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a b s t r a c t

The neural correlates of emotion processing have been shown to vary with age: older adults (OAs) exhibit
increased frontal activations and, under some circumstances, decreased amygdala activations relative to
young adults (YAs) during emotion processing. Some of these differences are additionally modulated by
valence, with age-related biases toward positive versus negative stimuli, and are thought to depend on
OAs’ capacity for controlled elaboration. However, the role of semantic elaboration in mediating valence
effects in the aging brain has not yet been explicitly tested. In the present study, YAs and OAs were
scanned while they viewed negative, neutral, and positive pictures during either a deep, elaborative
task or a shallow, perceptual task. fMRI results reveal that emotion-related activity in the amygdala
is preserved in aging and insensitive to elaboration demands. This study provides novel evidence that
differences in valence processing are modulated by elaboration: relative to YAs, OAs show enhanced
activity in the medial prefrontal cortex (PFC) and ventrolateral PFC in response to positive versus negative

stimuli, but only during elaborative processing. These positive valence effects are predicted by individual
differences in executive function in OAs for the deep but not shallow task. Finally, psychophysiological
interaction analyses reveal age effects on valence-dependent functional connectivity between medial
PFC and ventral striatum, as well as age and task effects on medial PFC-retrosplenial cortex interactions.
Altogether, these findings provide support for the hypothesis that valence shifts in the aging brain are
mediated by controlled processes such as semantic elaboration, self-referential processing, and emotion

regulation.

Emotion processing is well-preserved relative to other cognitive
unctions in aging, with little structural decline in the amyg-
ala (Grieve, Clark, Williams, Peduto, & Gordon, 2005; Soininen
t al., 1994) as well as few changes in the ability to detect emo-
ional information (LaBar, Mesulam, Gitelman, & Weintraub, 2000;

ather & Knight, 2006). However, there may be alterations in
ow older adults (OAs) prioritize emotional information relative to
oung adults (YAs), in that OAs tend to focus more on positively
alenced information and less on negatively valenced informa-
ion (e.g., Isaacowitz, Wadlinger, Goren, & Wilson, 2006; Kennedy,
ather, & Carstensen, 2004; Mather & Carstensen, 2003; Mather
Knight, 2005; but see Leclerc & Kensinger, 2008b; Mickley

teinmetz, Muscatell, & Kensinger, 2010). Complementing these
ehavioral findings, OAs tend to show different patterns of brain
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activity in response to emotional material when compared to YAs.
These differences have been characterized as under-recruitment
of the amygdala (e.g., Gunning-Dixon et al., 2003; Iidaka et al.,
2002; Tessitore et al., 2005) and over-recruitment of frontal con-
trol regions (e.g., Leclerc & Kensinger, 2008a; St. Jacques, Dolcos,
& Cabeza, 2010), a pattern that has been referred to as Fronto-
amygdalar Age-related Differences in Emotion (FADE; St. Jacques,
Bessette-Symons, & Cabeza, 2009).

Despite this gross characterization, amygdala findings have
been mixed—although some studies report amygdala under-
recruitment in aging (Fischer et al., 2005; Gunning-Dixon et al.,
2003; Iidaka et al., 2002; Murty et al., 2009; Tessitore et al., 2005),
others report no change (Leclerc & Kensinger, 2008a; Mather et al.,
2004; St. Jacques et al., 2010; Wright, Wedig, Williams, Rauch, &
Albert, 2006). This discrepancy has been linked to differences in

emotion ratings between age groups: those studies that report rat-
ing differences tend to also report amygdala differences, whereas
the others do not (St. Jacques et al., 2009). There may also be differ-
ences in responses to negatively versus positively valenced stimuli,
with the latter eliciting enhanced activity in OAs relative to YAs

dx.doi.org/10.1016/j.neuropsychologia.2010.09.009
http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
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Mather et al., 2004). Frontal findings, however, have been fairly
onsistent: OAs tend to recruit greater activity in frontal regions
uch as the medial prefrontal cortex (PFC) (St. Jacques et al., 2010;
essitore et al., 2005) and lateral PFC (Gunning-Dixon et al., 2003;
urty et al., 2009; Tessitore et al., 2005) during emotion process-

ng relative to YAs. Taken together, these findings are consistent
ith the assumptions that amygdala responses map onto OAs’

eported emotional experience, and that this experience may be
ffected by age-related increases in emotion control, mediated by
he frontal lobes. At the neural level, these findings are also compat-
ble with a general pattern of neural activity in aging, referred to as
he Posterior-to-Anterior Shift in Aging (PASA). This shift has been
ypothesized to reflect heightened recruitment of frontal control
egions as compensation for reductions in processing in posterior
rain regions, such as perceptual processing in visual cortex, that
ypically accompany aging (Grady et al., 1994). PASA has been iden-
ified in numerous functional neuroimaging studies of aging across

ultiple cognitive domains (e.g., Davis, Dennis, Daselaar, Fleck, &
abeza, 2008; Dennis & Cabeza, 2008).

Within the domain of emotion processing, increased recruit-
ent of frontal regions may be indicative of enhanced semantic

laboration of positively valenced stimuli or down-regulation
f responses to negatively valenced stimuli. Behavioral studies
f emotion processing in OAs have been marked by shifts in
alence processing, characterized both as positivity shifts (Mather
Carstenson, 2005; Mather & Knight, 2005) and negativity reduc-

ions (Charles, Mather, & Carstenson, 2003; St. Jacques et al., 2010).
As exhibit attentional biases toward positive and away from
egative information relative to YAs (Isaacowitz et al., 2006; but
ee Leclerc & Kensinger, 2008b; Mather & Carstensen, 2003) and
etrieve more positive memories than negative whereas YAs tend
o show the reverse pattern (Kennedy et al., 2004; Mather & Knight,
005). Theories espousing positivity shifts have tended to empha-
ize enhanced elaboration and up-regulation of positively valenced
timuli as OAs attempt to maximize positive affect as they get
lder (socioemotional selectivity theory; reviewed by Mather &
arstenson, 2005).

