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Abstract
Older adults show age-related reductions in memory for neutral items within complex visual
scenes, but just like young adults, older adults exhibit a memory advantage for emotional items
within scenes compared with the background scene information. The present study examined
young and older adults’ encoding-stage effective connectivity for selective memory of emotional
items versus memory for both the emotional item and its background. In a functional magnetic
resonance imaging (fMRI) study, participants viewed scenes containing either positive or negative
items within neutral backgrounds. Outside the scanner, participants completed a memory test for
items and backgrounds. Irrespective of scene content being emotionally positive or negative, older
adults had stronger positive connections among frontal regions and from frontal regions to medial
temporal lobe structures than did young adults, especially when items and backgrounds were
subsequently remembered. These results suggest there are differences between young and older
adults’ connectivity accompanying the encoding of emotional scenes. Older adults may require
more frontal connectivity to encode all elements of a scene rather than just encoding the emotional
item.
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1. Introduction
Aging is often accompanied by changes in memory for contextual information. Older adults
are less likely than young adults to ignore irrelevant contextual details due to inhibitory
deficits in flexibly shifting attention (Hasher and Zacks, 1988) or suppressing task-irrelevant
contextual information (Gazzaley and D’Esposito, 2007). For instance, older adults are more
likely than young adults to falsely recognize scenes that include a familiar background with
a novel object (Gutchess et al., 2007). There are also relevant changes in neural activity
within the ventral stream: older adults activate visual scene processing regions more than
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young adults, but recruit object-processing regions less than young adults (Chee et al.,
2006). Together, these behavioral and neural changes suggest that when processing neutral,
nonarousing scenes, older adults process contextual information at the expense of memory
for relevant item details.

Within emotional scenes, however, there is a robust bias for both young and older adults to
process an emotional foreground item at the expense of the background, even when not
instructed to do so Kensinger et al., 2005; Reisberg and Heuer, 2004). This effect goes
beyond a generic item-processing bias evident for neutral information (Chee et al., 2006;
Gutchess et al., 2007; Kensinger et al., 2007a). For this reason, complex visual scenes
containing an emotional item are particularly apt for investigating how selective item
memory develops. Although there is a wealth of behavioral evidence for selective
enhancement in memory for emotional items compared with context (Burke et al., 1992;
Kensinger et al., 2006, Kensinger et al., 2007c; Libkuman et al., 2004), it is unclear why it
occurs (see discussion by Levine and Edelstein, 2009; Mather and Sutherland, 2011). Even
so, there is some evidence to suggest that neural processes during encoding are critical to the
development of later selective memory for emotional items. A recent study in young adults
confirmed that increased encoding-related activity in the amygdala, hippocampus, fusiform,
temporal pole, and inferior frontal gyrus predicted later selective memory for an emotional
item from a scene as compared with later remembering both an emotional item as well as its
background context (Waring and Kensinger, 2011).

Notably, the enhancement in memory for emotional items is as robust in older adults as in
young adults, suggesting that there may be something about the emotional item that
“captures” the attention even of the older adults and reduces their typical tendency to
process the context of neutral items at the expense of the item (Kensinger et al., 2005;
Waring and Kensinger, 2009). In fact, if anything, older adults have a more difficult time
switching their encoding resources toward the background when an emotional item is
present. Even when instructed to process the whole scene, older adults have more difficulty
overcoming selective emotional item memory than do young adults (Kensinger et al., 2005;
Kensinger et al., 2007d). One hypothesized mechanism is that inhibitory failures make it
harder for older adults to divert their attention away from the emotional item (Kensinger et
al., 2005). Thus, although both age groups exhibit selective memory for emotional items
over context information, different patterns of neural activity and connectivity may be
engaged when young and older adults are able to broaden their focus to encode both the
emotional item and also its context; the current study addresses this possibility.

