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ABSTRACT

Introduction: Older adults often show sustained attention toward positive information and
an improved memory for positive events. Little is known about the neural changes that
may underlie these effects, although recent research has suggested that older adults may
show differential recruitment of prefrontal regions during the successful encoding of
emotional information. In the present study, effective connectivity analyses examined the
network of regions that college-age and older adults recruited during the encoding of
positive and negative images.

Methods: Participants viewed positive and negative images while undergoing a functional
magnetic resonance imaging (fMRI) scan. Structural equation modeling was used to
compare young and older adults’ connectivity among regions of the emotional memory
network while they encoded negative or positive items.

Results: Aging did not impact the connectivity among regions engaged during the encoding
of negative information, but age differences did arise during the encoding of positive
information. Most notably, in older adults, the ventromedial prefrontal cortex and amyg-
dala strongly influenced hippocampal activity during the encoding of positive information.
By contrast, in young adults, a strong thalamic influence on hippocampal activity was
evident during encoding.

)

Conclusions: These findings suggest that older adults’ “positivity effect’” may arise from age-
related changes in the interactions between affect-processing regions and the hippo-
campus during the encoding of positive information.

© 2009 Elsevier Srl. All rights reserved.

1. Introduction

older adults remember is positive (reviewed by Mather and
Carstensen, 2005). Though there is active debate about the

Though many aspects of memory change with aging, within generality of this effect (e.g., Murphy and Isaacowitz, 2008), it
the realm of emotional memory, one of the most intriguing also is clear that there are some circumstances that reliably
effects of age has been a “positivity effect” in memory. elicit a positivity effect (reviewed by Mather, 2006). The posi-
Compared to younger adults, proportionally more of what tivity effect generally has been interpreted within the
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framework of Socioemotional Selectivity Theory (Carstensen
et al., 1999); this theory states that when adults view time as
limited (as occurs with advancing age), they are more likely to
prioritize their emotional wellbeing. The positivity effect has
been hypothesized to reflect the increased importance that
older adults place on emotional gratification: older adults are
more motivated than young adults to process information in
a manner that will provide them with emotional fulfillment,
and because of this motivational change, older adults are
more likely to attend toward, and to remember, positive
information (reviewed by Carstensen and Mikels, 2005;
Mather and Carstensen, 2005).

The hypothesis that older adults’ positivity effect in
memory is tied to motivational changes in the processing of
emotional information is a plausible one, particularly because
the effect is noted most readily when older adults have
extensive cognitive resources available to devote toward pro-
cessing emotional information (Mather and Knight, 2005). The
hypothesis is also consistent with a number of studies that
have suggested an age-related shift away from amygdala-
based emotion processing and toward prefrontal-based pro-
cessing (where this prefrontal-based processing may reflect
amore deliberative, controlled type of processing; e.g., Satpute
and Lieberman, 2006). Most of the studies that have revealed
these age-related changes in neural activity have examined
the processing of facial expressions that convey negative
emotion. In these studies, older adults tend to under-activate
the amygdala and to over-activate the prefrontal cortex (as
compared to young adults) when processing negative facial
expressions (e.g., Gunning-Dixon et al., 2003; Fischer et al.,
2005; Tessitore et al., 2005; Williams et al., 2006). A recent set of
studies has suggested that this shift from amygdala-driven to
prefrontal-based processing may also occur when older adults
view negative photographs (rather than facial expressions),
and that these changes may be tied to older adults’ poor
memory for negative information (see also Mather et al., 2004;
St Jacques et al., 2009; St Jacques et al., 2010).

