
NeuroImage 84 (2014) 19–26

Contents lists available at ScienceDirect

NeuroImage

j ourna l homepage: www.e lsev ie r .com/ locate /yn img
Age-related changes in prefrontal and hippocampal contributions to
relational encoding
Donna Rose Addis a,⁎, Kelly S. Giovanello b, Mai-Anh Vu c, Daniel L. Schacter c

a School of Psychology and the Centre for Brain Research, The University of Auckland, New Zealand
b Department of Psychology and Biomedical Research Imaging Center, The University of North Carolina, Chapel Hill NC, USA
c Department of Psychology, Harvard University, Cambridge MA, USA
⁎ Corresponding author at: School of Psychology, The
Bag 92019, Auckland, New Zealand. Fax: +64 9 373 7450

E-mail address: d.addis@auckland.ac.nz (D.R. Addis).

1053-8119/$ – see front matter © 2013 Elsevier Inc. All ri
http://dx.doi.org/10.1016/j.neuroimage.2013.08.033
a b s t r a c t
a r t i c l e i n f o
Article history:
Accepted 18 August 2013
Available online 27 August 2013

Keywords:
Aging
Associative encoding
Episodic
fMRI
Parametric modulation
Age-related declines in relational encoding are well documented. It remains unclear, however, whether such de-
clines reflect dysfunction of (1) ventrolateral prefrontal cortex (VLPFC) and deficient generation of associations;
and/or (2) hippocampal dysfunction and impoverished binding of associations. In order to separate VLPFC and
hippocampal contributions to relational encoding, we manipulated the generative demands of the encoding
task by varying the number of semantic associations between the to-be-encoded information (three words).
Thus, trials with fewer semantic associations (lower-association trials) require more generative processing dur-
ing encoding, relative to trials in which more semantic associations are provided for binding (higher-association
trials). Parametricmodulation analyses on successfully encoded items revealed that, unlike younger adults, older
adults did not show an up-regulation of VLPFC activity during lower-association trials. In contrast, hippocampal
activity in both older and younger adults was greater in higher- relative to lower-association trials. Moreover,
recognition accuracy improved significantly in both groups with the provision ofmore semantic associations, in-
dicating that both younger and older adults benefitted from this form of encoding support. Our findings suggest
that left VLPFCdysfunctionmay underlie relational encoding deficits in older adults, but thatwhenprovidedwith
associations to bind, hippocampal activity in older adults is comparable to young, consistent with their increased
recognition accuracy under conditions of encoding support.

© 2013 Elsevier Inc. All rights reserved.
Introduction

Relational encoding, the ability to associate or integrate unrelated
pieces of information, depends upon two distinct mnemonic mecha-
nisms: Generation of an association between the to-be-encoded items
and the integration or binding of those items into a cohesive memory
trace (Addis and McAndrews, 2006; Fernandez and Tendolkar, 2001).
Prior studies in younger adults suggest that controlled, strategic process-
es such as the generation of associations to organize items are mediated
by the prefrontal cortex (PFC; Buckner, 2003). Ameta-analysis of 26 neu-
roimaging studies of verbal and visual encoding reported that the left
ventrolateral PFC (VLPFC) and dorsolateral PFC (DLPFC) were the most
reliably activated regions (Spaniol et al., 2009). Moreover, it appears
that left VLPFC is particularly engaged during relational relative to item
encoding (e.g., Achim and Lepage, 2005; Addis and McAndrews, 2006;
Fletcher et al., 2000; Lepage et al., 2000; Mottaghy et al., 1999; Murray
and Ranganath, 2007; Prince et al., 2005), especially when the task ne-
cessitates the generation of semantic associations linking the to-be-
encoded items (Achim and Lepage, 2005; Addis and McAndrews, 2006;
University of Auckland, Private
.
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Fletcher et al., 2000; Lepage et al., 2000). Once organized, to-be-
encoded information must be linked together to form an integrated
memory trace, a process subserved by the medial temporal lobe (MTL),
particularly the hippocampus (Eichenbaum et al., 2007; Moscovitch,
1992). Indeed, neuroimaging studies of relational encoding consistently
report hippocampal activity (Chua et al., 2007; Davachi et al., 2003;
Henke et al., 1999; Jackson and Schacter, 2004; Kirwan and Stark,
2004; Prince et al., 2005; Staresina and Davachi, 2008, 2009).

It is well established that older adults experience declines in rela-
tional memory (for a review, see Old and Naveh-Benjamin, 2008),
whichmay arise fromdeficient prefrontally-mediated strategic process-
es (Anderson and Craik, 2000; Craik, 1986; Davis et al., 2013; Jennings
and Jacoby, 1993; Light et al., 2000; Moscovitch and Winocur, 1995)
and/or impaired hippocampal-dependent binding mechanisms (Burke
and Light, 1981; Chalfonte and Johnson, 1996; Lyle et al., 2006;
Mitchell et al., 2000; Naveh-Benjamin, 2000; Ryan et al., 2007). While
some studies report no age-related differences in either VLPFC or hippo-
campal activity during encoding (e.g., Leshikar et al., 2010; Morcom
et al., 2003), other studies have demonstrated age-related decreases in
activity in these regions during successful relational encoding. Age-
related reductions in hippocampal activity are consistently reported
during relational encoding of face-name (Sperling et al., 2003), face-
scene (Dennis et al., 2007) and pairs of object arrays (Mitchell et al.,
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Fig. 1. Experimental paradigm. (A) Examples of to-be-encoded triads from the zero-, one-
and two-link conditions. Each triad consists of a category name (top) and two category ex-
emplars (bottom) which are either semantically related or unrelated to the category,
depending on the condition. Participants identified how many exemplars (none, one or
all)fit in the categorywith a button press. Control trials are also shownwhere participants
were required to press the button corresponding to the response shown. All trials were
separated by presentation of a fixation cross (of jittered duration; see Material and
methods). (B) Examples of forced choice recognition trials, in which one previously seen
triad and one new triad (containing one foil exemplar), presented during a post-scan
recognition test. Participants identified which of the two triads were presented during
encoding.
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2000). Cabeza et al. (1997) observed age-related decreases in left VLPFC
activity during intentional learning of word pairs and suggested a di-
rect relationship between VLPFC function and older adults' deficits in
forming new semantic associations, particularly given the role of this
region in semantic processing (Cabeza and Nyberg, 2000).

