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Abstract
In the present study, we manipulated the cognitive effort in an associative encoding task using fMRI.
Older and younger adults were presented with two objects that were either semantically related or
unrelated, and were required to form a relationship between the items. Both groups self-reported
greater difficulty in completing the unrelated associative encoding task providing independent
evidence of the associative difficulty manipulation. On both the low and high difficulty tasks, older
adults showed a typical pattern of increased right inferior frontal recruitment relative to younger
adults. Of particular interest was the finding that both groups showed increased activation as task
difficulty increased in the left inferior frontal and left hippocampus. Overall, the results suggest that
the aging brain is characterized by greater prefrontal processing, but that as cognitive demand
increases, the networks used by older and younger adults are the largely the same.
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1. INTRODUCTION
The present study focuses on the neural substrates of relational encoding in younger and older
adults. Prior investigations involving younger adults have shown that regions of the medial
temporal lobe (Davachi, Mitchell, & Wagner, 2003; Davachi, Maril & Wagner, 2001; Prince,
Daselaar, & Cabeza, 2005; Sperling, Bates, Cocchiarella, Schacter, Rosen, & Albert, 2001)
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and the prefrontal cortex (Achim & Lepage, 2005; Addis & McAndrews, 2007; Dolan &
Fletcher, 1997) are important for memory formation, with the hippocampus especially crucial
for relational encoding (Cohen, Ryan, Hunt, Romine, Wszalek, Nash, 1999; Davachi et al.,
2003; Henke, Weber, Kneifel, Weiser & Buck, 1999). There is considerable evidence that when
older adults encode information they show both heightened functional activity in frontal
regions (Cabeza, et al. 1997; Reuter-Lorenz, et al, 2000; Cabeza, 2002) and decreased medial
temporal activation on a broad range of memory tasks in comparison to the young (Daselaar,
Veltman, Rombouts, Raaijmakers, & Jonker, 2003; Grady et al., 1995; Gutchess et al., 2005;
Park & Gutchess, 2004).

While it is clear that the hippocampus and frontal regions are engaged in associative encoding,
little is known about whether manipulation of associative difficulty modulates activity in these
critical memory regions, and further, whether these changes differ as a function of age. The
general view of functional activity with age is that as task demands increase, older adults bring
on additional frontal sites, typically in contralateral, homologous regions, to provide additional
neural resources for task performance (Park & Reuter-Lorenz, 2009; Cabeza, 1997). A few
imaging studies have examined age-related changes on tasks that differ as a function of
difficulty (Grady, 2002), but these studies—often employing a levels-of-processing
manipulation—confound the type of encoding task on which subjects engage, with encoding
difficulty (e.g. perceptual encoding of stimulus as compared with semantic encoding), so that
the effect of task difficulty cannot be assessed with precision. To accurately assess the effect
of increased task difficulty, it is vital to maintain encoding strategy while implementing the
difficulty manipulation. One of the few studies that successfully manipulated difficulty
involved a verb generation task (Persson, Sylvester, Nelson, Walsh, Jonides, Reuter-Lorenz,
2004). In that study, participants generated verbs to noun targets that had either high- or low-
selection demands. Using an ROI approach, Persson et al. (2007) showed that young adults
increased suppression of default activity compared to the older adults as difficulty increased.
Put simply, young adults, when faced with cognitive challenge, were more likely than older
adults to switch out of a resting state and actively suppress this mode of neural activity. While
providing important insights into effects of task difficulty on default activity, the Persson et
al. (2007) study yielded little information about associative encoding processes since the task
was not a memory task.

To get more insight into how frontal and hippocampal sites’ activation levels change with age
when confronted with associative challenge, we developed a paradigm that a) involved a
manipulation of task difficulty that was not confounded by encoding task differences, and, b)
utilized a relational memory paradigm to maximize the functional contributions of the
prefrontal cortex and the hippocampus. We adopted a relational memory task that manipulated
task difficulty by varying the semantic relationship between to-be-encoded object pairs. In the
present task, subjects viewed pairs of pictures and were instructed to form a meaningful
sentence integrating the two objects. Behavioral evidence for this task suggests that relationally
encoding unrelated objects is a more challenging task than encoding related pairs (Park, et al.,
1990; Smith, Park, Earles, Shaw & Whiting, 1998). In addition, subjects rated the difficulty of
each integration in this task, providing an independent measure of task difficulty.

We expected that for younger adults, as difficulty increased, both frontal and hippocampal
activation would increase. In older adults, we considered two possible patterns of functional
activity as difficulty level increased; based on previous work the first was a pattern of increased
frontal activity and diminished hippocampal activity in the older adults relative to the young.
Such a pattern in frontal and medial temporal regions was observed by Gutchess et al.
(2005) and occurs broadly in the literature, leading to the frontal-hippocampal hypothesis,
presented by Park and Gutchess (2004). This view suggests that enhanced frontal activity in
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older adults above the level of younger adults is compensatory for deficient hippocampal
activations.