Because these studies only examined the processing of
negative information, they could not clarify whether the age-
related changes in neural activity are specific to negative
valence or whether they extend to positive information as
well. There is reason to believe that valence may be an
important factor to consider, with a few studies suggesting
that older adults’ recruitment of the amygdala may be
stronger during the processing of positive as compared to
negative information (e.g., Mather et al., 2004; Leclerc and
Kensinger, 2008) and that their prefrontal recruitment may
also be heightened during the presentation of positive as
compared to negative information (e.g.,, Leclerc and Ken-
singer, 2008; Leclerc and Kensinger, in press). In fact, old age
sometimes results in a valence reversal: whereas young adults
often activate the amygdala and medial prefrontal cortex
more strongly in response to negative as compared to positive
items, older adults sometimes show the opposite pattern of
activity (e.g., Mather et al., 2004; Leclerc and Kensinger, 2008).

These studies suggest that older adults’ processing of both
positive and negative information may be altered, but that the
alterations may diverge for the two valences of information: The
strength of older adults’ recruitment of the amygdala and of
medial prefrontal regions may be stronger for positive

information than for negative information. It is not clear from
this prior research whether, or how, these age-related changes
connect to older adults’ “positivity effect” in memory. In
particular, it is widely debated whether older adults’ ‘“positivity
effect” is best characterized as a shift toward the positive or as
a shift away from the negative (see Murphy and Isaacowitz,
2008). For example, do older adults remember proportionally
more positive information because they attend to that informa-
tion and process it more deeply than young adults or because
they direct less attention and devote fewer processing resources
toward negative information? Neuroimaging can provide
a viable way to address this issue, by examining whether aging
primarily impacts the processes recruited during the encoding of
positive information or if it also influences the processes
recruited during the encoding of negative information.

The present study used effective connectivity analyses of
functional magnetic resonance imaging (fMRI) data to reveal
how aging affects the connections among brain regions
recruited during encoding of negative and positive items. We
focus on age-related connectivity changes within a network of
brain regions including the amygdala, the prefrontal cortex,
and the hippocampus. These regions have been linked to the
successful encoding of emotional information by neuro-
imaging studies that have used a ‘“subsequent memory”
paradigm (reviewed by Paller and Wagner, 2002). In such
paradigms, neural activity during the encoding phase is sorted
based upon whether the items are later remembered or later
forgotten, and regions are considered to have a link to
successful encoding if their activity is greater for items that
are later remembered than for those that are later forgotten. A
large literature has revealed a consistent network of regions
that are implicated in the successful encoding of emotional
information. Some of these regions seem to be recruited
specifically when information is emotional (e.g., the orbito-
frontal cortex and amygdala), whereas others serve a general
role in the encoding of information with or without emotional
content, though their activity may be modulated by the
emotional salience of information (e.g., the hippocampus; see
Hamann, 2001; LaBar and Cabeza, 2006; Kensinger, 2009 for
reviews). Our primary question was how aging would affect
the connections between the amygdala, the prefrontal
regions, and the hippocampus, a region that is essential for
the successful encoding of long-term memories (see Postle,
2009 for recent review). We were especially interested in
whether age-related changes in connectivity would be
comparable whenever participants were processing
emotional information (regardless of its valence) or whether
the age-related differences would be more pronounced for one
valence of information.

2. Methods
2.1. Participants

The participants comprised 17 younger adults (12 women)
between 19 and 31 years of age and 20 older adults (13 women)
between 61 and 80 years of age (see Table 1 for addition
participant characteristics). All participants were right-
handed, native English speakers, with no history of depression
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Table 1 - Participant characteristics.

Measure Young Older

Years Education 15.2 (.38) 16.8 (.32)
Digit Symbol Substitution 71.4 (3.3) 491 (2.2)
Vocabulary .82 (.02) .89 (.02)
Digit Span - Forward 5.9 (.45) 5.3 (.25)
Digit Span — Backward 5.12 (.25) 4.65 (.33)

Note: Digit Symbol Substitution, Digit Span Backward, & Arithmetic
from Wechesler Adult Intelligence Scale (WAIS)-III Wechesler
Adult Intelligence Scale; Wechsler, D. Technical Manual for the
Wechsler Adult Intelligence and Memory Scale, 3rd ed. New York:
The Psychological Corporation, 1997. Vocabulary reflects the
percentage correct on the Shipley (1986) measure. All values
represent the mean (SE) raw, nonstandardized scores.

or other psychiatric or neurological disorder. All participants
had scores on the Mini Mental Status Examination (Folstein
et al., 1975) of greater than 27. No participant was taking any
medication that would affect the central nervous system.
Informed consent was obtained from all the participants in
a manner approved by the Boston College and Massachusetts
General Hospital Institutional Review Boards. Participants
were compensated $75 for their participation.