However, the presence of age-related decreases in neural activity,
particularly in VLPFC (Cabeza et al., 1997), may be related to whether
or not encoding is actually successful (cf. Leshikar et al., 2010; Morcom
et al., 2003); unsuccessful encoding attempts are likely associated with
less neural activity in these key regions. Moreover, because the ability
to strategically generate associations between to-be-encoded informa-
tion and the binding of these associations are inherently related process-
es during successful encoding, it may be that the demands on strategy
use are an important factor in determiningwhether or not neural activity
during successful encoding is decreased in older adults. For instance, the
apparent decline in hippocampal activity evident in many studies could
reflect an inability to bind associations. Alternatively, it could be indirect-
ly related to PFC dysfunction and the failure to generate associations in
the first place, thereby meaning there are no associations to bind. The
latter explanation would suggest that age-related declines in VLPFC
and MTL regions should co-occur, and while some studies only report
age-related decreases in the MTL (Daselaar et al., 2003a, 2003b), other
studies report them for both the VLPFC and MTL (Dennis et al., 2008a;
Grady et al., 1995; Sperling et al., 2003). Although these latter studies
are therefore consistent with the notion that dysfunction in both pre-
frontal and hippocampal regions contributes to relational memory defi-
cits in older adults, understanding how activity increases and decreases
in these regions according to the strategic demands of encoding is an
important task.

One approach to examining this question is to train older adults in
the use of semantic encoding strategies (Kirchhoff et al., 2012). While
a recent study has demonstrated that strategy training increased activ-
ity in prefrontal regions, such as VLPFC, there were no reported changes
in hippocampal function (Kirchhoff et al., 2012). Another approach is
to vary the generative demands of the task through the provision of
encoding support – such as presenting associations between to-be-
encoded items. Behavioral studies have demonstrated that providing
older adults with encoding support can ameliorate or eliminate appar-
ent age-related deficits in encoding (e.g., Bunce, 2003; McGillivray and
Castel, 2010) and diminish age-related differences in the left VLPFC
(Logan et al., 2002). Because generative difficulties may result in having
fewer associations to bind (cf. Daselaar et al., 2003b, for a similar view),
explicitly providing the associations between to-be-encoded itemsmay
reduce apparent age-related differences in hippocampal activity. One
recent study has examined whether age-related differences in neural
activity differed according to the relatedness of word-pairs (Leshikar
et al., 2010). Although no age-related differences in MTL activity were
observed, it is notable that hippocampal activity was not modulated
by relatedness in either age-group.

In order to examinewhether changing the strategic demands of a re-
lational encoding task influences age-related differences in VLPFC and
hippocampal activity, we used a semantic relatedness paradigm in
which the generative demands of encoding could be varied. Trials com-
prised three words (triads consisting of one category and two exemplar
words), and we varied the number of semantic associations between
the words. For instance, it might be that both, one or none of the exem-
plar words are exemplars of the named category (see Fig. 1). Thus,
trials on which there are no semantic associations between the words
(lower-association trials) require the generation of more associations
during encoding. In contrast, in trials onwhich allwords are semantical-
ly associated (higher-association trials), more associations are provided
for binding. Previous studies using this paradigm indicate that in youn-
ger adults, activity during successful encoding varies parametrically
depending on the generative demands of the trial: Encoding of lower-
association trials is associated with an up-regulation of activity in
VLPFC relative to higher-association trials; conversely, higher- relative
to lower-association trials are associated with increased hippocampal
activity (Addis and McAndrews, 2006; Lepage et al., 2000).

With respect to aging, we hypothesized that if age-related defi-
cits in relational encoding reflect deficient generation of associa-
tions, older adults will exhibit less up-regulation of left VLPFC than
younger adults when the strategic demands of the task are greater
(i.e., on lower-association trials), even when controlling for encoding
success. Younger adults, on the other hand, should be able to modulate
VLPFC activity according to the generative demands of the encoding
task (i.e., lower- to higher-association trials). However, if encoding
deficits reflect hippocampal dysfunction and impoverished binding
of associations, then relative to younger adults, hippocampal activ-
ity and encoding performance in older adults will not increase
even when associations are explicitly provided on higher-association
trials.

Material and methods

Participants

All participants gave informed written consent in a manner ap-
proved by the Harvard andMassachusetts General Hospital Institutional
ReviewBoards. All subjectswere right-handed,fluent in English, andhad
no history of neurological or psychiatric disorders.