A second outcome we thought possible was a pattern of similar activity increases across both
age groups, with the older adults showing a larger overall response to compensate for the many
structural declines that occur in the brain with age (Park & Reuter-Lorenz, in press.) Often,
neuroimaging studies reporting different patterns of neural activation with age have compared
encoding conditions where no strategy is contrasted with a guided encoding condition where
a strategy is prescribed. For example, Logan and colleagues (2002) showed that age differences
were larger in prefrontal regions when subjects performed an intentional encoding task with
no prescribed strategy compared to a guided incidental semantic encoding task. Similarly,
Grady (1999) reported that requiring participants to process target items deeply at encoding
through elaboration helped reduce age-related functional differences in the left prefrontal
cortex and bilaterally in the medial temporal lobes during the processing of pictures relative
to an intentional encoding condition.

Of the two potential outcomes, the first explanation (more frontal recruitment in the older
adults) suggests that the hippocampus shows compromise with age—unable to show
concomitant functional increases that correspond to task difficulty—which the regions of the
frontal lobes must compensate for. The second explanation (similar activity increases for both
age groups) argues that once a subject is focused on a task, modulation of the hippocampus
and frontal cortex are roughly equivalent across age groups, and that age-related differences
are linked more to selection of strategy than limitations in neural responsiveness of some brain
regions. This latter explanation predicts that older adults will show a more young-like pattern
of activation with increases in both frontal and hippocampal activation as task difficulty
increases (Grady et al., 1999).

To determine the pattern of activation associated with increased encoding difficulty
unconfounded by encoding strategy differences, we presented subjects with an associative
memory task at two levels of difficulty. We hypothesized that if older adults are fundamentally
limited in their ability to engage the hippocampus, increasing cognitive challenge would result
in a pattern of lower medial temporal activation along with increased frontal activity for the
old adults compared to younger adults. If, in contrast, aging differences observed in frontal/
hippocampal recruitment patterns are due to strategy selection differences with age, we
expected to see similar increases in frontal and hippocampal activations in older and younger
adults as task demand increased. Particularly notable in the present study was the inclusion of
difficulty ratings by subjects for each association formed, so our expectation that task difficulty
actually varied between the two conditions could be independently verified.

2. METHODS
2.1. Subjects

A total of 18 older (10 females) and 19 younger adults (9 females) participated in the study.
Mean age was 65.7 years (5.0 SD; range 60 – 80) for the older group and 20.9 years (2.1 SD;
range 18–26) for the young. Both groups were restricted to right-handed, healthy individuals
free of neurological disorders and items contraindicated by MRI (i.e., implanted ferrous
metals). Informed consent was obtained from all subjects in accordance with the Institutional
Review Board at the University of Illinois. Both groups had equivalent years of education, but
the older group had a lower MMSE score (Folstein, Folstein & McHugh, 1975) than the
younger adults (See Table 1). On measures of fluid intelligence (digit symbol and verbal
memory), older adults perform more poorly than did the younger adults, while on crystallized
measures (Shipley Vocabulary), the older adults performed somewhat better than the young,
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but not significantly so. This is a pattern that has been widely reported (Park et al., 1996, 2002),
suggesting that the older adult in this study are typical of those sampled in other aging studies.

2.2. Stimuli
Stimuli were pairs of line-drawing images taken from the Snodgrass and Vanderwart (1980)
pictorial set, the International Picture Naming Project (Szekely et al., 2004), and Clipart.com.
The pictures were black and white line-drawings of common objects, such as animals,
household items, and fruit.

From the pool of line-drawings, related and unrelated pairs were created. Related pairs were
sets of objects that were functionally (e.g. cart-horse), or categorically (e.g., apple-pear) related.
Unrelated pairs were created by randomly pairing items together and discarding items judged
by the experimenters to be obviously or even remotely related. An independent sample of 20
pilot subjects judged the relatedness of each pair on a scale of 1 to 7, with 7 being highly related.
Related pairs had a mean rating of 6.52 (SD = .22) and the unrelated pairs a mean rating of
1.41 (SD = .33). A third set of stimuli was created to serve as the baseline control task. These
stimuli consisted of pairs of randomly distributed lines which served as a control for the visual
stimulation provided by the related and unrelated pairs (See Figure 1).