2.2. Materials

The photo objects used in the present study were a subset of
those previously rated by a separate group of young and older
adults on valence and arousal dimensions, using 9-point Lik-
ert-type scales (1=negative valence or low arousal and
9 = positive valence or high arousal). One-third of the images
selected were negative and high arousal (valence ratings less
than 3.5, arousal ratings higher than 5), one-third were posi-
tive and high arousal (valence higher than 5.5, arousal higher
than 5), and one-third were neutral (valence ratings between 3
and 6, arousal less than 5; see Leclerc and Kensinger, 2008 for
more details on the stimuli). The participants in this study
also rated the stimuli for valence and arousal, and their clas-
sifications of the stimuli generally agreed with those based
upon prior ratings. In the rare instances where classifications
did not agree (fewer than 2% of all items), those items were not
included in the analyses.

2.3. Procedure

While in the fMRI scanner, participants viewed 108 positive,
108 negative, and 108 neutral photo objects for 1000 msec
apiece. Images from each emotion category were pseudor-
andomly intermixed with one another. After each image was
presented, an intertrial fixation cross was presented for
a variable duration, ranging between 5 and 13 sec, to provide
jitter (Dale and Buckner, 1997). The order of the images, and
the length of each intertrial fixation interval, was determined
using a program that optimizes for detection of the hemody-
namic response associated with each image (the optseq
program available from http://www.nitrc.org/projects/
optseq). While viewing the photos, participants were asked
to indicate whether each object would fit inside of a file
cabinet drawer. This task ensured that participants were

attending to each item but did not direct them to process its
emotional relevance nor to memorize the items for a later
memory task (no participant indicated that they were aware
that a memory assessment would follow the scan), a set of
conditions that facilitates the revelation of a positivity effect
(see Mather, 2006). Once participants were settled outside of
the scanner (after approximately a 20 min delay), they per-
formed a recognition memory task. Participants were pre-
sented with a series of studied items intermixed with novel
items; items were presented one at a time, and for each item,
participants were asked to indicate whether it had been
studied. The recognition test was self-paced, so that as soon
as a participant made a response, the next item was pre-
sented. The present analyses focus only on the neural activity
during the encoding of items that were later recognized
successfully, so that age differences in connectivity could not
be attributed to differences in the proportion of items that
were successfully encoded (see Leclerc and Kensinger, 2008
for presentation of the neuroimaging data for all items,
regardless of later memory performance). Because successful
encoding was operationalized as the encoding of items that
were later recognized, it is possible that a small proportion of
items was mistakenly considered to be “successfully enco-
ded” because participants correctly guessed about those
items’ presentations.

2.4. Image acquisition and data analysis

Images were acquired on a 3.0 T Siemens Allegra magnetic
resonance imaging (MRI) scanner. Stimuli were back-
projected onto a screen in the scanner bore, and the partici-
pants viewed the images through an angled mirror attached to
the head coil. Detailed anatomic images were acquired using
a multiplanar rapidly acquired gradient echo sequence.
Functional images were acquired using a T2*-weighted echo
planar imaging sequence (repetition time - TR = 3000 msec,
time to echo - TE = 30 msec, field of view — FOV = 200 mm; flip
angle = 90°). Twenty-eight axial-oblique slices (3.2 mm thick-
ness, .6 mm skip between slices), aligned in a plane along the
axis connecting the anterior commissure and the posterior
commissure, were acquired in an interleaved fashion.