Older adults
Eighteen older adults were recruited for this study. Two subjects

were excluded, one due to a neurological abnormality and one due to
excessive in-scanner movement. Thus, data from 16 older adults were
included in the current analyses. Demographic and neuropsychological
characteristics of the older adults are presented in Table 1. All older
adults completed a neuropsychological battery in a separate session
no more than 2 years before or after the date of scanning.



Table 1
Demographic and neuropsychological characteristics of younger and older participants.

Demographic/neuropsychological characteristic Group means (sd):

Younger Older

Sex 7M/8F 6M/10F
Age (in years) 24.00 (3.05) 72.63 (5.55)
Education (in years) 16.07 (2.46) 15.44 (2.42)
CVLT (cued delayed recall; maximum 16) n/a 13.56 (2.16)
Digit Span Backwards (maximum 14) † n/a 8.33 (2.53)
Mini-Mental State Examination (maximum 30) n/a 29.50 (0.97)
Phonemic (FAS) fluency (total score; no maximum) n/a 49.00 (12.59)
Verbal Paired Associates I (recall total score;
maximum 32)

n/a 22.38 (5.19)

Wisconsin Card Sort Test (number of categories;
maximum 6)

n/a 5.25 (1.61)

Note. CVLT = California Verbal Learning Test. †One subject did not complete Digit Span
Backwards and thus the mean/standard deviation reported is based on 15 subjects.
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Younger adults
Nineteen younger adults participated in this study, but four were

excluded due to excessive in-scanner movement and/or task non-
compliance. Thus data from 15 younger adults were included in the
current analyses. Demographic data for younger adults are also
presented in Table 1. Younger adults did not differ significantly from
older adults with respect to years of education (t = .717, p = .479).
Note that younger adults did not undergo neuropsychological testing,
unlike older adults who completed these tests as part of a standard lab-
oratory neuropsychological battery.

Materials

Encoding task
The semantic-relatedness encoding task (Mathews, 1977) involves

the presentation of triads consisting of a category name and two catego-
ry exemplars (see Fig. 1A). All triads used in this study are identical to
those used by Addis and McAndrews (2006), and were constructed
using the Battig and Montague (1969) and Murdock (1976) norms,
such that only exemplars frequently associated with a category were
used.

Over the duration of scanning, 105 encoding triadswere shown, 35 of
each of three trial types: (1) Triads in which no exemplars relate to the
category name (“zero-link” trials); (2) triads inwhich only one exemplar
relates to the category name (“one-link” trials); and (3) triads in which
both exemplars relate semantically to the category name (“two-link”
trials). Thus, these trials vary in the number of associations provided,
from lower-association (zero-link) trials to higher-association (two-
link) trials.

In order to counterbalance the use of stimuli in different conditions,
categories cycled through the different link conditions. Thus, for each of
the 105 category names, 3 triadswere constructed (a zero-link, one-link
and two-link triad). Moreover, stimuli cycled through runs, so that in
each counter-balanced version, category names were presented in a
different run. Subjects were randomly assigned to a counterbalanced
version. Control trials, consisting of triads of one word corresponding
to a response option (i.e., either “none”, “one” or “all”; Fig. 1B) were
interspersed through scanning. Ninety-four baseline trials, consisting
of a fixation cross, were also presented through scanning; these ranged
in length from 2 to 14 s as determined by Optseq2 (Dale, 1999).

Forced-choice recognition task
Identification of successfully encoded triads was based on subse-

quent recognition of triads during forced-choice recognition. One
hundred and five trials, each consisting of an old triad presented during
scanning and a new triad (see Fig. 1C), were presented. New triadswere
identical to the old triad, except for one exemplar being replaced with a
semantically-related foil which was taken from the same category in
the category norms (Battig and Montague, 1969; Murdock, 1976).
The position of the old and new triads (i.e., top or bottom half of
the screen) was assigned randomly. Furthermore, the position of the
foil (i.e., whether the left or right exemplar is replaced) and whether
the foil replaced a related or non-related exemplar in one-link triads
was also assigned randomly to triads.

Procedure
Prior to scanning, participants were familiarized with the encoding

task during four practice trials. The instructions emphasized that mem-
ory for the encoding triads would be tested after the scan session.
Stimuli were presented in black text on a white background and back-
projected onto a white screen viewed by the participants through a
mirror incorporated into the head coil. E-Prime software (Psychology
Software Tools, Inc., Pittsburgh, PA) was used for the presentation and
timing of stimuli and collection of reaction times and response data.
Responses were made on an MR-compatible five-button response box.

The scanning session was divided into 3 runs (8 min 33 s). During
each run, 76–80 trials (baseline, control, zero-, one- and two-link triads)
were presented in a pseudo-random order; the order of trial presenta-
tion and number and length of baseline trials were determined using
Optseq2, an algorithm for optimizing power in event-related fMRI
designs (Dale, 1999). Encoding and control triads were presented for
6 s, considered sufficient for triad encoding (Addis and McAndrews,
2006; Lepage et al., 2000). For each encoding triad, participants were
required to decide how many of the words in the lower portion of the
triad could be considered exemplars of the category named in the top
portion of the triad. The buttons on the response box assigned to each
response were as follows: “none” (right index finger); “one” (right
middle finger) or “all” (right ring finger). Thus, the three encoding
trial types (zero, one and two link) are identical in terms of the decision
task to be performed, and vary only in terms of the number of semantic
associations provided. During presentation of control triads (i.e., a triad
consisting of either the word “none”, “one” or “all”), participants were
required to respond according to the word shown (i.e., to select the re-
sponse key corresponding to “none”, “one” or “all”).