2.3. Design
A mixed design was employed with age (young or old) as a between-subjects variable and task
difficulty (related, unrelated or control) as a within-subjects variable. There were 60 stimuli of
each type presented across four runs. Within a run, there were 45 trials (15 of each stimulus
type) presented in pseudorandom order. The control task served as the baseline condition
against which both the related and unrelated trials were compared. The pseudorandomized
presentation of the three trial types allowed for sufficient temporal separation between to allow
for the deconvolution of the signal associated with each trial.

2.4. Procedure
Subjects were tested over two sessions. During the first session, they completed demographic
and neuropsychological testing. During the second session, they received pre-training on the
encoding task using color photographs rather than line-drawing images to prevent interference
with the fMRI task. After successful completion of the training, they were placed in a Siemens
Allegra 3T head-only scanner (Siemens, Erlanger, Germany). Subject’s vision was corrected
to at least 20/30 with corrective lenses. Subjects were further provided noise-dampening ear
plugs, a right handed five button response pad, and a headset to communicate with the MRI
technician. Images were back-projected onto a screen and viewed through a mirror mounted
on the head coil. First, T1-weighted structural scan (MPRAGE) were run. Next, during the four
encoding runs, 32 slice T2*-weighted echo planar images (EPI) were acquired (TR = 2000 ms;
TE = 25 ms, FoV = 22 cm, FA = 80°) with a slice thickness of 4 mm (3.4 mm in-plane resolution)
and a ten percent interslice gap (0.4 mm). Run length was 470 seconds resulting in the collection
of 235 volumes per run, or 940 volumes over the four EPI sessions.

A trial lasted 10 seconds and was composed of three epochs (for trial schematic, see Figure 1).
For the first two seconds of the trial, the pair of pictures was displayed. After the initial two
seconds, the stimulus pair was replaced by an asterisk that remained on screen for five seconds.
During this 5 second interval, subjects performed the association task, and were instructed to
construct a sentence associating the two objects together (e. g., “The spider bit the ant”). During
the control condition, subjects were instructed to look at the abstract line drawings, but not to
compose an integrating sentence. At the end of the five seconds, the asterisk was replaced by
a fixation cross for the final three seconds of the trial. When the fixation cross appeared, subjects
were instructed to rate their success at developing an integrative sentence for that trial.
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Following Davachi & Wagner (2003), subjects rated their success on a four choice scale (1:
Succeeded with ease; 2: Succeeded with effort; 3: Partially Successful; 4: Unsuccessful), while
in the control condition, subjects were instructed to always press “1”. Each trial was separated
by a two second ITI.

Following the encoding trials, subjects were given a surprise recognition test that occurred
approximately ten minutes after the last encoding run. During the recognition test subject were
shown: Intact pairs that were identical to those shown during encoding, novel pairs that
consisted of two items not seen before, and rearranged pairs which were novel pairings of old
items seen during encoding. Of the original 60 related and 60 unrelated pairs presented during
encoding, 40 pairs from each of the experimental conditions were shown intact and 20 pairs
were shown rearranged. The semantic relationship between the items in the rearranged pairs
was the same as in encoding (e.g., related or unrelated). Subjects were instructed to report a
pair as old only if the pair was presented exactly as it was in the encoding session, and that any
new pairing—pairing of novel items, or novel pairings of old items—was to be considered a
new pair. Related and unrelated pairs were presented in a pseudo-randomized order. For each
pair, subjects had a maximum of five seconds to make an old/don’t know/new judgment. All
recognition trials were separated by a 1500 ms fixation interval. The recognition task was used
only to calculate behavioral memory performance for the encoded items and fMRI data from
recognition will not be reported here.

2.5. fMRI preprocessing and random effects analysis
All preprocessing and General Linear Model (GLM) estimation was carried out using SPM2
(Wellcome Department of Cognitive Neurology, London, UK). The initial five volumes of
each run were discarded in order to allow for equilibrium; the remaining volumes were then
corrected for slice acquisition time and for participant motion. The resultant images were
warped to a standardized space (Montreal Neurological Institute; MNI), resampled into 2-mm
cubic voxels, and then spatially smoothed using a 5-mm full-width-at-half-maximum (FWHM)
gaussian kernel. Contrast images that were entered into the group-level random effects analysis
were additionally smoothed with a 9-mm gaussian kernel.

For each 10 second trial, two separate regressors were modeled—one for the first 7 seconds
and one for the final 3 seconds of each trial. The first 7 seconds of each trial contained the
encoding and association task, whereas the last 3 seconds of each trial involved rating the
success of encoding for that trial. Additionally, discrete regressors were modeled for successful
and unsuccessful trials. Successful trials (a term that will be used throughout this text) were
defined as trials where a subject reported success during the encoding task (rating of 1 or 2)
and correctly recognized the intact pair at recognition. Data reported here are based only on
the successful trials. Unless otherwise noted, all contrast maps were thresholded at p < 0.001,
uncorrected, with a minimum cluster size of 10 voxels.