All preprocessing and data analysis were conducted within
SPM2 (Wellcome Department of Cognitive Neurology). Stan-
dard preprocessing was performed on the functional data,
including slice-timing correction, rigid body motion correc-
tion, normalization to the Montreal Neurological Institute
template (resampling at 3-mm cubic voxels), and spatial
smoothing (using a 7.6-mm full-width half maximum
isotropic Gaussian kernel).

2.5.  Effective connectivity analyses

In order to examine the interactions between the amygdala
and other limbic and prefrontal regions during the processing
of negative and positive items, structural equation modeling
(SEM) was carried out using Lisrel software (Joreskog and
Sorbom, 1993). Unlike simple correlations, SEM allows for
a consideration of connections across multiple nodes of
a network, and it provides information about the direction-
ality of influences between different regions. The first step of
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the SEM analysis was to specify the anatomical model.
Regions were included in the model if they were of theoretical
relevance to emotional memory (see reviews by Hamann,
2001; Phelps and LeDoux, 2005; LaBar and Cabeza, 2006) and
were revealed in a whole-brain analysis comparing activity
elicited during the successful encoding of positive or negative
information to the activity elicited during the unsuccessful
encoding of that emotional information. This analysis was
conducted collapsing across the age groups, so as to define the
regions in an unbiased fashion with regard to age. Because of
the contrast used to define the regions, all regions included in
the model were related to memory for emotional items rather
than to more general emotion processing. Note, however, that
we did not require regions in this model to be implicated only
in memory for emotional (and not neutral) information,
because we expect there should be overlap between nodes of
the emotional memory network and nodes of a more general-
purpose mnemonic network that is not specific to emotional
information (and see Hamann, 2001; LaBar and Cabeza, 2006
for discussion). The regions selected were: ventromedial
prefrontal cortex (Talairach coordinates, x, y, z=0, 39, —5;
Brodmann area - BA 10/32), dorsomedial prefrontal cortex (x,
y,z=28, 61, 15; BA 10), left orbitofrontal cortex (x, y, z = —36, 44,
—8; spanning BA 10/11/47), left amygdala (x, y, z=-28, -3,
—12), left hippocampus (x, y, z=—36, —7, —23), thalamus (x, y,
z=—6,—20, —2), and left fusiform gyrus (x, y, z= —46, —48, —18;
BA 37; see Fig. 1 for the anatomic model). Table 2 presents
additional information on the pattern of activity revealed
within these regions; this information was determined by
analysis of variances (ANOVAs), computed separately for each
region, which compared the maximum signal change reached

dMPFC

Fig. 1 - Anatomical model used in the SEM.

(summing across 4-8 sec post-stimulus onset) as a function of
subsequent memory (remembered, forgotten),
(positive, negative, neutral), and age (young, older adult).
On the basis of anatomical research in nonhumans (e.g.,
Swanson and Petrovich, 1998; Patterson and Schmidt, 2003),
an anatomical connectivity model was created to specify the
anatomically plausible connections (including multi-synaptic
connections) between the specified network nodes and the
potential directions of those connections (McIntosh, 1999;
Addis et al., 2007).

Next, a functional model was constructed for each group.
Signal change was extracted from all active voxels within
a 5 mm sphere (centered on the peak voxel) in each region of
interest, using the MarsBar toolbox implemented within SPM2
(Brett et al., 2002). The sum of the signal change across the
4-8 sec period post-stimulus onset was extracted for remem-
bered items only, and this signal change was extracted sepa-
rately for each person, for each valence type, and for each
region. We focus on the successful encoding of information
(i.e., on signal change to subsequently remembered items) so
that differences in the models cannot be accounted for by age
differences in encoding effectiveness. Correlation matrices
were then created separately for each valence and age group,
revealing the correlation in signal change among the different
regions of the emotional memory network (e.g., revealing how
these regions were correlated in young adults during
successful encoding of negative items).