Immediately following scanning, and approximately 10 min after
the end of the encoding task, individuals completed the forced-choice
recognition task. Each old–new trial was displayed for 6 s, during
which time the participant indicated which triad was seen previously
during scanning with a mouse button press. When a response was
made (or after 6 s if no response was made), the display moved ahead
to a fixation cross (presented for 1 s).

MR acquisition and analysis

Data acquisition
Images were acquired on a 3 Tesla Siemens Allegra MRI scanner.

Detailed anatomical data were collected using a multiplanar rapidly
acquired gradient echo (MP-RAGE) sequence. Functional images
were acquired using a T2*-weighted echo planar imaging (EPI) sequence
(TR = 2000 ms, TE = 23 ms, FOV = 200 mm, flip angle = 90°).
Twenty-five coronal oblique slices (5 mm thick) were acquired at an
angle parallel to the long axis of the hippocampus in an interleaved
fashion.

Data preprocessing
Pre-processing and analyses of imaging data were performed using

SPM2 (Wellcome Department of Cognitive Neurology, London, UK).
Standard pre-processing of functional images was performed, including
discarding the first four functional images to allow scanner equilibrium
effects, rigid-body motion correction and unwarping, slice-timing cor-
rection, spatial normalization to the Montreal Neurological Institute
(MNI) template (resampled at 2 × 2 × 2 mm) and spatial smoothing
(using an 8 mm full-width half maximum isotropic Gaussian kernel).
Data were high-pass filtered to account for low-frequency drifts; a
cut-off value of 128 was used.



Table 2
Behavioral data during encoding and recognition in younger and older adults.

Group means (sd)

Younger adults Older adults

Zero One Two Zero One Two

A. Encoding judgment
Accuracy* 91.62 (5.96) 91.43 (4.32) 88.00 (6.13) 87.36 (12.32) 89.33 (12.44) 83.41 (14.72)
RT(ms)*† 2571.61 (535.48) 2410.78 (404.33) 2543.43 (459.03) 3127.78 (450.26) 3004.83 (450.86) 3081.95 (457.19)

B. Recognition judgment
Accuracy*† 77.52 (13.00) 85.90 (8.67) 92.76 (5.60) 68.01 (9.75) 79.24 (8.44) 87.76 (5.71)
RT(ms)*† 3632.64 (553.44) 3289.66 (565.73) 2897.30 (414.73) 4300.89 (490.68) 4065.35 (441.96) 3569.27 (475.78)

Note. RT = reaction time; *significant main effect of condition; †significant main effect of group.
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Parametric modulation analyses
At the fixed effects level, a parametric modulation model was

computed for each subject to examine the linear effects of semantic
relatedness (i.e., number of semantic associations provided) during suc-
cessful encoding (as determined by subsequent recognition perfor-
mance); the six head-movement parameters were also included as
regressors of no interest. Each successfully encoded trial was modeled
with a canonical hrf (hemodynamic response function) applied at task
onset. Given the possibility that a delayed hrf peak could influence the
ability to detect activation in the older adults, we also re-ran the analy-
ses including temporal derivatives of the hrf. This analysis revealed the
same pattern of results and is not reported here for brevity.1 Two con-
trasts were subsequently specified: one to identify regions in which ac-
tivity during successful encoding was negatively correlated with the
number of associations provided in the stimuli; and another to identify
regions inwhich activity during successful encoding positively correlated
with the number of associations. Relevant contrast images were entered
into a series of random-effects analyses.

Random-effects conjunction analyses were used to identify those
regions in which parametric responses to semantic relatedness during
successful encoding were similar across the two age-groups, such that
for both groups, neural activity in a regionwas correlatedwith the num-
ber of associations in either a positive or negative manner. Thus, two
conjunction analyses were computed using SPM's masking function
to select voxels to include or exclude (e.g., Kensinger and Schacter,
2008). A one-sample t-test for one contrast of interest was computed
(e.g., positive parametric modulations in younger adults), and activated
voxels from this analysiswere used to formamask. A second one-sample
t-test for the other contrast of interest was computed (e.g., positive para-
metric modulations in older adults), and themask from the first analysis
was applied, such that the resulting conjunction revealed regions active
in both contrasts of interest. Each of the one-sample t-tests created in
this process was thresholded at p b .0225, resulting in a conjoint voxel-
level probability, estimated using Fisher's method (Fisher, 1950; Lazar
et al., 2002), of p b .005 (note that a cluster-wise approach for correction
for multiple comparisons was used; see below).