The fMRI analysis proceeded in a series of steps. In the first step, we examined the effect of
difficulty separately for the younger adults and the older adults, by contrasting the unrelated
with the related items in a single sample t-test for each group. Next, we examined the effect of
difficulty across all subject using a single sample t-test. Based on this contrast, two regions of
interest (ROIs) were selected for further age comparisons from the regions that showed a main
effect of difficulty: a region in the left hippocampus (peak voxel = −36 −34 −8) and a region
in the left inferior frontal gyrus (peak voxel= −52 30 10). The left hippocampal ROI consisted
of an 8-mm spheres drawn around the peak voxel. Because the left inferior frontal peak voxel
was close to the cortical surface, we drew a smaller ROI (6-mm) to ensure that no regions
outside the cortical surface were included in the ROI analysis. In the second step of the analysis,
we looked at the age effect collapsed across the difficulty conditions by directly contrasting
the younger adults with the older adults using a 2-sample t-test, and then at the age effect for
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the unrelated and related conditions separately. Based on these contrasts, we examined age and
encoding condition effects associated with two sets of ROIs—frontal regions in the right
inferior frontal gyrus (peak voxel, MNI space = 40 28 18) and the left Middle frontal gyrus
(peak voxel = −46 46 20) and a set of default regions that included the right superior parietal
lobe (peak voxel = 32 −40 54), the right inferior parietal lobe (peak voxel = 60 −38 54), and
the right Precuneus (peak voxel = 6 −60 58). The ROIs were constructed by including all
functionally active voxels within an 8-mm sphere drawn around the peak voxel for each cluster.
Mean parameter estimates were extracted for both groups using MarsBaR (Brett, Anton,
Valabregue, & Poline, 2002).

Finally, we conducted a beta series connectivity analysis that allowed us to assess differences
in functional networks associated with age and task difficulty, using seed voxels within the
hippocampus (after Rissman & Gazzeley, 2004). The hippocampus seed regions were isolated
for each subject from the left hippocampus, using the hippocampal ROI isolated in the first
step of the fMRI analysis (Table 3C). For both the related and unrelated conditions, the 7 most
active contiguous voxels, as determined by the related minus control and unrelated minus
control were selected. General linear models for each subject were constructed that included
separate regressors for the encoding portion (7 s) of each trial. Condition-specific time courses
for the seed regions were then averaged and correlated with the condition-specific time courses
of every other voxel in the brain, generating two whole-brain maps for each individual: related
trial voxel-to-seed correlation and unrelated trial voxel-to-seed correlation. These maps were
then z-transformed, and entered into a second-level group analysis. Group level whole brain
2-sample t-tests were then carried out. As in the univariate analysis, all correlational analyses
were thresholded at p < 0 .001, uncorrected, with a minimum cluster size of 10 voxels.

3. RESULTS
3.1. Behavioral performance

3.1.1 Sentence Formation Ratings—The sentence formation ratings were used to
establish the success of the encoding difficulty manipulation. Ratings from the sentence
formation task were categorized into two groups: Complete (ratings of 1, “succeeded with
ease”, and 2, “succeeded with effort”) or Incomplete (ratings of 3, “partially successful”, or 4,
“unsuccessful”) encoding trials. An analysis indicated that age did not affect sentence ratings
(F (1, 35) = .1, p = .75), but that condition did (F (1, 35) = 44.83, p < .01), with fewer completed
encoding trials occurring for the unrelated compared to the related condition. This difference
is important, because it provides independent verification of the experimental manipulation of
encoding difficulty, indicating that both older and younger adults engaged in more processing
to perform the associational task for unrelated compared to related items. Importantly, the high
proportion of complete encoding trials (See Table 2A) suggests that both age groups were
readily able to perform the sentence association task.

3.1.2. Recognition performance—A-prime (A’) scores were calculated using the hits for
the intact pairs and the false alarms to the new pairs (A’-new; for A’ prime formula, see
Stanislaw & Todorov, 1999), and the means associated with this analysis are displayed in Table
2B. An analysis using this A’ measure showed an effect of condition (F (1, 35) = 72.70, p < .
01) but no effect of age (F (1, 35) = .17, p = .68), or age by condition interaction (F (1, 35) = .
22, p = .65). A second A’ (A’-rearranged) was calculated using the hit rate for the intact pairs
and the false alarm rate for the rearranged pairs. This measure of A’ resulted in an age main
effect (F (1, 35) = 8.63, p < .01), but no effect of difficulty (F (1, 35) = 1.78, p = .19) or
interaction (F (1, 35) = 0, p = .99). Taken together, the A’ analysis indicated that if a traditional
memory measure was used (hits versus false alarms to new items), both groups performed
similarly. However, when a more stringent test of memory was used by presenting rearranged
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items that the subject should reject, substantial effects of age emerged, reflecting the increased
difficulty of the memory task.

