps 

obtained with (respectively) Dimensions 1 vs. 2, and 2 vs. 3. Dimension 1 separates the 

control condition from all of the memory conditions, Dimension 2 distinguishes AM from 

SM and EM, and Dimension 3 maximally separates EM from SM. This overall pattern 

mirrors the results of the ST-PLS analysis. On both discriminant maps, the largest (and 

significant, p < .05) differences among age groups were seen in AM, followed by EM. That 

is, for AM and EM, the older group projected closer to the center of the graph than did the 

younger group, so that the brain patterns of the older participants are less differentiated than 

those of the young participants in these two conditions. Although there was a tendency for 

the older group to fall closer to the center of the graph than the younger group for SM, the 

group differences did not reach significance in SM or in the control condition.

Discussion

We report the results of an experiment measuring brain activation during autobiographical 

(AM), episodic (EM), and semantic (SM) memory retrieval in young and older adults using 

a paradigm previously used for young adults (Burianova & Grady, 2007). Both the earlier 

study and the current one identified the same set of core regions that were engaged during all 

memory conditions. These regions included the inferior frontal gyrus, the middle temporal 

gyrus, the left superior temporal gyrus, the left thalamus, the left hippocampus, the left 

angular gyrus, and the caudate nucleus. We also found that the common memory regions 

were activated reliably in older as well as younger adults, with minimal age differences; in 
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fact the only age difference was slightly greater engagement of the common network for EM 

in older adults. This result suggests that the common memory network is relatively resilient 

to the effects of aging, in the same way that network function and connectivity is preserved 

with aging in the Task-Positive Network (Grady et al., 2010), a set of fronto-parietal brain 

regions involved when externally driven tasks are carried out (Fox et al., 2005; Grady et al., 

2010; Toro et al., 2008).

Although the common memory network was engaged strongly by both age groups, there 

were some subtle differences. In the first LV, which identified the common network, we 

actually observed greater overall differentiation among the three memory conditions and the 

control condition in the older adults than in the young adults, particularly in the EM and SM 

conditions. This result is reassuring because it clearly rules out the possibility that any 

dedifferentiation among the memory conditions observed in the older group is due to 

unspecific age-related changes in the BOLD response. However, if we consider only the 

three memory conditions, the first LV’s pattern was expressed more similarly among these 

conditions in the older than in the young adults. In other words, older adults were recruiting 

regions from the common memory network to a more similar extent across all memory 

conditions, so that their neural signature was more similar. This is consistent with the main 

results from LVs 2 and 3, that patterns of selective activity that distinguished AM, EM, and 

SM were expressed less robustly in the older adults. Interestingly, the MUSUBADA analysis 

showed that this loss of neural differentiation was accounted for by age-related changes in 

the neural signature of AM and EM, but not SM nor the control condition.

Also, MUSUBADA revealed that EM and AM were significantly less distinguishable from 

the SM and control conditions in the older group than in young adults. This pattern, which 

reflects an age reduction in the episodic neural signature of EM and AM, is consistent with 

the aging literature which suggests that episodic memory is disproportionally affected by 

aging, while semantic memory is relatively preserved (Allen et al., 2002; Spaniol et al., 

2006). When narrating personal episodes, older adults produce fewer episodic elements, but 

equal or greater amounts of semantic elements than young adults (Addis et al., 2008; Levine 

et al., 2002). During memory recognition tasks, older adults rely more heavily on familiarity 

with the studied item than on their capacity to recollect its initial encoding, a phenomenon 

illustrated with self-report (e.g. Bastin & Van der Linden, 2003; Parkin & Walter, 1992; 

Mäntylä, 1993) and with process-dissociation procedures (Cohn et al., 2008; Java, 1996; 

Jennings & Jacoby, 1993; but see Davidson & Glisky, 2002). Also during recognition, older 

adults demonstrate an increased reliance on rhinal areas, which are associated with 

familiarity-based memory recognition, whereas young adults rely more on the hippocampus, 

which mediates recollection (Cabeza et al., 2004; Daselaar et al., 2006; Grady et al., 2005). 