In keeping with these theories, behavioral positivity shifts
re correlated with individual differences in executive function
Mather & Knight, 2005), which are presumably supported by the
rontal lobes (Miller & Cohen, 2001), and are eliminated under
ivided attention conditions (Mather & Knight, 2005). Within the
rontal lobes, the medial PFC is a likely candidate for mediating age-
elated positivity shifts. Positive versus negative or neutral stimuli
end to elicit greater activations in medial PFC in young popula-
ions (Dolcos, LaBar, & Cabeza, 2004; Kensinger & Schacter, 2006),
hough medial PFC regions also may be more broadly involved
n emotional experience (Phan, Wager, Taylor, & Liberzon, 2002)
nd control (Ochsner & Gross, 2005). OAs have been shown to
ver-recruit the medial PFC in response to positive versus neg-
tive stimuli relative to YAs (Gutchess, Kensinger, & Schacter,
007; Leclerc & Kensinger, 2008a). A similar pattern has also been
bserved in lateral PFC (Gutchess et al., 2007). Enhanced medial
FC activation in response to positive stimuli may be attributable
o self-referential processing. The medial PFC shows heightened
ctivity when participants attend to stimuli that are self-relevant
ersus non-relevant (Gutchess et al., 2007; Kelley et al., 2002) and
etrieve autobiographical memories (Cabeza et al., 2004; Levine
t al., 2004). The capacity for self-referential processing appears
o be intact in aging (Glisky & Marquine, 2009), and its associa-
ion with the medial PFC has been replicated in OAs, in that both

oung and older adults show heightened activity in this region
hen evaluating whether adjectives describe one’s self or another
erson (Gutchess et al., 2007). Altogether, these findings engender
he interpretation that age-related over-recruitment of the frontal
obes during positive valence processing may reflect controlled,
ogia 49 (2011) 640–650 641

elaborative processes instantiated in the medial PFC (Kensinger &
Leclerc, 2009).

In contrast to these positive valence effects, there is additional
evidence that OAs over-recruit the PFC in response to negatively
valenced stimuli. Reductions in attention to and memory for nega-
tive stimuli in OAs have been interpreted as the results of emotion
regulation processes designed to mitigate negative emotion (as
reviewed by Mather & Carstenson, 2005; St. Jacques et al., 2009).
In keeping with this idea, heightened frontal responses to nega-
tive stimuli have been interpreted as indexing emotion regulation
processes in OAs, evidenced by concomitant increases in emo-
tional stability (Williams et al., 2006) and decreases in amygdala
response to negative stimuli (Gunning-Dixon et al., 2003; Tessitore
et al., 2005), as well as negative correlations between frontal and
amygdala regions (St. Jacques et al., 2010; Urry et al., 2006). One
of these studies also identified decreases in amygdala response to
stimuli that normative ratings classify as negative but OAs’ individ-
ual ratings classify as neutral, suggesting reductions in perceived
negativity and corresponding amygdala response (St. Jacques et al.,
2010). A recent study explicitly tested the neural consequences of
reappraisal, an emotion regulation strategy, in both YAs and OAs,
and showed that reappraisal was associated with increased frontal
and decreased amygdalar activations (Winecoff, Labar, Madden,
Cabeza, & Huettel, 2010). Finally, there is evidence that in addition
to predicting behavioral valence shifts (Mather & Knight, 2005),
individual differences in executive function modulate the degree
to which OAs engage ventrolateral PFC while inhibiting nega-
tive responses to stigmatized individuals (Krendl, Heatherton, &
Kensinger, 2009), as well as the degree to which OAs down-regulate
amygdala activation during reappraisal (Winecoff et al., 2010).

Although OAs’ dependency on medial and lateral PFC regions
during emotional processing has been hypothesized to reflect con-
trolled processes, direct evidence supporting this hypothesis is
scarce. Divided attention studies have provided behavioral evi-
dence for a relationship between controlled processes and age
effects on emotional processing (Mather & Knight, 2005); however,
there is no direct evidence tying these effects to age differences in
medial and lateral PFC. In addition, divided attention impacts mul-
tiple aspects of controlled processing, leaving open the question
of which core mechanisms drive age effects on emotional process-
ing. One way to address these questions is to modulate the task
demands on semantic elaboration, thus targeting a specific candi-
date mechanism for the described age effects. Semantic elaboration
is likely to be a subcomponent of emotion regulation and appraisal
(Ochsner et al., 2009). By definition, the emotion regulation strat-
egy of reappraisal involves re-interpreting the affective meaning
of an event or stimulus, and not surprisingly, compared with
distraction, reappraisal involves increased recruitment of regions
associated with semantic processing such as left lateral prefrontal
and temporal regions (McRae et al., 2010). Furthermore, reappraisal
of emotional pictures boosts subsequent memory for those pic-
tures, thought to be driven by this regulation strategy’s reliance
on semantic processing (Dillon, Ritchey, Johnson, & LaBar, 2007).
Self-referential processing also shares some features and substrates
with semantic processing, in that both promote enhanced sub-
sequent memory and left lateral PFC recruitment (Craik et al.,
1999; Kelley et al., 2002). Although medial PFC involvement in
self-referential processing may reflect a more specialized mech-
anism that is not exclusively driven by semantic functions (Glisky
& Marquine, 2009; Kelley et al., 2002), enhancements in seman-
tic processing may increase the likelihood that a stimulus may be

interpreted as self-relevant and thus facilitate the recruitment of
these other self-referential processes. Thus, because of these links
to other higher-order functions, semantic elaboration may provide
an access point by which one can test the influence of aging on
emotional control.
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The goal of the present study was to specifically assess the role of
emantic elaboration in mediating the effects of aging on emotion
rocessing. To this end, older and younger adults were scanned
hile viewing emotionally negative, neutral, and positive stim-
li during two separate tasks that varied in semantic elaboration
emands: a deep, semantically focused task and a shallow, percep-
ually focused task. Arousal ratings were matched between groups
o control for confounds in perceived arousal or responsivity. Sex
ifferences in emotion processing were additionally assessed, since
hese differences have been characterized within YAs (Hamann &
anli, 2004) yet have been rarely considered in neuroimaging stud-

es with OAs. Within this experimental design, the present study
urther aimed to link elaboration effects on age-related valence
hifts with individual differences in executive function, as well as
ith changes in functional connectivity with frontal structures.

The present study employed 3 main analysis strategies to sub-
erve these experimental goals. First, this study examined the main
ffects and interactions of age group, task, and valence on emo-
ion effects in the brain. It is expected that, because arousal ratings
re matched, there will be no age differences in emotion-related
ctivity in the amygdala. Age differences in PFC activations asso-
iated with positive valence are anticipated, with the additional
xpectation that these differences will be augmented in the seman-
ic elaboration task. Second, this study explored the link between
eural differences associated with valence effects in aging and indi-
idual differences on a battery of tests indexing executive function.
t is predicted that valence effects in the PFC will be associated

ith executive function in OAs. Finally, as an exploratory measure,
unctional connectivity analyses queried the relationship between
he medial PFC and the rest of the brain as a function of stimulus
alence.

. Methods

.1. Participants

Twenty-one YAs and 19 OAs participated in the study. Participants were healthy,
ight-handed, native English speakers, with no disclosed history of neurological
r psychiatric episodes. Participants gave written informed consent for a proto-
ol approved by the Duke University Institutional Review Board. Due to excessive
ead movement, 1 young adult participant was excluded from all analyses; an addi-
ional 3 OA participants were unable to complete the experiment due to technical
roblems. All behavioral analyses were conducted on the remaining 20 young adult
articipants (10 female; mean Age = 23.2, SD = 3.1) and 16 older adult participants
7 female; mean Age = 66.7, SD = 5.7). After excluding trials on the basis of arousal
atings (see below), 2 participants (1 YA and 1 OA) had fewer than 8 trials for one of
he trial types of interest, and were additionally excluded from the fMRI analysis.