Two different SEM analyses were conducted to examine
whether there are age-related changes in the effective
connections among regions during the successful encoding of
(1) negative information and (2) positive information. For each
SEM analysis, the relevant functional model (a matrix of
correlations between extracted signal change values from all
regions) was entered for each age group. Estimates of path
coefficients, indicating the strength and direction of the effect,
were then calculated based upon these correlations. Signifi-
cant differences across the groups were then assessed using
the stacked-model approach (McIntosh and Gonzalez-Lima,
1994). In an omnibus test, a null model was first constructed in
which the path coefficients from both age groups were set to be
equal. The fit of this null model was compared to the fit of an
alternate model, in which the path coefficients were allowed to
differ across the age groups. The goodness-of-fit x* value was
computed for each of these models, and directly compared to
determine if one model was a significantly better fit than the
other. If the alternate model fit better than the null model, this
indicated the presence of a significant group difference. To
determine which connections significantly contributed to the
increased fit of the alternate model (i.e., those that decreased
the p-value associated with the x? diff), individual connections
were allowed to vary in a stepwise manner. Because the order
in which connections were allowed to vary could influence
those which emerged as significant, we allowed connections to
vary in four different orders (beginning with anterior connec-
tions and moving posteriorly; beginning with posterior
connections and moving anteriorly; beginning with subcor-
tical connections and moving cortically, and beginning with
cortical connections and moving subcortically), and we used
the model that best fit the data (which was the model that
began by allowing posterior connections to vary).

valence
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Table 2 - Pattern of activity in each of the regions included within the anatomical model.

Region Interaction between
age? (comments note
group in which
subsequent memory
effect was stronger)

Interaction between
subsequent memory and subsequent memory and main
valence? (comments note effect?
valence(s) for which
subsequent memory
effect was stronger)

Valence Interaction between valence and
age? (comments note divergent

effects of valence)

vmPFC (BA 10/32) Yes, OA > YA Yes, pos and neg > neu No Yes, pos > neg in OA, neg > pos in YA
dmPFC (BA 10) Yes, OA > YA Yes, pos and neg > neu No No
Left OFC (BA 10/11/47) Yes, OA > YA Yes, pos and neg > neu No Yes, pos > neg in OA, neg > pos in YA
Left amygdala No Yes, pos and neg > neu No No
Left hippocampus Yes, YA > OA Marginal, pos and neg > neu No No
Thalamus No No No No
Left fusiform gyrus (BA 37) No Yes, neg > pos and neu No No

Note: Regions of interest were defined from a contrast analysis comparing activity to remembered and forgotten emotional items (collapsing
across positive and negative valence, and collapsing across age group). YA =young adult group, OA =older adult group. Neg = negative,
Pos = positive, Neu = neutral. ‘““Marginal” signifies significance at p <.10 and “Yes” signifies significance at p < .05.

3. Results
3.1. Behavioral results

Corrected recognition (CR) scores were computed for each
valence type (positive, negative, neutral) by subtracting the
false alarm (FA) rate for that category of items from the cor-
responding hit rate (e.g., subtracting the FA rate to negative
pictures from the hit rate to negative pictures; see Table 3 for
the hit, FA, and CR rates). An ANOVA conducted on these CR
scores, with age group as a between-subjects factor and
valence as a within-subjects factor, revealed a main effect of
valence [F(2, 34) = 11.6, p < .001, partial eta-squared = .41] and
an interaction between valence and age group [F(2, 34) =4.7,
p < .05, partial eta-squared =.22]: as in previous studies using
these stimuli (e.g, Kensinger et al, 2007), young adults
remembered the negative stimuli better than the neutral or
positive stimuli, whereas older adults remembered the posi-
tive and negative stimuli equally well, and better than the
neutral stimuli. Note that older adults’ memory for positive
items also was relatively preserved as compared to the young
adults, while their memory for negative and neutral items was
significantly poorer than that of the young adults.