To identify regions in which parametric responses to semantic relat-
edness during successful encoding differed across the two age-groups,
relevant contrast images were entered into a random-effects indepen-
dent sample t-testmodel. In order to account for differences in encoding
performance (and the number of successfully encoded trials entering
the analysis), we included recognition accuracy as a subject-level co-
variate. Two contrasts were computed: (1) younger N older adults;
and (2) older N younger adults. These contrasts identify voxels for
which the slope of the regression line for the covariate of interest
(i.e., the number of semantic associations) differs significantly between
younger and older adults. This approach can therefore detect voxels in
1 To confirm that there was no delay in the time courses of older adults' neural activity,
we also extracted time courses from two regions of interest (left VLPFC and right hippocam-
pus). There was little difference across the age groups in terms of the time at which the hrf
peaked. Despite some differences in the height of the hrf across groups and conditions, the
hrf peaked between TRs 4 and 5 (8–10 s after stimulus onset) in both age-groups.
which the slope of the regression line is opposite in sign (e.g., the para-
metric effect in a region is positive for older adults but negative for youn-
ger adults) or of the same sign, but significantly different in magnitude
(e.g., the parametric effect is weakly negative for older adults and
strongly negative for younger adults). To clarify the nature of any signif-
icant differences and to distinguish between these two scenarios
(where the slope is of opposite sign or of same sign, but different mag-
nitude), the average estimated slope of the regression line for each
group was extracted from relevant beta images to determine the
sign of the effects. Additionally, even if significant group differences
emerged, the effects themselves (i.e., for younger or older adults)
may not be significantly different from zero. We therefore deter-
mined whether effects were significant within group for any regions
exhibiting an age-related difference by computing a whole-brain
one-sample random-effects t-test for each parametric modulation
effect. Thus, four one-sample t-tests were computed: negative mod-
ulation effects for (1) younger and (2) older adults; and positive
modulation effects for (3) younger and (4) older adults. The significance
threshold for these contrast analyseswas also set at p b .005 uncorrected;
note that a cluster-wise approach for correction formultiple comparisons
was used (see below).

For all analyses, the minimum cluster size required for corrected
significance was determined using a Monte Carlo simulation (10,000
iterations) implemented using AFNI's 3dClustSim program to estimate
the overall probability of false positives within the 3D whole brain
search volume (142,027 2 × 2 × 2 mm voxels). Thus, for whole brain
results, a combined voxel-wise threshold of p b .005 and a spatial
extent threshold of 139 voxels was employed to achieve an α of
.05, corrected for multiple comparisons. We also computed the re-
quired cluster size for the correction of multiple comparisons within
our a priori regions of interest (Yassa and Stark, 2008) – the bilateral
hippocampus and left VLPFC. Using an anatomical mask comprising
these regions (generated using MARINA; Walter et al., 2003) with a
search volume of 5445 2 × 2 × 2 mm voxels, the Monte Carlo simu-
lation (10,000 iterations) indicated that a voxel-wise threshold of
p b .005 combined with a spatial extent threshold of 46 voxels was
required to correct for multiple comparisons at p b .05. For visualization
purposes, parameter estimates (beta weights) associated with encoding
of zero-, one- and two-link triadswere extracted frompeak voxels in the
left VLPFC and bilateral hippocampus. For localization, peak MNI coordi-
nates were converted to Talairach space and localized in reference to a
standard stereotaxic atlas (Talairach and Tournoux, 1988).

Results

Behavioral results

Encoding judgments
The average accuracy and reaction times for the encoding judgments

of younger and older adults are presented in Table 2. These responses
were collected from all but two participants, for whom data did not re-
cord successfully due to a technical failure. A mixed factorial analysis of



Table 3
Negative and positive modulatory responses to the number of associations that is different or common across age-groups.

Cluster Region Coordinates Z-score Mean beta

size x y z YA OA

A. Differential negative modulations†

514 R. Superior temporal gyrus (BA22) 50 −42 21 3.68 −7.48* 0.98
R. Inferior parietal lobule (BA40) 63 −38 22 2.87 −5.87* 3.23

203 R. Medial frontal gyrus (BA6) 4 −19 49 3.69 −9.95* 2.68
L. Paracentral lobule (BA5) −2 −23 51 3.35 −8.50* 1.95

189 L. Insula −28 22 4 3.52 −6.41 * −0.31
164 R. Superior parietal lobule (BA7) 30 −56 49 3.35 −4.82* 2.99
77 L. Inferior frontal gyrus (BA44) −48 21 23 3.09 −7.08* −0.96

B. Common positive modulations
239 L. Inferior parietal lobule (BA 39/40) −46 −52 50 2.70 5.55* 6.04*

L. Precuneus (BA 19) −34 −66 40 2.52 6.40* 6.60*
L. Superior parietal lobule (BA 7) −38 −64 49 2.11 10.52* 5.22*

209 L. Middle temporal gyrus (BA 21) −55 −43 −6 3.46 7.59* 7.16*
47 R. Hippocampus 36 −26 −9 4.26 4.37* 4.98*

Note. All clusters are significant at p b 0.05, corrected for multiple comparisons (see Material and methods for more detail). For each cluster of activation, the Talairach coordinates of the
maximally activated voxel within each different structure are reported, as indicated by the highest Z score. BA = Brodmann area, L = left, OA = older adults, R = right, YA = younger
adults. †Performance (number of hits) entered as a covariate for each subject in contrast analyses. *Asterisk indicates the groups for which parametric modulation effects are significantly
different from zero.

2 A conjunction analysis confirmed that both groups similarly engaged BA 44 during
encoding (collapsed across link condition) relative to the control task.
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variance (ANOVA), with a repeated factor of condition (zero-, one- and
two-link) and between factor of age-group (young, old) revealed a
small effect of condition for accuracy, F2,54 = 4.60, p = .01, and post-
hoc polynomial contrasts (linear and quadratic) revealed that this effect
reflected a slight linear trend of decreasing accuracy from low (zero-
link) to high (two-link) association trials, F1,27 = 5.66, p = .03. The
age-groups, however, did not differ in their accuracy during encoding,
F1,27 = 1.30, p = .26.