.2. Materials

.2.1. Stimuli
Stimuli consisted of 630 pictures. These were selected from the International

ffective Picture System (Lang, Bradley, & Cuthbert, 2001) as well as from an in-
ouse, standardized database that allowed us to better equate the pictures for visual
omplexity and content (e.g., human presence). Pictures were assigned on the basis
f a 9-point normative valence scale to emotionally negative (valence: 1–3.99), neu-
ral (valence: 4–5.99), and positive (valence: 6–9) conditions. Negative and positive
ictures were selected to be high in arousal (arousal >5), as indexed by a 9-point
ormative arousal scale (1 = calm, 9 = excited), whereas neutral pictures were chosen
o be low in arousal (arousal <5). Normative arousal ratings for negative (M = 5.72,
D = .49) and positive (M = 5.68, SD = .59) did not significantly differ (t(418) = .62,
= .54).

.2.2. Neuropsychological testing
In a separate session, a subset of our OA sample (N = 12; 4 females; mean

ge = 67.5 ± 6.3) was additionally tested on a battery of neuropsychological tests
esigned to assess executive functions (Glisky, Polster, & Routhieaux, 1995; Glisky,

ubin, & Davidson, 2001). These tasks included: the Wisconsin Card Sorting Task,
ontrolled Oral Word Association Test (FAS), Mental Arithmetic (Wechsler Adult

ntelligence Scale-III), Mental Control and Backward Digit Span (Wechsler Memory
cale-III). Several tasks indexing memory function were also administered, but will
ot be considered here. This testing session lasted approximately 2.5 h, including
reaks, and was conducted an average of 9 months before the scan session.
logia 49 (2011) 640–650

Results of neuropsychological testing were used to generate composite mea-
sures of executive function among OAs. The executive function composite score
represented the mean of the z-scores (calculated within the present sample) for
each neuropsychological test listed above (for more detail, see Glisky et al., 1995,
2001). After calculating the composite executive function score, 1 participant was
identified as an outlier (>2 standard deviations from the mean) and was excluded
from analyses using the composite scores.

1.3. Procedure

Participants viewed 140 negative, 140 positive, and 140 neutral pictures while
functional MR images were recorded. The scan session consisted of 10 functional
runs, across which negative, positive, and neutral pictures were evenly divided.
Runs alternated between two distinct tasks, deep and shallow, described below.
To avoid the induction of long-lasting mood states, the pictures within each block
where pseudo-randomized so that no more than three pictures of the same valence
were consecutively presented. The assignment of stimulus lists to the deep versus
shallow task was counterbalanced across participants.

In the deep task, participants were instructed to carefully analyze each picture
for its meaning and interpretation. In the shallow task, participants were instructed
to carefully analyze each picture for its perceptual features, particularly colors and
lines. Critically, participants were cued before each run as to which task was next,
and were instructed to tailor their processing of each picture to the current task.
Trial structure was similar between tasks (see Fig. 1). For each trial a picture was
presented for 2 s, followed by a jittered fixation interval (mean = 2 s). After this inter-
val the participant was instructed to rate the picture for its emotional arousal or
intensity on a 4-point scale (1 = calm, 4 = excited); YAs were given 1 s to make this
rating whereas OAs were given 2 s. Finally, a question screen appeared that was
designed to test the participant’s semantic or perceptual analysis of the picture, and
provided ongoing reminders and motivation to complete the requisite task. In the
deep task, the question screen said, “Which word best describes the picture?” Two
possible options were presented on-screen, both of which were written for each pic-
ture such that both could be related to the picture but only one described the true
meaning of the picture. For example, an image depicting people climbing down the
stairs from an airplane might be followed by the options “arrival” and “departure.”
In the shallow task, the question screen said, “Which feature is there more of?” Two
possible options were presented on-screen: either two color names or the words
horizontal and vertical. These options were displayed for 1 s in YAs and 2 s in OAs.
Trials were separated by an additional jittered fixation interval (mean = 2 s). Either
1 (YAs) or 2 (OAs) days after the scan session, participants completed a recognition
task for the pictures. Memory effects for the YAs are presented elsewhere (Ritchey,
LaBar, & Cabeza, 2010) and will not be discussed further.

1.4. Behavioral analysis

Average arousal ratings were calculated separately for each trial type and
entered into separate repeated-measures ANOVAs with emotion (negative, neu-
tral and positive), task (deep and shallow), and sex (male and female) as factors.
Although no significant group effects were identified (see Section 2), previous stud-
ies have identified some differences between YA and OA ratings of the IAPS pictures
(Backs, da Silva, & Han, 2005; Gruhn & Scheibe, 2008). Therefore, to more carefully
match arousal responses between groups as well as reduce variability across indi-
viduals within each group, each individual’s arousal ratings were used to exclude
from analysis any negative or positive picture that was rated low in arousal (rating
1 or 2) and any neutral picture that was rated high in arousal (rating 3 or 4). For any
pictures in which the arousal rating response was missed due to the rapid-paced
design (4.8 ± 3.5% of trials in OAs, 10.9 ± 6.6% in YAs), the normative IAPS arousal
ratings were used. Thus, both behavioral and fMRI analyses were restricted to highly
arousing negative (mean N = 47.4 for OA, 46.9 for YA) and positive pictures (mean
N = 33.3 for OA, 36.2 for YA) and low-arousing neutral pictures (mean N = 64.7 for OA,
66.9 for YA) within each task. This procedure had the further benefit of minimizing
differences in arousal between negatively and positively valenced stimuli as well as
sex-related differences.

1.5. fMRI methods

1.5.1. Scanning
Images were collected using a 4T GE scanner. Stimuli were presented using liq-

uid crystal display goggles (Resonance Technology, Northridge, CA), and behavioral
responses were recorded using a four-button fiber optic response box (Resonance
Technology). Scanner noise was reduced with earplugs and head motion was min-
imized using foam pads and a headband. Anatomical scanning started with a
three-plane localizer series. The anterior (AC) and posterior commissures (PC) were
identified in the midsagittal slice, and 34 contiguous oblique slices were prescribed
parallel to the AC–PC plane. High-resolution T1-weighted structural images were

collected with a 24-cm field of view (FOV), a 2562 matrix, 68 slices, and a slice thick-
ness of 1.9 mm. Functional images were acquired using an inverse spiral sequence
with a 2-s TR, a 31-ms TE, a 24-cm FOV, a 642 matrix, and a 60◦ flip angle. Thirty-
four contiguous slices were acquired in an interleaved fashion with the same slice
prescription as the anatomical images. Slice thickness was 3.8 mm, resulting in
3.75 × 3.75 × 3.8 mm voxels.
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ig. 1. Schematic of the experimental design for a single trial during encoding. Sep
hallow conditions. Deep and shallow conditions were blocked across runs.