3.1.3. Successful Trials—Trials entered into the random effects fMRI analysis were
“Complete” encoding trials (sentence formation rating of 1 or 2), that were subsequently
remembered. The mean number of successful trials (out of a maximum of 40) is displayed in
Table 2C. The number of successful trials was entered into a 2 (age) by 2 (task difficulty)
ANOVA, which resulted in a main effect of encoding condition (F (1, 35) = 89.90, p < .01),
but no main effect of age (F (1, 35) = .361, p<.55) or age by condition interaction (F (1, 35) =
1.64, p = .21). Like the data from the encoding ratings, both groups had equivalent numbers
of successful trials within each of the two conditions. 1

3.2. fMRI Results
3.2.1. Differences in neural activation as a function of relatedness—To assess the
main effect of the encoding difficulty manipulation, we first contrasted the unrelated with the
related condition separately for the younger and older adults. The older adults responded to
relational difficulty by engaging inferior frontal, hippocampal and occipital cortex regions (See
Table 3A and Figure 2A). Younger adults engaged middle temporal regions which extended
into the parahippocampus, occipital areas and inferior frontal regions (See Table 3B and Figure
2B). The frontal regions engaged by the younger adults were somewhat spatially reduced in
comparison to the older adults, but were still robust regions of activation. The analysis showed
that both younger and older engaged a similar set of regions in response to the difficulty
manipulation, which included medial temporal, inferior frontal, and middle occipital regions.
While the regions recruited were similar across age, the older adults did show bilateral activity
in medial temporal and in middle occipital regions. We next examined the effects of difficulty
collapsed across age. Results of the analysis yielded several regions of activity distributed
across the brain that included the angular gyrus, and both the left hippocampus and the left
inferior frontal gyrus (see Table 3C). This analysis showed that both younger and older adults
exhibited more activation for the difficult unrelated condition relative to the related condition,
with little evidence of a greater effect in the older adults as a function of difficulty. The largest
peaks of activation in the left hippocampus and the left inferior frontal gyrus (See Figure 3A)
were then selected for further analysis.

An analysis of the parameter estimates extracted from the left hippocampal ROI (Figure 3B)
resulted in a main effect of condition (F (1, 35) = 29.18, p < .01) due to the greater activation
in the unrelated compared to related condition, but no age Effect or interaction (F < .01) . The
hippocampal activity exhibited here is consistent with prior literature showing hippocampal
involvement in associative memory (Davachi et al., 2003; Henke et al., 1997; Henke et al.,
1999). An age by difficulty ANOVA conducted on the parameter estimates extracted from the
left inferior frontal ROI (See Figure 3C), yielded a main effect of difficulty (F (1, 35) = 35.19,
p < .01), and a marginally significant effect of age (F (1, 35) = 3.20, p = .08), but no interaction
(F (1, 35) = .74, p = .49). Activity in this region has been associated with semantic processing
(Kelley, Miezin, McDermott, Buckner, Raichle, Cohen et al. 1998) and is commonly seen
during encoding tasks. For both age groups the unrelated condition elicited greater functional
recruitment than the related condition. Additionally, the trend towards an age effect in the left
inferior frontal gyrus suggests that the older adults were showing an increased response
compared to the younger adults.

1It should be noted that the focus of this study was on neural activation patterns at encoding as a function of the two trial types, and
consequently, the present study was not designed for a subsequent memory analysis, where remembered items (hits) are contrasted with
forgotten items (misses). Such an analysis, to be truly informative, requires a fairly high miss rate (which did not occur with the distinct
pictures used) and also many trials of one type, so that the inclusion of the unrelated/related manipulation that occurred in this study
resulted in limited power for such an analysis.
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3.2.2 Age Effects—A series of contrasts of the age differences yielded consistent evidence
for greater activation in older compared to younger adults across the Task difficulty
manipulation. In an initial contrast—all trials (collapsed across difficulty) minus baseline—
the younger adults showed greater activation in the left supramarginal gyrus compared to the
older adults (Table 4A). Previous studies have implicated this region in the maintenance of
verbal information in working memory in studies with younger adults (Gold & Buckner,
2002;Paulesu, Frith, & Frackowiak, 1993). Such an account is consistent with the nature of
the encoding task in the present study given that subjects maintained the object names while
constructing the sentences. The reverse contrast, the older minus younger adults, revealed a
number of posterior parietal and frontal regions that were significantly more active for the older
adults, as shown in Table 4B consistent with many previous reports of increased activation in
elderly samples on encoding tasks (see Park and Reuter-Lorenz, 2009, for a review).