Our results are in line with these earlier studies, and support the idea of an age-related 

reduction in the episodic, or richly experienced nature of both AM and EM.

Our ST-PLS results also indicated an age-related reduction in episodicity. LV2, which was 

expressed less robustly in the senior group, identified brain regions commonly activated 

during AM retrieval, such as the posterior medial cortices, left medial temporal lobe, left 

inferior parietal lobe, medial prefrontal cortex, and temporal poles (Maguire, 2001; Svoboda 

et al., 2006). The medial prefrontal and retrosplenial regions are linked to self-projection 
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(Buckner & Carroll, 2007; St Jacques et al.; Svoboda et al., 2006; Vann et al., 2009), a 

phenomenon that facilitates vivid recollection. The medial temporal lobe also plays a central 

role in the recollection of AM and EM (Moscovitch et al., 2005), and is thought to support 

the retrieval and integration of AM details (Addis et al., 2004; Gilboa, 2004). The reduced 

distinctiveness in the engagement of these regions during AM retrieval in our older group is 

consistent with evidence that AM narratives lack episodic details in older adults. Also, some 

of the regions that are typically engaged during AM retrieval—such as the inferior parietal 

lobule, the medial prefrontal cortex, and the posterior cingulate—belong to the default mode 

network (DMN; Buckner et al., 2008; Fox et al., 2005; Raichle et al., 2001), which is 

activated when attention is directed towards internally driven cognitive processes. 

Interestingly, recent work suggests that functional connectivity within the DMN is reduced 

in old age (Andrews-Hanna et al., 2007; Grady et al., 2010), so the decreased robustness of 

LV2’s activity pattern in our older group may be linked to a general decrease in coherence, 

or to an increased difficulty in recruitment within the DMN.

LV3, which maximally distinguished EM from SM in both age groups, was also less 

robustly expressed in our older adults. Among other findings, we observed greater activity in 

the inferior parietal lobule during EM than during SM, a region thought to play a supportive 

role in recollective processes (Cabeza et al., 2008). We also observed more activity in the 

precuneus, a region thought to support visual imagery during EM and AM (Burgess et al., 

2001; Fletcher et al., 1995; Snyder et al., 1998). It is possible that features such as temporal 

specificity, contextual details and visual imagery, which distinguish episodic from context-

independent SM, lose some salience during normal aging and/or are retrieved less 

frequently.

Although our brain imaging results reflect an age-related reduction in the episodic neural 

signature of EM and AM, we note that we did not observe behavioural group differences on 

the AM or EM task (either for reaction time or accuracy). However, our behavioural 

measures were designed primarily to identify and exclude incorrect trials, and were not 

sensitive to the qualitative changes in episodic memory typically observed in aging. Also, 

while there was no group difference in the use of the 3-point AM vividness scale, a 

subjective scale cannot be considered an absolute measure of vividness. For example, St 

Jacques et al. (in press) also reported that they found no difference between young and older 

adults for the ratings of AMs retrieved in the scanner on an 8-point “reliving” scale; 

however, their post-scanning interviews revealed a paucity of episodic details in the older 

adults’ description of these AMs. In our case, the age-related changes we observed in the 

neural correlates of AM might indicate a difference in scale anchoring between our groups 

(i.e. young and older adults’ criteria used to determine which AM is rated as “somewhat 

vivid” or “very vivid” may differ). While our behavioural measures were not sensitive to age 

differences, the reduced engagement of regions known to be sensitive to detailed memory 

recollection, and the pattern of dedifferentiation among the memory conditions we observed 

in our older adults, suggest a loss of episodic distinctiveness.

This interpretation concurs with Li et al (2001), who suggested that aging is accompanied by 

an increase in neural noise, which leads to a loss of distinctiveness in cortical representation 

due to increased overlapping activation across episodic memory traces. Interestingly, several 
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recent studies have shown age-related losses in neural distinctiveness within (Goh et al., 

2010) and across stimulus categories processed by the ventral visual pathway, such as faces, 

places, and objects (Carp et al.; Park et al., 2004; Park et al.; Voss et al., 2008). Dennis and 

Cabeza (2010) also have shown that brain regions engaged distinctively during explicit and 

implicit learning in young adults are recruited non-discriminatively during both conditions 

in older adults. Our study provides additional evidence for aging-related dedifferentiation 

across types of processing by showing dedifferentiation across declarative memory tasks that 

require retrieval of different types of information.