.5.2. fMRI analyses
Preprocessing and data analyses were performed using SPM5 software imple-

ented in Matlab (www.fil.ion.ucl.ac.uk/spm/). After discarding the first 6 volumes,
he functional images were slice-timing corrected and motion-corrected, spa-
ially normalized to the Montreal Neurological Institute (MNI) template, spatially
moothed using an 8 mm isotropic Gaussian kernel, and resliced to a resolution of
.75 × 3.75 × 3.8 mm voxels. Data were high-pass filtered using a cutoff of 128 s. For
ach subject, evoked hemodynamic responses to event types were modeled with
delta (stick) function corresponding to stimulus presentation convolved with a

anonical hemodynamic response function within the context of the general linear
odel, as implemented in SPM5. Six main event types were modeled, represent-

ng all possible combinations of emotion (negative, neutral and positive) and task
deep and shallow). As described above, these main event types were restricted to
ighly arousing emotional stimuli and low-arousing neutral stimuli. Stimuli falling

nto the other categories were modeled by separate regressors (i.e., low-arousing
egative, low-arousing positive, highly arousing neutral) but not analyzed further.
n additional regressor also modeled the separate effects of the arousal rating and
uestion period, but this regressor was not included in any analyses. Thus, all effects
eflect activity during the picture period only. Because participants were instructed
o attend to either the semantic or perceptual attributes of the stimulus at this time,
epending on prior task instructions, this period captures processing differences
ue to deep versus shallow tasks that are unconfounded with differences that may
rise during the question period. Confounding factors (head motion, session means)
ere also included in the model.

Estimates for the contrast of negative or positive versus neutral, binned by task,
ere generated for each participant, and then entered into a mixed ANOVA with

actors for age group (YA, OA), valence (negative versus neutral, positive versus neu-
ral), and task (deep and shallow). Thus, the neutral trial types serve as a baseline for
ll effects reported here. Main effects and interactions were evaluated at p < .001,
xtent threshold = 10 voxels. All main effects and 2-way interactions were exclu-
ively masked with corresponding higher-order effects at p < .05 (a conservative
hreshold for exclusive masking), since lower-order effects are interpretable only
n the absence of higher-order effects. Because the interaction term tests all possi-
le patterns of interactions, the 3-way group × valence × task interaction also was

nclusively masked with the contrast indexing positive > negative × deep > shallow
n the OA group (p < .05). This verified the direction of the interaction as well as
he presence of a significant effect within the OA group alone. For a subset of the
egions identified by the ANOVA, mean contrast values for the negative or positive
ersus neutral comparisons, for both the deep and shallow tasks, were extracted
rom each region for each OA participant. This included a cluster within medial PFC
hat extended into right insula; for all subsequent analyses, this cluster was anatom-
cally constrained within medial frontal gyrus and anterior cingulate, using Talairach
aemon labels (Lancaster, Summerin, Rainey, Freitas, & Fox, 1997; Lancaster et al.,
000) implemented in the WFU Pickatlas (Maldjian, Laurienti, Kraft, & Burdette,
003). These regional means were then correlated across-subjects with compos-

te scores of executive function. Statistical outliers were identified (standardized
esidual > 2) in SPSS and excluded. It should be noted that the identification of each
egion and evaluation of its mean were conducted independently of the individual
ifference measures themselves. Finally, the effects of sex were likewise assessed
or a subset of regions (bilateral amygdala, medial PFC, left vlPFC, and striatum) by

ntering the mean contrast values into a mixed ANOVA with factors for age group,
alence, task, and sex.

.5.3. Psychophysiological interaction analysis
A region in medial PFC identified in the previous ANOVA was used as the seed in

n exploratory psychophysiological interaction (PPI) analysis (Friston et al., 1997).
lists of 70 negative, 70 neutral, and 70 positive pictures were assigned to deep and

PPI tests the hypothesis that functional coupling between a seed region and the
rest of the brain varies as a function of task conditions. In this analysis, decon-
volved activity time-courses are extracted from a seed region and then multiplied by
the psychological variable of interest—namely, a contrast between conditions. The
resulting term denotes the PPI, which is used as a regressor for activity across the
rest of the brain. In this analysis, we tested the influence of valence on medial PFC
interactions by generating two separate PPIs indexing two psychological variables
of interest: negative versus neutral and positive versus neutral, represented by a
contrast set to 1 for negative or positive trials and −1 for neutral trials. To simplify
calculation of the timecourses, we constructed a new general linear model in which
data were concatenated across runs, separately for each task. This concatenation
procedure allowed us to evaluate a single VOI and PPI model for each task, valence,
and participant, rather than one for each run. The concatenated model was identical
the model described above, with the addition of regressors for each run to account
for any session effects. For our seed region, we used the anatomically constrained
medial PFC cluster from the ANOVA analysis described above. Within this cluster,
we extracted the representative timecourse for voxels that showed any effect across
an omnibus F-test at p < .05. The PPI models included regressors for the physiologi-
cal variable (medial PFC timecourse), psychological variable (emotion contrast), and
the PPI, the latter of which was our primary regressor of interest. Contrasts corre-
sponding to the PPI terms were extracted for each task and each participant, and
entered into a mixed ANOVA with age group (YA, OA), task (deep and shallow),
and valence (negative and positive) as factors. As in the previous ANOVA, we tested
the full complement of main effects and interactions (p < .005, extent threshold = 10),
with exclusive masking of higher-order effects (p < .05). Because the medial PFC seed
region was chosen on the basis of its interesting valence interactions with group and
task, we focus on only those effects that are modulated by valence. Each PPI contrast
indicates that the degree to which functional coupling between the medial PFC and
every other voxel is modulated by emotion; thus, the PPI ANOVA tests how age and
task influence valence-dependent interactions between the medial PFC and the rest
of the brain.

2. Results

2.1. Behavioral

2.1.1. Arousal ratings
Average arousal rating scores (Table 1) were entered into a

mixed ANOVA with age group (YA and OA), emotion (negative,
neutral and positive), task (deep and shallow), and sex (male
and female) as factors. There was a significant main effect of
emotion, F(2, 64) = 268.95, p < .001. Follow-up tests revealed that
negative pictures were rated as more arousing than neutral,
F(1, 32) = 494.92, p < .001, or positive, F(1, 32) = 31.66, p < .001 pic-
tures. Positive pictures were also rated as more arousing than
neutral pictures, F(1, 32) = 350.68, p < .001. There was no main effect

of task, F(1, 32) = .18, p = .68, or interaction of task and emotion,
F(2, 64) = 1.84, p = .17, indicating that our task manipulation did
not alter the participants’ perceived emotional responses to the
stimuli. There was no main effect of age group or interactions of
age group with task or emotion, all Fs < 1, p > .6, suggesting that

http://www.fil.ion.ucl.ac.uk/spm/
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Table 1
Arousal ratings: mean (SD).