We next examined the age effects separately for the unrelated and related conditions. In the
related condition, the younger adults showed no regions of significantly greater activity relative
to the older adults, and in the unrelated condition the young again showed a single region of
greater activation in the left supramarginal gyrus (see Table 4C). The reverse age contrast,
however, yielded evidence for large differences across both frontal and parietal sites in the
related and the unrelated conditions. In the unrelated condition (shown in Table 4D), the older
adults showed greater activation in several parietal regions including the right superior parietal
lobule, the right inferior parietal sulcus, as well as in the inferior frontal gyrus compared to the
young. In the related condition (shown in Table 4E), older adults again showed greater activity
in multiple areas including the right precuneus and the inferior and superior right parietal lobe.

Based on the regions showing age effects, a further analysis was carried out on the two frontal
ROI and the three default regions of interest to determine the nature of the age differences in
these regions. In the right inferior frontal gyrus, an age effect emerged (F (1, 35) = 14.74, p < .
01), but there was neither a main effect of condition (F (1, 35) = 3.49, p = .07), or interaction
(F (1, 35) = .51, p = .48), showing that the older adults engaged in more right frontal activation
than did the younger adults (Figure 4A). In the left middle frontal gyrus, there was again an
age effect (F (1, 35) = 13.71, p < .01) and also a main effect of condition (F (1, 35) = 4.46, p
< .05), but no interaction (F (1, 35) = .90, p = .35), again showing greater recruitment of the
older adults relative to the younger adults (Figure 4B). Turning to the default ROIs, in the right
superior parietal region, the significant effect of age (F (1, 35) = 18.39, p < .01) was due to
persistent deactivations on the part of the young in contrast to activations in the older adults,
as shown in Figure 4C. Similarly, age effects surface in both the right inferior parietal (F(1,
35) = 19.44, p < .01), and the right precuneus (F(1,35) = 15.98, p < .01), as can be seen in
Figure 4D and 4E. Note that the younger adults show persistent deactivation relative to the
older adults who showed above-baseline activity. These pattern of results are in line with
previous reports of suppression deficits in older adults in default regions (Lustig, Snyder,
Bhakta, O’Brien, McAvoy, Raichle et al., 2003; Persson et al., 2007). Overall, the analyses
reported thus far suggest a typical pattern of age effects with old showing increased frontal
engagement and disrupted function of the default network.

3.3. Connectivity Analysis Results
In order to determine differences that might occur in the networks during the associative
encoding tasks we next performed a connectivity analysis. The first connectivity analysis
assessed whether encoding network differences occurred across age groups (collapsed across
stimulus condition). Results of this analysis indicated that the younger adults evidenced more
bilateral connectivity between the inferior occipital cortex and the hippocampus compared to
the older adults (See Table 5A). In the reverse contrast, older adults showed no additional
connectivity relative to younger adults. These results suggests that the younger adults utilized
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a network that showed a greater reliance on posterior region compared to old, a finding
congruent with results reported by Davis et al. (2008).

A direct contrast of connectivity between the unrelated and the related networks however,
yielded no significant differences. Next, connectivity networks for both the younger and older
adults were examined separately for the related and unrelated conditions (Figure 5A). Finally,
connectivity differences as a function of age were examined separately for the related and
unrelated conditions. There were no differences between the age groups in the less-demanding
related condition. In the unrelated condition, however, younger adults showed a more extensive
network of prefrontal and occipital regions in comparison to the older group (See Figure 5B,
Table 5B), mirroring the age difference in connectivity reported across difficulty.

4. DISCUSSION
The main findings from this study are as follows: First, both younger and older adults rated
the unrelated items more difficult to relationally encode than the related, providing independent
evidence for a successful manipulation of associative difficulty. Second, younger and older
adults showed equivalent increases in hippocampal and inferior frontal areas in the more
demanding condition. Third, in a contrast between the unrelated and control conditions, older
adults failed to disengage from default regions in line with previous reports of age-related
default network changes, but showed greater activation of the right inferior and left middle
frontal regions. Fourth, younger adults showed more connectivity between the hippocampus
and posterior occipital sites than older adults for the demanding, unrelated task.