To date, the neuroimaging literature examining the effect of age on item and context
memory has focused primarily on neutral scenes. Much of the emerging evidence suggests
that there is a general shift in regional activation associated with subsequent memory, from
more posterior occipitotemporal regions in young adults to more anterior frontal regions,
including dorsolateral and middle frontal areas, in older adults (“posterior to anterior shift in
aging” or PASA; Davis et al., 2008; Dennis et al., 2008). It has been hypothesized that these
age differences in regional activation patterns reflect compensatory shifts in neural
resources, possibly to offset less efficient processing or to engage different strategies
(reviewed by Grady, 2008; St. Jacques et al., 2009a). Although older adults have a general
impairment in processing contextual information due to disruptions in a dorsolateral
prefrontal (dlPFC) cognitive control network, older adults with relatively better memory
accuracy additionally engage areas within inferior, middle, and superior gyri to compensate
for these cognitive control deficits in memory (Gutchess et al., 2005, 2007). Older adults
also have a negative correspondence between activation in inferior frontal gyrus (Brodmann
area [BA] 45/46) and parahippocampus, suggesting that prefrontal activation is engaged to
compensate for lowered activity in the parahippocampus (Gutchess et al., 2005).
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Studies of neural activation have begun to depict the effects of aging upon the processing
and encoding of subsequently remembered images, suggesting that age may not only
influence the regions activated, but the interactions between those regions (Dennis et al.,
2008; St. Jacques et al., 2010). One way to investigate selective memory in older adults is to
examine the changes in neural connectivity underlying age-related differences in encoding
processes. Although there has been little research investigating the neural connectivity
changes with aging, the extant data reveal that age-related differences in neural connectivity
can be revealed even when differences in activity are not (e.g., Dennis et al., 2008; Grady,
2005; Waldinger et al., 2011). Thus, when there are similar patterns of activation supporting
memory performance in young and older adults, differences in connectivity between regions
may explain age-related differences in memory performance (Grady, 2005). For instance,
even when young and older adults show similar regional activation, older adults have shown
increased hippocampal to frontal connectivity as well as decreased hippocampal to fusiform
connectivity associated with accurate memory for neutral items with their background
contexts (Dennis et al., 2008). This change may reflect an increased effect of compensatory
activity within anterior regions, yielding a greater influence of executive and controlled
processing on subsequent memory, thus offset declining posterior perceptually based
processing (Grady, 2005).

With respect to age-related changes in neural activation and connectivity underlying
memory for emotional images, there is also evidence of an anterior shift. For example, older
adults have been found to show more medial prefrontal and cingulate activation than young
adults during successful encoding of positive information, without significant age
differences in the pattern of encoding-related activation for negative images (Kensinger and
Schacter, 2008). With respect to connectivity, older adults exhibit stronger connectivity
between amygdala and dlPFC (BA 45/46 and 47) than young adults during encoding of
negative images, which has been hypothesized to be a compensatory mechanism to offset
older adults’ weakening amygdala-hippocampal connections (St. Jacques et al., 2009b;
Murty et al., 2009). Older adults also show stronger amygdala-anterior cingulate
connectivity, possibly to facilitate emotion regulation during evaluation of negative images,
but at the same time they have decreased connectivity between the amygdala and posterior
brain regions reflecting poorer perceptual processing (St. Jacques et al., 2010).

However, in other instances, the connectivity underlying subsequent memory for negative
images has not significantly differed between age groups; both age groups have shown
strong connectivity among the amygdala, hippocampus, and fusiform underlying successful
encoding (Addis et al., 2010). That study also found that young and older adults had
differing neural connectivity during the encoding of positive images. Older adults’
hippocampal activation was significantly influenced by ventromedial prefrontal (vmPFC)
and amygdala projections, while young adults instead had significant thalamic influence
upon the hippocampus. Taken together, the evidence has generally shown that older adults
have increased functional connectivity between medial temporal and frontal regions to offset
weakening connections among medial temporal lobe structures and from medial temporal
lobe regions to the fusiform for encoding neutral as well as emotionally valenced images.