Group Deep task Shallow task

Negative Positive Neutral Negative Positive Neutral

YA male 2.71 (.35) 2.47 (.40) 1.43 (.21) 2.68 (.43) 2.41 (.47) 1.43 (.22)
YA female 2.92 (.41) 2.46 (.46) 1.35 (.21) 2.97 (.44) 2.44 (.44) 1.35 (.18)
OA male 2.59 (.37) 2.58 (.45) 1.38 (.26) 2.6 (.36) 2.5 (.45) 1.39 (.28)
OA female 3.04 (.35) 2.3 (.45) 1.56 (.26) 3.06 (.36) 2.31 (.45) 1.58 (.32)

Note: Arousal ratings range from 1 (calm) to 4 (excited), independent of valence.

Table 2
Main effects on emotion-related activity.

BA Hem x y z F Voxels

Main effect of condition: negative and positive > neutral
Postcentral gyrus 3 L −41 −19 57 73.46 369
Postcentral gyrus 2 L −45 −27 40 68.71 –
Postcentral gyrus 3 L −55 −17 22 53.83 –
Superior frontal gyrus 6 L −19 −8 53 49.35 –
Cingulate gyrus 24 L −8 6 35 36.58 –
Middle temporal gyrus 39 L −52 −61 10 63.77 85
Fusiform gyrus 37 L −38 −63 −13 25.94 –
Inferior frontal gyrus 47 L −41 29 −8 57.99 172
Putamen/amygdala L −30 −8 −6 40.87 –
Globus pallidus L −8 0 −7 32.92 –
Insula 13 L −41 1 10 31.76 –
Inferior frontal gyrus 47 L −26 10 −13 25.88 –
Postcentral gyrus 40 R 59 −21 22 50.47 42
Precentral gyrus 6 R 55 2 31 30.88 –
Fusiform gyrus 37 R 41 −59 −7 47.55 11
Amygdala R 22 −4 −13 44.38 136
Insula 13 R 38 −19 −6 20.4 –
Insula 13 R 38 4 0 14.12 –
Middle temporal gyrus 21 R 49 −12 −19 12.99 –
Thalamus L −7 −29 1 42.16 30
Inferior frontal gyrus 47 R 41 33 2 39.01 32
Fusiform gyrus 37 R 45 −59 −13 38.06 10
Inferior occipital gyrus 18 R 33 −84 −5 35.54 22
Inferior frontal gyrus 44 R 52 12 20 27.89 36
Precentral gyrus 6 R 30 4 23 14.67 –
Medial frontal gyrus 8 L −11 38 40 26.95 12
Fusiform gyrus 19 R 22 −63 −13 23.41 13
Main effect of group: YA > OA
Middle occipital gyrus 19 R 41 −76 14 22.71 13
Middle occipital gyrus 37 R 48 −62 −3 20.09 13
Main effect of task: deep > shallow
Middle frontal gyrus 6 R 22 2 42 20.24 22
Middle frontal gyrus 6 L −22 −2 39 16.82 23
Inferior frontal gyrus 9 L −48 8 24 13.2 10
Main effect of valence: positive > negative
Precuneus 31 L −4 −68 28 55.11 1278
Precuneus 19 R 15 −79 39 41.08 –
Inferior parietal lobule 39 R 45 −64 38 48.08 –
Inferior parietal lobule 39 L −45 −64 38 40.97 –
Posterior cingulate gyrus 31 R 8 −38 41 34.754 –
Ventral anterior cingulate 32 0 40 −8 32.12 84
Anterior cingulate 24 0 30 12 18.81 –
Middle temporal gyrus 37 R 45 −69 7 29.51 128
Middle frontal gyrus 10 L −30 45 22 26.15 37
Medial frontal gyrus 32 L −15 30 26 12.67 –
Cerebellum L −37 −45 −27 25.88 92
Cerebellum L −34 −64 −32 20.55 –
Inferior parietal lobule 40 L −45 −45 44 25.63 66
Hippocampus R 30 −26 −8 20.46 12
Middle frontal gyrus 10 R 37 44 15 20.44 12
Medial frontal gyrus 9 R 19 30 26 19.64 26
Middle occipital gyrus 19 L −48 −69 7 18.95 23
Cerebellum R 26 −60 −26 18.54 11
Inferior parietal lobule 40 L −56 −28 22 16.92 15
Caudate head R 7 11 3 15.89 11
Caudate tail R 19 −25 19 15.45 12

Up to 5 local maxima set 20 mm apart are reported for each cluster. BA, Brodmann area; Hem, hemisphere. Coordinates are in Talairach space.
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Table 3
Interaction effects on emotion-related activity.

BA Hem x y z F Voxels

Group × task × valence interaction, with mask for task × valence in OAs
Anterior cingulate 32 R 19 37 12 19.43 251
Medial frontal gyrus 10 L −8 44 12 18.49 –
Superior frontal gyrus 10 L −23 54 1 18.05 –
Superior frontal gyrus 10 R 23 54 −6 16.77 –
Insula 13 R 34 23 6 16.55 –
Inferior parietal lobule 40 L −45 −53 34 16.95 17
Ventral striatum L −30 11 −1 16.37 22
Inferior frontal gyrus 45 L −41 19 10 14.96 17
Thalamus R 4 −10 11 14.28 14
Putamen L −19 −7 11 13.22 12
Group × task × valence interaction, with mask for task × valence in OAs but not YAs
Medial frontal gyrus 10 R 0 51 −6 17.23 12
Superior frontal gyrus 10 R 22 54 −6 16.77 45
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Fig. 3, these regions were often accompanied by a significant inter-
action in YAs. To isolate those regions that show significant task by
valence interactions only in the OAs, we further masked the inter-
action results by excluding all voxels showing a significant task by
Medial frontal gyrus 10 R
Insula/inferior frontal gyrus 13 R

p to 5 local maxima set 20 mm apart are reported for each cluster. BA, Brodmann

lder and younger adults had comparable arousal responses to the
timuli. Finally, there was a significant sex by emotion interac-
ion, F(2, 64) = 7.21, p = .002, and a marginally significant age group
y sex by emotion interaction, F(2, 64) = 2.53, p = .09. The latter
ffects reflect mainly that females rated the negative items as
igher in arousal than males, F(1, 32) = 7.55, p = .01, a pattern that
ended to be accentuated in OAs. All other effects involving sex
ere null, all Fs < 1.2, p > .2. Because the included trials were subse-

uently tailored to each individual’s arousal ratings, the influences
f valence and sex on arousal was mitigated with respect to the fMRI
nalyses.