A comparison across the difficulty manipulation showed that both younger and older adults
engaged a similar set of cortical regions to respond to the increasing relational load.
Specifically, in a contrast between the unrelated and related trials both groups engaged medial
temporal, middle occipital, inferior temporal, and frontal regions. Previous work in younger
adults has shown that these regions are important for meeting increasing relational demands
for verbal stimuli (Davachi et al., 2002, Lepage, et al., 2000). While the younger adults showed
only a left lateralized parahippocampal activity, the older adults showed a more bilateral pattern
engaging the left hippocampal and right parahippocampal activity to meet the task demands.
More bilateral recruitment in older adults, such as that seen in this study, has been frequently
reported across various task paradigms (for Review see Dennis & Cabeza, 2008). In particular,
a pattern of more bilateral recruitment has been shown in older adults during successful memory
formation (Morcom, et al., 2003). As we note at the outset of this report, we were interested
in exploring the possibility that, when given a highly focused encoding strategy, older adults
would engage cortical regions, most notably medial temporal areas, to a similar extent as
younger adults. The evidence from this report found that the older and younger adults recruited
similar regions to perform the task. The finding of such similar networks between the older
and younger adults suggests that the encoding task effectively constrained both younger and
older adults in their processing strategies. While it is possible that strategy differences across
age were present, we see this as unlikely. First, the fact that both groups showed a similar set
of regions, including frontal and medial temporal areas, suggests that both groups were
similarly engaged. Second, a prior behavioral study, which engaged participants in an identical
sentence generation task for related and unrelated items, showed that both groups produced
qualitatively identical sentences, adding to the case that encoding strategy in the present study
was well-matched across age (Smith, et al., 1998).

Of particular interest in these data was the finding that older adults responded similarly to the
young as cognitive demands increased in the left inferior frontal gyrus and left hippocampus.
It is widely reported that the left inferior frontal gyrus and the hippocampus regions are crucial
for the formation of long-term memory (for review, see Simons & Spiers, 2003), and are
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commonly activated during encoding in studies involving younger adults (Addis &
McAndrews, 2006; Bunge, Burrows, & Wagner, 2004; Dolan & Fletcher, 1997); the present
findings extend these results to older adults. Addis and McAndrews (2006) reported activity
in both the left prefrontal cortex and the left medial temporal lobe in associating word triads,
a memory task that is strongly relational in nature. Evidence from a path analysis in that study
suggested that the left prefrontal cortex was important for generating the associations between
the word triads, and that the hippocampus then bound these associations into memory. Given
the nature of the present task, i.e. the dependence on creating associations between objects
pairs, it is likely that this process was the basis for the joint activation of the left prefrontal
cortex and the left hippocampus in both age groups.

On the surface, the finding of equivalent hippocampal activation in the older adults compared
to the young seems somewhat surprising and at odds with prior neuroimaging studies that have
suggested that older adults under-recruit the hippocampal region (Chee et al., 2006; Daselaar
et al., 2003; Grady et al., 1995; Gutchess et al., 2005; though see Rand-Giovanetti, 2006). The
present study, however, differs from studies that have found decreased hippocampal
recruitment in older relative to younger adults in important ways. First, this is perhaps the only
aging study where the encoding process is held constant across conditions and only difficulty
varies between the two conditions. A review of existing studies suggests that age differences
observed in these studies have contrasted an easy control task with a more demanding task,
but one that involved qualitatively different processing (e.g., Grady, et al., 2002). We conclude
that using a highly constrained encoding task that did not vary as a function of difficulty resulted
in the engagement of relatively similar functional activity in the younger and older groups.
While it is also the case that this task varied from other memory paradigms in that there was a
working memory burden at encoding with subjects performing the encoding task while the
images were not on screen, it should be noted that this difference cannot account for the relative
equivalence of hippocampal engagement across age groups observed in this study; previous
investigations of working memory function have also reported deficits in hippocampal
involvement in older adults (Park et al., 2003).

Although the older adults generally showed similar activations when difficulty was assessed,
secondary analyses yielded evidence for some differences across age. A direct age comparison
resulted in a large set of regions more active for older adults than younger adults. In contrasts
of all items, the related and the unrelated trials, with baseline, age-related differences were
uncovered in a wide set of regions. The largest of these regions that differed with age were in
parietal regions associated with the default network. A further analysis of these regions showed
that the young showed suppression of default regions when performing the encoding task,
whereas the older adults did not. The default network is a complex of sites that are engaged
primarily during self-referential or self-focused cognition (For review see, Buckner, et al.,
2008), and is a set of regions which must be deactivated when performing other cognitive tasks
such as memory encoding. Older adults, however, show substantial reductions in the
suppression of these areas during the performance of a variety of cognitive tasks (Lustig et al.,
2003; Miller, et al, 2008). The activity in the right superior parietal, right inferior parietal, and
right precuneus all showed the pattern of deactivations in the younger adults relative to the
older adults suggestive of an inability of the older adults to inhibit default activity. It has been
theorized that default activation reflects “mind-wandering” and may thus be a sign of poor
attentional gating during cognitive tasks (Mason, et al, 2007). One possibility then, is that the
pattern of failed suppression of the default network in older adults might represent an inhibition
failure in line with Hasher and Zack’s, inhibition theory (Hasher & Zacks 1998), reflecting the
older adults reduced ability to stay task-focused. It is noteworthy to mention that other areas
besides the default regions showed age differences in this study, such as in frontal sites. Older
adults showed greater activity in right inferior and left middle frontal ROIs compared to the
younger adults. Previous work has effectively tied enhanced bilateral frontal recruitment to
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better memory performance in older adults (Cabeza, 2002, Gutchess, et al, 2005, Morcom, et
al, 2003), a pattern evident here. It may be then, that older adults engage enhanced prefrontal
recruitment to compensate for the cognition failures denoted by reduced suppression of the
default network. This possibility, however, is speculative given that this study did not directly
provide such evidence, and thus should be the focus of future research.