Response time (RT) also was measured, during both encod-
ingand retrieval. Not surprisingly, older adults were slower than
young adults during both phases (average RT for older adults
was 1510 msec during encoding and 2570 msec during retrieval;
average RT for young adults was 1120 msec duringencodingand
1860 msec during retrieval). However, there was no effect of
valence on RTs, and there was no interaction between valence
and age group (p >.15). Thus, any neural differences revealed

during the processing of the positive, negative, and neutral
items should not arise from differences in RT.

3.2.  Effective connectivity results

For the successful encoding of negative items, SEM analysis
revealed that the null model could not be rejected (p > .20),
suggesting that the connectivity among regions was compa-
rable in the young and older adults. Of particular interest here,
both age groups showed evidence of strong positive connec-
tions among prefrontal regions (see green arrows in bottom
panel of Fig. 2), and between the amygdala, hippocampus, and
fusiform gyrus (see yellow arrows in bottom panel of Fig. 2).
For the positive items, SEM analysis revealed that the alter-
nate model was a significantly better fit than the null model
(p <.001). This finding reflected significant age-group differ-
ences in seven connections: the reciprocal connections
between dorsomedial and orbitofrontal PFC, the influence of
ventromedial PFC on the hippocampus, the influence of the
amygdala on the hippocampus, and the influences of the thal-
amus on ventromedial PFC, fusiform gyrus, and the hippo-
campus. The top panel of Fig. 2 depicts the connections for the
young and the older adults, with the regions that differ between
the age groups depicted in red (solid lines reveal positive
connections and dotted lines signify negative connections). Of
greatest interest here are the differences in hippocampal
connectivity. In the young adults, the ventromedial PFC and the
amygdala both have negative connections with the hippo-
campus, while the thalamus exhibits a strong, positive influ-
ence on the hippocampus. By contrast, in the older adults, both
the ventromedial PFC and amygdala have strong, positive

Table 3 — Mean (SE) hit, FA, and CR (hit - FA) rates as a function of item valence and age.

Positive Negative Neutral
Hit FA CR Hit FA CR Hit FA CR
Young 75 (.02) 11 (.02) 63 (.02) 80 (.02) 12 (.02) 67 (.03) 75 (.03) 12 (.02) 62 (.03)
Older 73 (.03) 08 (.02) 65 (.02) 73 (.03) 09 (.02) 63 (.02) 68 (.02) 12 (.01) 56 (.02)
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ENCODING POSITIVE IMAGES:

young adults
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young and older adults

" LAMYG 3,

» )

EHCW———TH

44

older adults

— dMPFC

KEY:
Connections common across groups

I Amyg-Hippo-Fusi connections
[] other connections

Connections differing across groups

Sign and strength of connections

positive strength W ELGYE

.01-01
0.1-0.2
0.2-04
0.4-0.6

Fig. 2 - Aging influences the effective connections during the successful encoding of positive images (at top), but not during

the successful encoding of negative images (at bottom).

connections with the hippocampus during the successful
encoding of positive information, suggesting strong modulation
of the hippocampus by these affect-processing regions.

4, Discussion

Though older adults often show a ‘“positivity effect” in
memory (Mather and Carstensen, 2005), it has been unclear
what neural changes may underlie this shift toward the
positive. Of particular relevance to the current findings, there
has been debate about whether the ‘“positivity effect”
primarily represents a change in how negative information is
processed or whether it can also be driven by changes in the
processing of positive information. The present study