.2. fMRI

.2.1. Emotion-related activity: main effects and interactions
Contrasts of negative or positive versus neutral for each task

nd participant were entered into a mixed ANOVA with age group,
alence, and task as factors. The full complement of main effects and
nteractions were tested, and are reported in Table 2. Of particular
nterest, the main effect of condition (effects spanning all con-
rasts, with no other main effects or interactions) yielded significant
ffects in bilateral amygdala together with a widespread network
cross the brain (Fig. 2a), suggesting that the influence of arousal on
he amygdala is independent of age, valence and task. Region-of-
nterest analyses revealed a task by valence by sex interaction in the
ight amygdala cluster, F(1, 30) = 6.54, p = .016, reflecting enhanced
ctivity for negative stimuli during deep processing in females rel-
tive to males, but this effect was independent of age. A main effect
f age group, regardless of valence or task, was also identified in
he middle occipital gyrus (BA 19/37), indicating greater emotion-
elated activity in the YAs than OAs (Fig. 2b). Age-independent main
ffects of task were identified in bilateral dorsolateral PFC (BA 6/9),
ndicating enhanced emotion effects in these frontal regions dur-
ng deep relative to shallow processing. Finally, age-independent

ain effects of valence (positive > negative) were identified in a
idespread network including several midline regions, such as

entromedial PFC, anterior cingulate, posterior cingulate, and pre-
uneus. Additional findings are reported in Table 2.

Although there were not any regions that displayed a significant
-way interaction, activity in many regions were characterized by
3-way interaction of age group, task, and valence. This interac-
ion was driven predominately by greater positive versus negative
alence effects in the deep condition in OAs (and the reverse in
As), verified by inclusive masking with the contrast for the corre-
ponding task by valence interaction in OAs alone. The results of this
nalysis are listed in Table 3, and include significant interactions in
44 12 16.61 –
22 6 16.55 24

em, hemisphere. Coordinates are in Talairach space.

the bilateral vlPFC, medial PFC, and striatum. As can be seen from
Fig. 2. (a) Main effect of emotion-related activity across all trial types in left and
right amygdala, indicating emotion enhancements regardless of age and task. (b)
Main effect of age group on emotion-related activity in the middle occipital gyrus
(BA 19), indicating a reduction in emotion enhancements with aging. Activation
effects are overlaid on a T1 MNI template, and mean contrast estimates within each
region are plotted for each condition.
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there was an age group by task by valence interaction in the retros-
plenial cortex, demonstrating that this region is functionally linked
to the medial PFC during positive valence processing in the deep
task in OAs and the shallow task in YAs (Fig. 5b).
ig. 3. The interaction of age, task, and valence on emotion-related activity in (a)
edial PFC, (b) left vlPFC (BA 45), and (c) striatum, all indicating a greater difference

etween positive than negative trials during deep versus shallow processing in OAs.
ean contrast estimates within each region are plotted for each condition.

alence interaction in YAs. Only 2 regions remained: the medial
FC and the right insula, extending into vlPFC. Finally, region-of-
nterest analyses on the results of the 3-way interaction revealed

main effect of sex in the striatum, F(1, 30) = 6.61, p = .015, with
reater emotion-related activity in females than males. Again, this
ffect was independent of age, providing evidence that sex effects
ay be stable across the lifespan. Altogether, these results indicate

hat the vlPFC, medial PFC, and ventral striatum show preferential
ctivity for positive than negative valence in OAs, but only when
As engage in deep, semantic processing. Furthermore, valence
ffects in the medial PFC are not affected by task in the YAs.

.2.2. Correlations with neuropsychological scores
Based on the results of the previous ANOVA, we extracted mean

ontrast estimates indexing negative or positive versus neutral for
ach task from the left vlPFC and medial PFC ROIs described above.
or the OA participants who completed our neuropsychological
attery, we correlated the mean contrast estimates from each ROI
ith individual differences in executive function (Fig. 4). The cor-

elation between executive function scores and positive valence
ffects were significant for medial PFC (r = .63, p = .026, one-tailed)
nd marginally significant for left vlPFC (r = .52, p = .052, one-tailed).

ffects were specific to the deep condition; equivalent correlations
or the shallow condition were non-significant, p > .15. These corre-
ations indicate that, within regions previously linked to enhanced
rocessing of positive emotion in aging, OAs with better executive
unction showed greater activity for positive versus neutral stimuli
logia 49 (2011) 640–650

during elaborative processing. The correlation between executive
function scores and negative valence effects in the deep condi-
tion was significant for left vlPFC (r = .58, p = .041, one-tailed) but
not medial PFC (r = .38, p = .123, one-tailed). Again, equivalent cor-
relations for the shallow condition were non-significant, p > .15,
suggesting a specific link between executive function and elabo-
rative processing of emotional stimuli.

2.2.3. Psychophysiological interaction
Motivated by this pattern of findings in medial PFC, we

conducted an exploratory psychophysiological interaction (PPI)
analysis that measured the effect of valence on the relationship
between the medial PFC and the rest of the brain. PPI contrasts
were entered into a mixed ANOVA with age group, task, and
valence as factors. The list of regions showing valence-dependent
interactions with the medial PFC is presented in Table 4 (for
valence-independent effects, see Supplementary Table 1). Although
the main effect of valence was null, there was an interaction of age
group and valence in the ventral striatum, representing stronger
links with the medial PFC for positively than negatively valenced
trials in OAs, but the reverse in YAs (Fig. 5a). Age effects on this
relationship may reflect the ventral striatum’s role in process-
ing reward (Delgado, 2007) or saliency (Zink, Pagnoni, Martin,
Dhamala, & Berns, 2003), providing a possible candidate mecha-
nism for age-related differences in emotional processing. Finally,
Fig. 4. Across OA participants, composite scores of executive function (EF) corre-
late with positive valence-related activity (positive versus neutral contrast) in the
medial PFC. Correlations are plotted separately for the (a) deep, semantically focused
condition and (b) shallow, perceptually focused condition.
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Table 4
Regions showing valence-dependent differences in functional connectivity with medial PFC as a function of group and/or task.