A mixed factorial ANOVA (with repeated factor of condition and be-
tween factor of age-group) of encoding reaction time data also revealed
a significant effect of condition, F2,54 = 5.06, p = .01. Post-hoc polyno-
mial contrasts revealed that this effect reflected a quadratic trend in
which zero- and two-link triads had longer reaction times than one-
link triads, F1,27 = 10.65, p = .003. There was a main effect of age-
group, F1,27 = 11.94, p = .002, with younger adults making encoding
judgments faster than older adults.

Recognition
Average forced-choice recognition accuracy and reaction time data

from all participants are also presented in Table 2. Note that because
this was a two-choice recognition task, chance is at 50%, and every par-
ticipant performed above chance; the lowest performing older adult
performed this recognition task with 69% accuracy. A mixed factorial
ANOVA (repeated factor of condition, between factor of age-group) con-
firmed that there was a significant effect of condition (zero-, one- and
two-link) for accuracy, F2,54 = 50.69, p b .001, and a post-hoc polyno-
mial contrast indicated that this effect was due to a linear trend of in-
creasing accuracy from lower (zero-link) to higher (two-link) trials,
F1,27 = 78.76, p b .001. There was also a significant effect of age-
group, F1,27 = 8.16, p =.008, with younger adults having higher rec-
ognition accuracy than older adults.

A mixed factorial ANOVA (repeated factor of condition, between
factor of age-group) of reaction time data also revealed a significant
effect of condition, F2,54 = 83.29, p b .001, and again, this effect
reflected a linear decrease in reaction times with increasing associa-
tions, F1,27 =127.91, p b .001. Reaction times also differed significantly
between the age-groups, F1,27 = 18.44, p b .001, with younger adults
making recognition judgments faster than older adults.

fMRI results

Negative modulations of neural activity by number of associations
We examined whether neural activity, particularly in left VLPFC

(Addis and McAndrews, 2006; Lepage et al., 2000), was negatively
correlated with the number of association provided. In other words,
were there regions that exhibited more activity during the lower-
association trials relative to higher-association trials? A conjunction
analysis revealed that there were no regions in which both groups
exhibited a common negative modulation of activity. To confirm that
this null result did not reflect the two age-groups modulating different
sub-regions of left VLPFC, we conducted a one-sample random-effects
t-test of negative modulation effects within each group separately.
These analyses indicated that in younger adults, left VLPFC activity
was significantly modulated by the number of associations, while in
older adults, no significant modulation of left VLPFC activity was evi-
dent. Moreover, younger adults exhibited negative modulations in a
number of other regions (right superior temporal gyrus, BA 22,
xyz = 57−18−4; right precuneus, BA 7, 8−46 47; rightmiddle fron-
tal gyrus, BA 6, 32−3, 54; left inferior parietal lobule, BA 40,−63,−43,
24), while in older adults, no clusters exceeded the significance
threshold.

A contrast analysis identified a number of regions in which the
negative parametric response to the number of semantic associations
(i.e., the slope of the regression line) differed significantly between
the age groups (Table 3A). In the right superior temporal gyrus (BA
22), inferior (BA 40) and superior parietal (BA 7) lobule, left insula
and a region within left VLPFC, specifically, left inferior frontal gyrus
(BA 44; Fig. 2A), younger adults exhibited a significantly stronger nega-
tivemodulation effect than older adults, inwhommodulationswere not
significantly different from zero. Examination of the parameter esti-
mates from the activation cluster in the left VLPFC suggests that while
both age-groups similarly engage left BA 44 during all encoding condi-
tions,2 younger adultsmodulated their responses according to the num-
ber of semantic associations to be generated while older adults engaged
this region in a non-specific manner. There were no regions in which
negative modulation effects were significantly stronger in older than
younger adults, consistent with the aforementioned observation that
older adults did not exhibit any significant negative modulations.

Positive modulations of neural activity by number of associations
We also examined whether neural activity in younger and older

adults was positively correlated with the number of association provid-
ed, such that more activity was evident during higher- versus lower-
association trials, when associations are provided for binding. In partic-
ular, wewere particularly interested inwhether hippocampal responses



Fig. 2.VLPFC andhippocampal regions inwhich activitywasmodulated by thenumber of associationsprovided during encoding. Younger adults exhibited a significantly strongernegative
response relative to older adults in BA44 (A: xyz = −48 20 26). In the right hippocampus, both age-groups exhibited a commonpositive response (B: xyz = 36−26−9). In older adults,
left anterior hippocampal activitywas alsomodulated by the number of associations (C: xyz = −26−5−23), but amodulation effect in the left posterior hippocampuswas subthreshold
in younger adults (D: xyz = −22−35 5). Activations shown at p = .005 uncorrected, overlaid on a standard template. For all regions, mean parameter estimates (beta weights) asso-
ciated with the successful encoding of zero-, one- and two-link triads are plotted for illustrative purposes only (and thus error bars are not shown). ⁎Significant modulation effects, as
indicated by one-sample random-effects analyses. L = left; R = right.