revealed fundamental changes in regional effective connec-
tivity as young and older adults encoded positive items. In
older adults, hippocampal activity was strongly and positively
modulated by activity in affect-processing regions including
the amygdala and the ventromedial PFC. In contrast, hippo-
campal activity in young adults was negatively influenced by
these regions, and instead hippocampal activity during
successful encoding in young adults was modulated by the
thalamus. There were no significant age-related changes in
effective connectivity during the encoding of negative items;
both age groups showed strong connectivity between the
hippocampus, amygdala, and fusiform gyrus and between the
dorsomedial, ventromedial, and orbital prefrontal cortex.
Affect-related modulation of mnemonic processes has
long been proposed to be a critical contributor to the memory
enhancement enjoyed by emotional stimuli (see recent
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reviews by Phelps, 2004; LaBar and Cabeza, 2006). Young
adults often show enhanced connectivity between the
hippocampus and the amygdala as they encode negative
information (e.g., Kilpatrick and Cahill, 2003), and the strength
of connectivity between these regions can be a strong
predictor of subsequent memory for emotional information
(e.g., Kensinger and Corkin, 2004). The present results indicate
that older adults benefit from this affective modulation of
hippocampal processes as well. This finding does not neces-
sitate that older adults should remember negative informa-
tion as well as younger adults — because of changes in the
efficiency or efficacy of older adults’ hippocampal binding (see
Dennis et al., 2008; Duverne et al., 2009), it is plausible that the
same patterns of hippocampal connectivity in young and
older adults could nevertheless lead to superior levels of
memory performance for negative items in the young adults.
This point is an important one, because it indicates that even
when older adults have poorer memory for negative infor-
mation than young adults, this does not necessitate that there
is a disruption of the connectivity between affect-processing
and mnemonic regions.

Although some prior discussions of age-related changes in
emotion processing and emotional memory have focused on
older adults’ inability to recruit the amygdala while processing
negative information (e.g., Mather et al., 2004), or to their
weakened connections between the amygdala and the hippo-
campus during the encoding of negative information (e.g.,
StJacques et al., 2009), the present results suggest that there are
instances in which older adults’ affective modulation of
hippocampal processes is not mitigated for negative informa-
tion. Because of the dearth of data examining the neural
processes supporting emotional memory in an older pop-
ulation, it is difficult to know what variables may account for
the divergent findings, but one possible difference relates to
whether the encoding task directs participants’ attention to the
affective nature of the stimuli. The studies that have revealed
reduced activity in the amygdala during older adults’ processing
of negative photographs have required the older adults to
explicitly judge the valence or the arousal of the stimuli (e.g,,
Mather et al., 2004; St Jacques et al., 2009). By contrast, the size
judgment used in the present study did not require participants
to focus on the emotional salience of the information. It is
possible that age-related changes in the processing of negative
information are more notable when the affective content of the
stimuli must be consciously processed and verbalized.

In the present study, older adults’ affective modulation of
the hippocampus existed not only for negative information but
also for positive information, whereas young adults’ modula-
tion was limited to the encoding of negative items. These results
suggest that older (but not younger) adults may exhibit
mnemonic benefits for positive items because only they benefit
from positive connections between affect-processing regions
and the hippocampus. However, older adults’ benefits for
positive information may also stem from changes in connec-
tivity beyond the hippocampus. There were interesting
distinctions in the connectivity among prefrontal regions when
young and older adults were encoding positive information.
Older adults showed strong positive connectivity among the
ventromedial prefrontal cortex (vmPFC), dorsomedial
prefrontal cortex (dmPFC) and the orbitofrontal cortex (OFC),

whereas young adults showed an inverse relation between the
dmPFC and OFC. These results may suggest that older adults
have greater synergy among different types of affective pro-
cessing, perhaps including self-referential processing (often
reliant on medial PFC processes; e.g., Northoff and Bermpohl,
2004; Burgess et al., 2007) and affective-evaluative processing
(often associated with OFC activity; e.g., Rolls, 2004).