BA Hem x y z F Voxels Direction

Group × valence interaction
Ventral striatum L −19 11 −7 19.08 18 OA: Pos > Neg
Supramarginal gyrus 40 R 45 −46 34 12.17 16 –
Parahippocampal gyrus 35 R 15 −29 −5 14.65 11 OA: Neg > Pos
Group × task × valence interaction
Middle frontal gyrus 6 R 30 −4 56 14.58 38 OA D: Pos > Neg
Retrosplenial cortex 23, 30 R 4 −46 23 11.76 12 –
Cerebellum L −7 −47 −1 11.54 16 OA D: Neg > Pos

B D, de
t

3

t
g
o
m
e
w
a
i
s

3
a

s
s
t
a
G
T
c
(
2
c
r
Y
i
a
d
t

F
t
e

A, Brodmann area; Hem, hemisphere; Neg, negative; Pos, positive; Neut, neutral;
ask × valence interaction were null.

. Discussion

The present study resulted in 4 main findings. First, overall emo-
ion effects (both positive and negative) were intact across age
roups in the amygdala, but reduced by aging in visual cortex. Sec-
nd, preferential activity for positive versus negative stimuli in the
edial PFC and vlPFC within OAs emerged only during semantic

laboration. Third, emotion effects in the medial PFC correlated
ith individual differences in executive function among OAs, but

gain only under semantic elaboration. Finally, aging altered the
nteractions of medial PFC with the ventral striatum and the retro-
plenial cortex during emotional processing.

.1. Intact amygdala and reduced posterior emotion-related
ctivity in aging

Bilateral amygdala responded more for negative and positive
timuli than neutral, regardless of age group and task (see Fig. 2a),
uggesting that amygdala responsivity in OAs is comparable to
hat in YAs. This finding is inconsistent with studies that found
ge-related reductions in amygdala activity (Fischer et al., 2005;
unning-Dixon et al., 2003; Iidaka et al., 2002; Murty et al., 2009;
essitore et al., 2005), although there have been other reports of
omparable amygdala activity between young and older adults
Leclerc & Kensinger, 2008a; Mather et al., 2004; St. Jacques et al.,
010; Wright et al., 2006). One possible explanation for this dis-
repancy, suggested by St. Jacques et al. (2009), is that OAs may have
educed arousal responses and corresponding ratings compared to

As, and that these rating differences may engender differences

n amygdala activity. This explanation could account for preserved
mygdala activity in OAs in the present study, given that individual
ifferences in arousal responses were mitigated by excluding emo-
ional trials with low arousal ratings and neutral trials with high

ig. 5. Psychophysiological interaction results, reflecting (a) the interaction of age and va
he interaction of age, task, and valence on the relationship between the medial PFC and
ach condition. S, shallow; D, deep.
ep; S, shallow. Coordinates are in Talairach space. The main effect of valence and

arousal ratings. However, age effects in the amygdala remained
absent even when all trials were included (data not shown), con-
sistent with our behavioral analysis indicating that there were no
overall group differences in arousal ratings. Alternatively, this dis-
crepancy may emerge from differences in stimuli or task design.
Of the above studies, all but one (Murty et al., 2009) of the studies
reporting age differences in amygdala activity used face stimuli, and
all used blocked designs. By comparison, studies reporting equiv-
alent amygdala effects across groups tend to use object or scene
stimuli and event-related designs (but see Wright et al., 2006).
The use of face stimuli, which typically comprise young faces, may
introduce differences with respect to the relevancy of the stimuli
to each age group. This is further complicated by the differential
sensitivity of blocked versus event-related designs to sustained and
transient forms of processing, respectively, which may impacted by
aging in different ways (Dennis, Daselaar, & Cabeza, 2007). Thus, it
remains an open question for future research to clarify which fac-
tors determine whether or not OAs show reduced amygdala activity
during emotional processing. The present study furthers our previ-
ous knowledge by showing that, in addition to equivalent amygdala
activity in YA and OA, emotion-related activity in the amygdala is
insensitive to task-related elaboration, as evidenced by equivalent
effects in the two tasks. This finding is consistent with the proposal
that the amygdala tends to be engaged automatically in response
to emotionally salient stimuli (Dolan & Vuilleumier, 2003). It has
alternatively been proposed that amygdala recruitment is subject
to attentional control (Pessoa, McKenna, Gutierrez, & Ungerleider,
2002), in which case it is likely that both of our tasks permitted

sufficient attentional allocation to the emotional stimuli to elicit
comparable amygdala responses.

In contrast with the amygdala, there was a group difference in
emotion-related activity in visual cortex, indicating that in YAs,
this region showed a greater difference between emotional and

lence on the relationship between the medial PFC and the ventral striatum, and (b)
retrosplenial cortex. Mean parameter estimates within each region are plotted for
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eutral stimuli than in OAs. This group effect echoes previous
esults demonstrating a reduction in activity related to perceptual
rocessing in posterior regions of the brain, the aforementioned
osterior–Anterior Shift with Aging (PASA) pattern (Davis et al.,
008; Dennis & Cabeza, 2008). However, it should be noted that

n the present study, the pattern of activation seems to suggest
hat the OAs tend to activate visual cortex as much for neutral
timuli as for emotional stimuli (see Fig. 2b). This pattern sug-
ests that OAs tend to exhibit reduced differentiation of stimulus
rocessing relative to YAs, rather than an overall reduction in
erceptual-related activity. This pattern has likewise been iden-
ified in the context of emotion processing, marked by reduced
motion-related activity in visual processing regions in OAs rel-
tive to YAs (Tessitore et al., 2005; Wright et al., 2006), as well
s reduced functional connectivity between the amygdala and
isual cortices during negative versus neutral picture viewing (St.
acques et al., 2010). The present study further demonstrates that
hese activity reductions are insensitive to task-related elabora-
ion.

.2. Age-related valence shifts in medial PFC and vlPFC during
emantic elaboration

Our second main finding consisted of regions where age effects
n brain activity were modulated by valence and elaborative pro-
essing (Fig. 3). These regions included medial PFC and vlPFC,
hich were differentially engaged by OAs for processing positive

motions, but only during the semantic elaboration task. Previ-
us studies have linked posterior reductions with frontal increases
n aging (Davis et al., 2008; Grady et al., 1994; St. Jacques et al.,
010). In the present study, however, over-recruitment of frontal
egions, particularly for positive valence, was contingent on con-
rolled, elaborative processing. This pattern is reminiscent of the
ehavioral finding that positivity shifts in aging, as indexed by
emory for positive versus negative stimuli, are eliminated under

ivided attention conditions (Mather & Knight, 2005). Similar to
hat study, the present study had two conditions under which the
bility to engage in controlled elaboration was modulated. In the
eep task, participants were able to devote full resources toward
rocessing the semantic content of the pictures, whereas in the
hallow task, they were attending primarily to the perceptual fea-
ures. Thus, whereas behavioral effects of positive valence in aging
ave been observed in full relative to divided attention conditions
Mather & Knight, 2005), here we observe neural effects of positive
alence during semantic elaboration relative to shallow process-
ng conditions. Although we did not identify any behavioral effects
f valence that differed by age, it may be that neural measures
ay provide a more sensitive metric for identifying these shifts:
hereas behavioral measures collapse over many simultaneous

rain processes, neural measures may index subtle effects on one
f these processes.