24 D.R. Addis et al. / NeuroImage 84 (2014) 19–26
would increase with increasing numbers of associations (Addis and
McAndrews, 2006). A conjunction analysis (Table 3B) revealed that in
both age groups, positive modulations were evident in the left inferior
(BA 39/40) and superior (BA 7) parietal lobule, precuneus (BA 19),
and middle temporal gyrus (BA 21). Importantly, in both groups right
hippocampal activitywas significantlymodulated in a positive direction
by the number of associations (Fig. 2B). In light of this evidence that
both groups canmodulate hippocampal activity in response to thenum-
ber of semantic associations, it was surprising that there was also no
common modulation of the left hippocampus, given the verbal nature
of the task and previous findings of the left hippocampal modulation
in the same paradigm (Addis and McAndrews, 2006). To ensure that
this null result was not simply due to the two age-groups engaging
different sub-regions of the left hippocampus during encoding, we
conducted a one-sample random-effects t-test of positive modulation
effects within each group separately. These analyses revealed that
only older adults exhibited a significant positive response to the num-
ber of associations in a very anterior region of the left hippocampus
(xyz = −26 −5 −23; k = 118; Fig. 2C); no other additional regions
emerged from this analysis. Although a positive modulation effect was
evident in the left hippocampus of younger adults, the cluster size
fell short of the extent threshold required to correct for multiple com-
parisons (xyz = −22 −35 5, k = 11; Fig. 2D), and the only other re-
gion evident in younger adults was left middle frontal gyrus (BA 10,
xyz = −30, 55, 5). However, contrast analyses did not identify any
regions in which the positive parametric responses to the number of
semantic associations (i.e., the slope of the regression line) significantly
differed between the age groups.

Discussion

The aim of this study was to differentiate between two mechanisms
which could contribute to age-related declines in relational encoding:
strategic, generative processes supported by left VLPFC and bindingpro-
cesses supported by the hippocampus. Our findings suggest that left
VLPFC dysfunction may underlie relational encoding deficits in older
adults. Specifically, unlike younger adults, VLPFC activity in older adults
did not vary as a function of the number of semantic associations pro-
vided. In contrast, hippocampal activity in both older and younger
adults increased with the provision of increasing numbers of associa-
tions. Moreover, recognition accuracy improved significantly in both
groups with the provision of more semantic associations, indicating
the both younger and older adults benefited from this form of encoding
support. Overall, these findings suggest that although older adults may
be impaired in generating associations, if associations are presented the
hippocampus responds to them, binding information that later can be
the basis of accurate memory.

One of the key findings of this studywas an age-related difference in
the up-regulation of left VLPFC (BA 44) according to the generative de-
mands of the encoding task. Although both groups engaged this region
across all encoding conditions (relative to the control condition), in
younger adults this region was significantly more active during lower-
association trials that required generation of more associations than
higher-association trials. In older adults, this region was active to the
same level across all conditions, suggesting that the efficiency of this
activation differed with age. This finding is consistent with Sperling
and colleagues (Rand-Giovannetti et al., 2006; Sperling et al., 2003)
who also report that in older adults, VLPFC activity does not modulate
with changes in encoding task demands. In their study, participants
were exposed to relational stimuli (name-face pairs) across three pre-
sentations. In contrast to younger adults who showed VLPFC activity
only during the first presentation of a stimulus, older adults exhibited
sustained activation when viewing repeated stimuli. It is possible that
the sustained levels of left VLPFC activity in older adults during the
higher-association trials did contribute to their increased encoding
success, as indexed by increasing subsequent memory performance
when more associations were provided. Perhaps when BA 44 is freed
up from generating associations, as in the two-link trials, older adults'
sustained activity in this region reflects additional processing of the
stimuli that contributes to increased later memory for two-link triads.
In younger adults, who do not need this additional processing to assist
encoding, the activation in this region simply decreases with the gener-
ative demands of the task.

Another key finding is that irrespective of age, right hippocampal
engagement was up-regulated during encoding when more associations
were provided. This finding demonstrates that when older adults have
appropriate encoding support – in this case, pre-existing associations
that linked the to-be-encoded information – the hippocampus is engaged
in a manner comparable to younger adults. This positive modulation
effect in the hippocampus is also consistent with increased recognition
accuracy in higher-association trials, and cannot be attributed to task
difficulty (e.g., Leshikar et al., 2010) given that higher-association trials

image of Fig.�2
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were easier (as indexed by reaction time data). It is important to note that
Leshikar et al. (2010) did find the opposite effect – that in both younger
and older adults, hippocampal activity was increased during encoding of
unrelated versus related words. However, it was not reported whether
any regions showed increased activity during the related versus unrelated
condition –which may be a possibility, in light of our results.

The current findings further support the view that older adults can,
under some conditions, engage the hippocampus to the same extent
as younger adults during relational encoding (Duverne et al., 2009;
but see Daselaar et al., 2003a, 2003b; Dennis et al., 2008a, 2008b;
Sperling, 2007). We posit that one key condition for hippocampal en-
gagement in older adults during relational encoding is the provision of
encoding support. When the encoding task is dependent on VLPFC
function and the ability to generate semantic associations between the
to-be-encoded words – as was the case in the lower-association (zero-
and one-link trials) – an encoding-related ‘deficit’ in hippocampal
activity may be evident. In contrast, only during higher-association tri-
als did bilateral hippocampal activity increase above baseline in older
adults.

There were, however, some age-related differences in the nature of
this modulatory hippocampal activity. In younger adults, this effect
reflected primarily an increase in hippocampal activity between
zero- and one-link triads with highest activity for the one-link trials.
However, hippocampal activity in older adults increased across all
three conditions and peaked for the two-link trials. Moreover, older
adults showed significant modulation of left hippocampus, while
this effect was subthreshold in younger adults. It is possible that
these differences are related to performance. For example, the youn-
ger adults in the current study may have reached some performance
ceiling and did not require additional hippocampal activity to suc-
cessfully bind two-link triads that may have become unitized
(Quamme et al., 2007).