Further age differences emerged from the connectivity analyses. That analysis presents
evidence suggestive of age-related differences in the networks engaged to perform this task.
In a direct comparison across age, the older adults showed a sparser network than did the
younger adults in the demanding, unrelated condition. The younger adults invoked posterior
occipital regions in concert with the hippocampus, whereas the older subjects did not show the
additional involvement of this occipital/hippocampal circuit (Figure 5B). Results from the
connectivity analysis demonstrated, first, that the younger adults engaged a network more
reliant upon earlier (occipital) processing regions, a finding consistent with the emerging view
that older adults experience a posterior to anterior shift in functional recruitment (Simons, et
al., 2008). Second, this analysis complements the whole brain analysis by demonstrating an
important way that younger adults differed in functional recruitment patterns relative to the
older adults. Results from the whole brain, direct age comparison showed a pattern of increased
recruitment in the older adults, with little evidence of increased activity in the younger adults
(Table 4). Inclusion of the connectivity analysis makes an important point suggesting that more
efficient networks were engaged by the younger adults in performance of the task.

Overall, the pattern observed in other studies combined with the results from the present study
suggests the following. First, when encoding processing is highly constrained, younger and
older adults will show equivalent activity in frontal and hippocampal areas. Second, we
tentatively suggest that when encoding occurs in undirected conditions, older adults will show
the most evidence for age differences denoted by diminished hippocampal recruitment. This
hypothesis is consistent with both Craik’s (1983) view that older adults are particularly
deficient in “self-initiated processing,” and with the frontal-hippocampal hypothesis of aging
proposed by Park & Gutchess, 2004.

In sum, the main contribution of the present study is the finding that the typical pattern of
deficient medial temporal lobe/increased inferior frontal activation with age suggested as a
signature of encoding with age by Park and Gutchess (2004) may be confined to unconstrained
encoding conditions. The present study demonstrated that when encoding was rigorously
constrained and there were objective measures of increased difficulty in encoding both age
groups showed enhanced recruitment of frontal and medial temporal areas with increased
difficulty. Although more studies are needed, this pattern suggests that decreased functional
activation in critical neural regions can be “repaired” to some extent by prescribing specific
encoding strategies in older adults. It may be the case then that age differences are more likely
to occur under intentional encoding because older and younger adults are using different
strategies. Such an interpretation concurs with evidence from Kirchhoff and Buckner (2006)
demonstrating differences in patterns of activation at encoding in young adults based on self-
reported strategy use. The present findings are a cause for optimism when compared with other
studies in the literature as the findings tentatively suggest that recruitment patterns are largely
similar and intact across age groups when encoding is guided and patterns differ primarily
when young and older adults are free to engage in a strategy of choice.
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Figure 1.
Example stimuli and encoding trial schematic.
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Figure 2.
Regions showing the effect of difficulty (Unrelated – Related contrast) are depicted for the (A)
older adults and the (B) younger adults. Both groups showed activity in medial temporal,
occipital and inferior frontal regions. Threshold, p < .001, uncorrected, 10 voxel minimum
cluster size.
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Figure 3.
Activity from the supergroup analysis is shown in two slices that correspond to the left
prefrontal and medial temporal activity (A). The ROI mask and the mean parameter estimates
(betas) for the related and the unrelated conditions are shown for the left hippocampal ROI (B)
and the left inferior frontal ROI (C).
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Figure 4.
Shown are the regions of interest and the averaged parameter estimates for two frontal ROIs,
the right inferior frontal gyrus (A), and the left middle frontal gyrus (B), and for a set of regions
in the default network including the right superior lobule (C), the right inferior parietal lobule
(D), and the right precuneus (E). These ROIs were regions showing age effects for the encoding
of all pictures (collapsed across difficulty).
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Figure 5.
Results from the connectivity analysis show (A) networks correlated with the hippocampus
for the encoding of related and unrelated items for the younger and older adults, respectively,
and (B) a network of greater connectivity in the younger adults compared to the older adults
during the encoding of unrelated pairs.
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