The localization of effects in the medial PFC is consistent with
revious reports of valence shifts in this region in aging (Gutchess
t al., 2007; Leclerc & Kensinger, 2008a) and again, extends this
iterature to include the finding that these effects are restricted
o tasks involving deep processing. Medial PFC has been linked to
elf-referential processing in both younger (Gutchess et al., 2007;
elley et al., 2002) and older adults (Gutchess et al., 2007). Fur-

hermore, its differential deployment with respect to encoding
ondition in the present study is predicted by a self-referential

rocessing account. Self-referential processing depends in part
n controlled semantic elaboration processes, as they share some
ommon substrates (Craik et al., 1999; Kelley et al., 2002) and their
ffects on memory are similarly affected by semantic processing
eficits (Glisky & Marquine, 2009). However, semantic elaboration
logia 49 (2011) 640–650

does not fully account for self-referential processing: there is evi-
dence that medial PFC involvement in self-referential processing
dissociates from semantic processing (Kelley et al., 2002) and that
age-related semantic processing impairments do not completely
eliminate the additive memory benefits of self-referential process-
ing (Glisky & Marquine, 2009). Nevertheless, the availability of
semantic resources should affect the recruitment of self-referential
processing. It is furthermore likely that attending to the meaning
of a stimulus increases the likelihood that it will be interpreted as
self-relevant, facilitating medial PFC involvement during deep rel-
ative to shallow processing. Further research into the relationship
between semantic elaboration and self-referential processing and
their contributions to medial PFC activity is warranted. It should be
additionally noted that YAs show greater activity for positive than
negative stimuli in medial PFC for both the deep and shallow tasks.
One possible explanation for this pattern is that compared to OAs,
YAs were more likely to engage in semantic elaboration even when
attention was diverted to the shallow perceptual features of the
stimulus—consistent with stronger effects of divided attention in
OAs than YAs (McDowd & Craik, 1988). This interpretation, as well
as the task by valence interaction in OAs, underscores the idea that
over-recruitment of frontal regions with aging does not occur auto-
matically: frontal over-recruitment is more likely to occur during
effortful processing.

Interestingly, whereas YAs showed a main effect of valence
within medial PFC, they showed a valence by task interaction within
left vlPFC. Although the interpretation of this finding is not straight-
forward, it is possible that the left vlPFC activation corresponds
to valence responses that OAs up-regulate and YAs down-regulate
when each group engages in deep, semantic processing, perhaps
due to differences in stimulus prioritization. Despite the admit-
tedly tentative nature of this interpretation, it may be consistent
with the idea that attending more to positive than negative valence
is adaptive for OAs but not for YAs, due to possible differences in
the relevance of positive versus negative stimuli to immediate emo-
tional goals and knowledge-related goals, respectively (Carstensen,
Isaacowitz, & Charles, 1999).

3.3. Individual differences in executive function and PFC effects in
aging

Turning to our third finding, positive valence effects in the
medial PFC were predicted by individual differences in indepen-
dently measured composite scores of executive function in the OAs
(Fig. 4). The left vlPFC also showed a trend toward this correlation.
Critically, this relationship was identified for valence effects during
the semantic elaboration task only. Whereas previous evidence has
linked behavioral valence shifts with executive function in aging
(Mather & Knight, 2005), the present study extends these results
to the neural domain and highlights the specific link between
executive function and elaborative processing of emotional stim-
uli. Individual differences in executive function in OAs have been
linked to lateral PFC activity during the inhibition of negative
emotional responses (Krendl et al., 2009), suggesting a relation-
ship between executive function and emotion regulation processes
instantiated in PFC. In the present study, the specificity of this corre-
lation to the elaboration task provides evidence for the assumption
that these PFC regions are involved in controlled processes such
as emotion regulation, semantic elaboration, and self-referential
processing. Furthermore, because the present correlations incor-

porate the contrast of positively valenced trials versus neutral,
the results indicate that executive function predicts PFC changes
that are specific to emotion processing. In sum, the neural valence
shifts described above may be attributed to changes in the con-
trolled evaluation and/or regulation of positively valenced stimuli
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n OAs, supported by individual differences in executive func-
ion.

.4. Medial PFC interactions with ventral striatum and
etrosplenial cortex

Finally, the fourth main finding of the study was that aging
ffected the interactions of medial PFC with the ventral striatum
nd the retrosplenial cortex during emotional processing (Fig. 5).
s illustrated in Fig. 5a, whereas YAs show a stronger relation-
hip between medial PFC and the ventral striatum for negative
han positive trials, OAs show a stronger relationship for posi-
ive than negative trials. This finding is interesting due to the
entral striatum’s role in reward processing (Delgado, 2007) or
alience detection (Zink et al., 2003), and recent evidence that
triatal activation remains intact in OAs relative to YAs during
ain anticipation, but not loss anticipation (Samanez-Larkin et
l., 2007). Altogether, the present finding may speak to differ-
nces in the way young and older adults convey information
bout incentive salience to the medial PFC. Aging also altered
edial PFC interactions with the retrosplenial cortex but in this

egion age and valence effects varied by task: OAs showed a
tronger medial PFC–retrosplenial relationship for positive than
egative trials during deep processing, whereas YAs showed
everse pattern. Both medial PFC and retrosplenial cortex are cor-
ical midline structures thought to support with self-referential
rocessing (Northoff & Bermpohl, 2004; Northoff et al., 2006),
ith the medial PFC being generally linked to representing self-

elevancy and the retrosplenial cortex being more specifically
ied to autobiographical memory processes (Northoff et al., 2006).
ecause of their mutual association with self-referential pro-
essing, it may be that fluctuations in the relationship between
hese regions likewise reflect changes in this form of elabo-
ation. In keeping with this idea, that finding that the medial
FC–retrosplenial relationship is enhanced by positive valence
uring semantic elaboration in OAs provides further support for
self-referential processing account of neural valence effects in

ging.

.5. Conclusions

In conclusion, whereas age-invariant amygdala responses and
ge-related reductions in the visual cortices are insensitive to task
emands, age-related frontal differences associated with valence
rocessing are modulated by level of controlled elaboration. That is,
he medial PFC and vlPFC preferentially respond to positive valence
n OAs, but only when OAs engage in deep, semantic processing.
his suggests that these frontal effects are mediated by emotion
ontrol processes, such as self-referential processing or emotion
egulation. This hypothesis is further supported by the link between
hese emotion effects and individual differences in executive func-
ion. Finally, functional connectivity analyses demonstrate that the
elationships between the medial PFC and other emotion control-
elated regions are modulated by valence, age, or both.
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