Importantly, however, interpreting age-related dedifferentiation is not straightforward. 

Dedifferentiation within processing pathways may reflect a loss of distinctive representation, 

whereas dedifferentiation observed across modalities and/or processes may reflect either 

neural inefficiency or compensation. The increased brain activity observed in older relative 

to younger adults in the absence of age-related changes in behavior, or in the presence of a 

decrease in performance, is thought to reflect neural inefficiency (Grady, 2008; Morcom et 

al., 2007). In the case of our results, the general decrease in brain activity in comparison to 

our young adults, would argue against an explanation by inefficiency.

On the other hand, neural task-related changes present in older adults, and absent in young 

adults, that correlate with good task performance in seniors are considered compensatory 

(see Grady, 2008, for a review). With these criteria, some dedifferentiation can be considered 

compensatory (Hommet et al., 2008; Li et al., 2001; Rajah & McIntosh, 2008). Dennis and 

Cabeza (2010) proposed that normal aging causes a decrease in brain function which leads 

to a loss of competition between different systems or processes. This loss of competition 

results in a pooling of competing resources in order to compensate for the loss of function, 

and this causes neural dedifferentiation. In carrying out our tasks, it is possible that older 

adults—as an attempt to pool resources across systems—engaged a more similar set of brain 

regions across memory conditions than the young adults.

Finally, we should note that we found little evidence in our older adults for the kind of over-

recruitment of brain activity that features prominently in the HAROLD, CRUNCH, and 

STAC models (Cabeza, 2002; Reuter-Lorenz & Park, 2010). These theories generally 

emphasize situations in which older adults recruit some brain area, such as the prefrontal 

cortex, to a greater extent than younger adults, thereby using alternate circuitry in order to 

maintain adequate levels of cognitive function. Our results, as noted above, do not easily fit 

with the type of compensatory over-recruitment suggested by these theories and other 

reports in the literature. The only over-recruitment that we observed in our older group was 

more engagement of the common network for EM than was seen in the younger group. This 

could reflect over-recruitment of the common network to compensate for under-recruitment 

of the networks specific to each condition, along the lines of CRUNCH and STAC, as there 

were no age differences in performance. On the other hand, the brain activity measures did 

not correlate with performance in our older group, which does not support an explanation in 

terms of compensation on an individual participant basis. This lack of correlation could be 

due to a number of factors, including, as noted above, a lack of sensitivity of our behavioral 

measures to age-related changes in memory. It is also possible that the over-recruitment of 

the common network during EM in the older adults is only partially compensatory, or is not 
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compensatory for memory at all, but for some other, non-memory process engaged during 

our tasks (de Chastelaine et al., in press). It also may be easier to find correlations between 

measures of brain activity and performance when performance is closely tied to 

experimentally-driven task demands, unlike performance on our tasks, which was heavily 

influenced by personal knowledge and experience. Clearly further work is needed to 

determine if there are correlations between the degree of dedifferentiated brain activity 

during memory retrieval in older adults and the content or detailed nature of retrieved 

memories.

Conclusion

In a group of healthy older adults, we found evidence for dedifferentiation in the neural 

signatures of episodic and autobiographical memory, but not for semantic memory. 

Although our results indicate that regions identified as parts of a common memory retrieval 

network are activated normally in older adults, we found that selective brain activity 

associated with the memory conditions is diminished in old age. Dedifferentiation was 

expressed by a loss of specificity in the episodic and autobiographical memory conditions, 

consistent with a literature indicating that context-specific memory is most readily disrupted 

by aging, whereas semantic memory is relatively preserved. The dedifferentiation we 

observed may reflect a pooling of resources across memory conditions that is associated 

with an aging-related decline in the ability to differentially represent episodes, or their 

content, resulting in less richly detailed memories.
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