One region that may show a somewhat different pattern of age-related change is
orbitofrontal cortex (OFC). The OFC modulates the strength of sensory and affective signals
to the rest of the brain (Kringelbach and Rolls, 2004), and it has connections throughout the
prefrontal cortex and to medial temporal regions, including the amygdala (Cavada et al.,
2000). These connections are vital for effective emotional information processing,
regulation, and memory (reviewed by Hooker and Knight, 2006), and may be particularly
important during the encoding of emotional information because the OFC is
disproportionately recruited for encoding of emotionally salient (vs. neutral) visual

Waring et al. Page 3

Neurobiol Aging. Author manuscript; available in PMC 2014 February 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



information (Kensinger and Schacter, 2006, 2008; Kensinger et al., 2007a). Although both
young and older adults show activation to emotional stimuli within this region (Kensinger
and Schacter, 2008), there is some evidence that connectivity between the amygdala and the
OFC may be reduced in aging (Moriguchi et al., 2011) and that older adults may be
impaired on tasks that are reliant on OFC function (Lamar and Resnick, 2004; Salat et al.,
2002).

The purpose of the present study was to compare the neural connectivity for the encoding of
emotional scenes between young and older adults to better understand whether there are age-
related changes in connectivity corresponding with selective emotional item memory, or
with the ability to encode both the emotional item and the background context. We
independently evaluated memory for the two component parts of the visual scene, the
emotional item and neutral background; thus, this was not a test of source memory or
associative memory. Unlike tests of source memory, participants were not required to
remember which scene had been presented with each item. This distinction also made the
present study different from a test of associative memory, because here memory was tested
for the two components (item and background) independently without reference to their
pairing at study. The goal of the present study was to identify the encoding-related activity
that led to two different types of memory performance patterns: instances in which the item
from a studied scene was endorsed as studied but the background was not, and instances in
which both the item and the background from the studied scene were endorsed as studied.
This design allowed us to better illustrate age differences in the ties between initial
processing and which scene information (item or context) is successfully encoded into
memory in order to understand how selective memory develops in young and older adults.

We were interested to find whether older adults would exhibit differences in neural
connectivity between regions important for emotional scene memory—namely, the pre-
frontal cortex (orbitofrontal and dorsolateral), medial temporal regions (amygdala and
parahippocampal gyrus), superior parietal lobe, and fusiform gyrus (Kensinger and Schacter,
2006, 2008; Kensinger et al., 2007a). Moreover, by examining memory for positive and for
negative stimuli, instead of focusing on only one valence, it was possible to see whether
there were similar patterns of connectivity in young and older adults irrespective of valence.
We predicted that age-related changes in connectivity underlying memory for both the
emotional item and background context may be particularly evident for positive scenes. We
hypothesized that when older adults are able to broaden their focus at encoding to remember
both the item and context, they would show a compensatory anterior-to-posterior shift in
processing, with greater connectivity between the dlPFC, OFC, and medial temporal lobe in
older adults than in younger adults. The OFC and amygdala have strong reciprocal
connections that are especially relevant for emotion-related learning (reviewed by
Kringelbach and Rolls, 2004), however it may be that older adults’ selective emotional item
encoding is associated with failure to engage these additional prefrontal connections, and the
connectivity underlying selective emotional item memory is restricted to medial temporal
lobe structures. To further investigate these possibilities, correlational analyses between
activation in a priori regions of interest of the amygdala and OFC were used to illustrate the
age-related changes in the correspondence between these two regions.

2. Methods
2.1. Participants

Participants included 19 young adults (7 men, 12 women; mean (M) age = 23.67 years;
range, 19–29 years) and 18 older adults (7 men, 11 women; age M = 74.4 years; range, 67–
83 years). Young adult participants had 14 to 20 years of education (M = 16.7) and older
adult participants had 12 to 18 years of education (M = 15.9). The young adults’ neural
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activity (but not connectivity) was reported in a prior study (Waring and Kensinger, 2011).
One young adult (female, 24 years old, 18 years of education) was excluded from analyses
due to problems obtaining a reliable signal (attributed to scanner spiking). See Table 1 for
additional participant characteristics. All were right-handed native English speakers with
normal or corrected to normal vision. Participants were screened for history of psychiatric or
neurological disorders, or treatment with centrally acting medications. At the time of the
study, participants scored within the normal range on standardized measures of depression
and anxiety. Participants gave informed consent to participate in a manner approved by the
Institutional Review Boards of Massachusetts General Hospital and Boston College.
Participants were paid $25 per hour for participating, prorated to the nearest half hour.