It is important to note that although the pattern of results in the left
VLPFC and hippocampus replicates the findings of previous studies
using this paradigm (Addis and McAndrews, 2006; Lepage et al., 2000),
in the current study, activity in these a priori regions of interest did not
exceed whole-brain thresholds. Due to the shape and size of the hippo-
campus, it is often difficult to find clusters that meet whole-brain cluster
thresholds unless neighboring regions (such as the parahippocampal
gyrus) are also active and the cluster encompasses both regions.
Therefore, we took the approach used by Yassa and Stark (2008) for
thresholding clusters within the hippocampus, where 3dClustSim takes
into account the shape of the structure as well as the number of voxels
when computing the extent required for correction. With respect to
the VLPFC, it was surprising that clusters did not survive the whole-
brain threshold, and while it might be related to sample size, the obser-
vation does raise the possibility that only a specific aspect of VLPFC ex-
hibits a modulation effect in response to the task.

With respect to the whole-brain results, it is notable that other pre-
frontal regions – particularly the DLPFC – were not evident in the cur-
rent analyses. Recent work has provided evidence to suggest that the
DLPFC may work in conjunction with VLPFC to encode relational infor-
mation (Blumenfeld et al., 2011). However, other studies using this se-
mantic relatedness paradigm also report, when contrasting lower with
higher association trials, that prefrontal activity is restricted to VLPFC
and does not extend into DLPFC (Addis and McAndrews, 2006; Lepage
et al., 2000), suggesting that VLPFC is particularly engaged when pro-
cessing sets of unrelated items and demands on generative processes is
high. In contrast, DLPFC may play a more general role in all forms of
relational encoding irrespective of the pre-existing semantic relations
and is emergent when contrasted against unsuccessful encoding or item
encoding, and thus could not be isolated in the absence of these compar-
ison conditions.

Whole-brain results revealed evidence of neural commonalities and
differences across age-groups outside of the left VLPFC and hippocampus.
For instance, in both age groups, neural activity in the left lateral temporal
and parietal cortex was up-regulated when more associations were
presented. Addis andMcAndrews (2006) speculated that lateral temporal
responses may reflect access to the semantic knowledge on which the
provided associations are based,while the lateral parietal cortexmay pro-
vide an interface between lateral and medial temporal regions. Another
possibility is that lateral temporal activity reflects gist-based processing
which is heightenedwhen all presented words are semantically associat-
ed (Dennis et al., 2008b), while lateral parietal activity reflects the main-
tenance of the to-be-encoded verbal information in working memory
(e.g., Gold and Buckner, 2002). In contrast, for lower-association trials,
age differences emerged in a number of regions including right posterior
superior temporal gyrus and right lateral parietal cortex (BA 40). Previous
work has demonstrated these regions to be active during the encoding of
lower-association trials in younger adults (Addis andMcAndrews, 2006),
andmore so than older adults particularly during lower-association trials
(Leshikar et al., 2010). In general, this pattern of results is similar to that
reported for the left VLPFC and hippocampus: Neural differences emerge
when no encoding support is provided, but when more associations
between to-be-encoded information are provided, older adults can en-
gage many of the same regions as younger adults. This finding further
supports the idea that the strategic organization of information may
be particularly sensitive to disruption in aging, but may be ameliorated
by the use of specific encoding strategies (see also Leshikar et al., 2010
for a similar view).

One limitation of the current paradigm is that the encoding task did
not involve an explicit instruction to “generate” a relationship between
semantic associates. However, it is highly likely that the evaluative pro-
cess required to assess the number of semantic relationships evident in
each triadwould entail some level of semantic elaboration. Importantly,
the process of semantic elaboration is associated with activation of the
left VLPFC (Han et al., 2012; Raposo et al., 2009), andmay beparticularly
evident when semantic elaboration can enhance memory performance
(Raposo et al., 2009). Thus, the up-regulation of the left VLPFC when
generative demands are higher – in this and other studies (Addis and
McAndrews, 2006; Lepage et al., 2000; see also, Leshikar et al., 2010) –
is consistent with increased semantic elaboration processes during suc-
cessful encoding. Indeed, the use of semantic elaboration strategies en-
gages left VLPFC during encoding (Kirchhoff and Buckner, 2006) and
given that our participants completed this encoding task knowing that
a memory test would follow the fMRI session, it is highly likely that
the instruction to focus on semantic associations provided an encoding
strategy that participants could utilize.

It is also interesting to note that during the encoding task, partici-
pants in both age groups were slightly (but significantly) less accurate
at judging the number of associations present in the two-link trials.
Combinedwith the fact that participants were also faster on these trials,
it is possible that individuals made a speed-accuracy trade-off. Unlike
one-link triads, two-link triads require evaluation of the entire triad
for a correct response to be made and thus individuals may sometimes
respond after recognizing one association before noticing a second.
Conclusions

In summary, the current findings suggest that left VLPFC dysfunc-
tion may underlie age-related deficits in relational encoding by
disrupting the strategic organization of to-be-encoded information
by generating associations. However, when associations – such as
pre-existing semantic associations between items – are available,
hippocampal activity in older adults is up-regulated to the level of
younger adults, and encoding performance is enhanced. These find-
ings underscore the notion that when examining age-related
changes in encoding, a fine-grained analysis considering the genera-
tive demands and encoding support provided by the encoding task,
is of critical importance to understanding the similarities and differ-
ences between younger and older adults.
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