Though future research will be needed to examine the
reasons for this positive connectivity in older adults, one
possibility is that older adults may be more likely than young
adults to process positive information in a self-relevant
manner or to consider how that information makes them feel
(discussed by Kensinger and Leclerc, 2009), perhaps allowing
them to capitalize on links between medial PFC processing
and more general mnemonic processing (see Gutchess et al.,
2007 for discussion of self-referential processing in older
adults). These changes in information processing could be tied
to motivational changes that occur with aging; as noted in the
introduction, older adults often have an increased desire to
find emotional gratification in daily activities, and for this
reason they may be more likely to process positive informa-
tion in a manner that connects that information to them-
selves. The present study was not designed to isolate the
thought processes that may be tied to these changes in older
adults’ prefrontal connectivity, but this would appear to be
a fruitful avenue for future research.

When considering the pattern of connectivity revealed
here, itis worthwhile to note that in the present study (as well
as in some prior research, Charles et al., 2003; Kensinger et al.,
2007), older adults showed preserved memory for positive
information but poorer memory for negative and neutral
information as compared to young adults. Reductions in
episodic memory, and in episodic encoding processes more
specifically, are very consistent findings within the cognitive
aging literature (e.g., Nielsen-Bohlman and Knight, 1995;
Logan et al., 2002). The present data suggest that older adults
may be able to overcome these encoding deficits when they
receive a unique boost from affective modulation of hippo-
campal processes, as occurs with positive information. By
contrast, for negative items (which benefit from such modu-
lation in both young and older adults), there is no unique
benefit conferred upon older adults, and thus their memory
levels cannot reach those displayed by young adults.

It also is worthwhile to consider that these age-related
differences in effective connectivity arose even though the
present analyses were restricted to activity during the
successful encoding of positive items. Therefore, these differ-
ences in connectivity cannot be explained by failures to
encode the stimuli. Rather, what these results suggest is that
there are basic differences in the types of processes that
underlie young and older adults’ successful encoding of
positive items. When older adults remember positive images,
strong affective modulation of hippocampal processes seems
to be an essential contributor. By contrast, when young adults
remember positive images, other processes, including
thalamic modulation of hippocampal and fusiform processes,
appear to contribute disproportionately.

As described in the introduction, much of the research into
the “positivity effect” has situated the findings within the
motivation framework of Socioemotional Selectivity Theory
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(Carstensen et al., 1999; Mather and Carstensen, 2005). Many
of these discussions have focused on how older adults
respond to, regulate, and reappraise negative experiences so
as to make them less aversive (e.g., Lawton et al., 1992; Gross
et al.,, 1997; Labouvie-Vief and Medler, 2002). While older
adults can engage in these types of processes to alter their
experiences with negative information, in the present study,
age-related changes in effective connectivity were apparent
only during the successful encoding of positive items and not
during the successful encoding of negative items. This pattern
of results could be consistent with motivational theories of
the “positivity effect”: changes in how older adults encode
positive information could be tied to their increased desire to
maximize positive affect. However, the results suggest that
the motivational effects - at least as they relate to subsequent
memory performance - can be tied to age-related changes in
the processing of positive information rather than to changes
in older adults’ regulation of negative affect. Future research
will be required to clarify the basis for the alterations in older
adults’ processing of positive information, but the present
research provides an important first step by revealing that
there are situations in which older adults’ “positivity effect”
arises not from changes in how negative information is pro-
cessed, but rather from changes in how positive information
is encoded. Of course, while the present results suggest that
there are not fundamental age-related changes in the set of
processes that lead young and older adults to remember
negative information, future research will be needed to more
carefully investigate whether there are instances in which
older adults’ “positivity effect” is best characterized as
a disruption in the circuitry recruited to encoding negative
information (see St Jacques et al., 2009 for discussion).

In sum, the results of the present study indicate that older
adults’ “positivity effect” can be rooted in changes in the
processes engaged during the initial encoding of emotional
information. While there are no age-related differences in the
connectivity of the network supporting encoding of negative
items, age-related differences are evident during the successful
encoding of positive information, when only older adults show
affective modulation of hippocampal mnemonic processes.
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