2.2. Stimuli
The stimulus set was comprised of 450 complex visual scenes that included a positive,
negative, or neutral item placed onto a neutral background. This stimulus set included items
and scenes from prior studies (Kensinger et al., 2006, 2007b, 2007c; Waring and Kensinger,
2009) and contained 136 items of each of the 3 emotional valence types (positive, negative,
and neutral). Positive and negative items were further subdivided by arousal with a median
split (positive median arousal = 2.39, negative median arousal = 3.86), resulting in 68
negative-high arousal (M = 4.30), 68 positive high-arousal (M = 2.96), 68 negative-low
arousal (M = 3.24), and 68 positive low-arousal (M = 1.85) images. Images of emotional
and neutral items were placed in the context of neutral backgrounds (backgrounds taken
from Kensinger et al., 2007c, and Waring and Kensinger, 2009) to create composite scenes
(e.g., a snake by a river; see Fig. 1). The valence of the item placed onto each of the
backgrounds was varied across participants (i.e., 1 participant saw a snake [negative item]
by a river, another saw a kitten [positive item] by a river; see Fig. 1A) to isolate effects
attributed to emotionality of items, and to avoid any confounds related to background of the
scenes. Because of a number of constraints imposed on stimulus creation (e.g., plausibility
and congruency, described in detail below), it was not possible to fully counterbalance all
item and scene pairings; across participants, some items were paired with more than one
background, but no participant ever studied an item or a background more than once. Scenes
were visually matched by experimenters for size and location of foreground item, and were
carefully constructed with strong consideration for the plausibility of each item in the
context of the background with which it was paired (e.g., a chipmunk would not be paired
with a dining room). Item and background congruency within a scene were assessed by a
separate group of 6 raters, showing no significant difference in congruency between the 5
scene types (F(4,471) = 1.14, p = 0.34), with scenes showing moderate levels of congruency
(M = 3.28, SD = 1.26, on a scale of 1–5); participants of the current study were not
instructed to evaluate these factors (see Waring and Kensinger, 2009; 2011, for more details
on stimuli development).

2.3. Procedure
Participants were told that they would see a series of photographic scenes presented inside
the scanner, and they were asked to rate each scene according to whether they preferred to
approach or retreat from it. Using a 1–3 scale, they chose the corresponding key on a button-
box indicating their response, where 1 = approach, 2 = stay at present location, and 3 =
move away from the scene. This encoding task was specifically chosen because in prior
studies it had been shown to reliably elicit selective memory for emotional items in young
adults (Kensinger et al., 2007d; Waring and Kensinger, 2009). Scenes were presented for 3
seconds each inside the scanner, followed by a fixation cross (+) for an additional second, so
participants had 4 seconds to view each scene and make a response before the program
automatically advanced. This was enough time for participants to respond to each scene.
Task instructions did not encourage participants to consider speed when making their
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responses and stimuli were all viewed for 3 seconds, regardless of reaction time in
responding. Following the approach or retreat decision and a 1-second fixation cross,
another fixation cross was presented at variable interstimulus interval (ISI) durations (mean
interstimulus interval = 4 seconds; range = 2–16 seconds) to provide the jitter required to
isolate the hemodynamic response to each stimulus necessary in an event-related design
(Dale, 1999). The encoding task was divided into 3 functional runs of 5 minutes each. The
studied stimulus set was varied across participants during the scanning session, and scenes
were presented in a pseudorandom order for each participant, as determined by the program
optseq (written by Doug Greve), to optimize jittering within the functional magnetic
resonance imaging (fMRI) environment.

Outside of the scanner and approximately 10 minutes after viewing the scenes, participants
took a surprise recognition memory test. Items and backgrounds from the composite scenes
were presented independently from one another and intermixed with novel items and
backgrounds. The presentation order of test stimuli was varied between participants to
minimize artifacts in responses attributable to subject fatigue. Test items included 150 “old”
items (30 low arousal positive, 30 high arousal positive, 30 low arousal negative, 30 high
arousal negative, and 30 neutral) and 150 “old” backgrounds (30 had been presented with a
low arousal positive item, 30 with a high arousal positive item, 30 with a low arousal
negative item, 30 with a high arousal negative item, and 30 with a neutral item), as well as
258 “new” items (152 emotional [38 low arousal positive, 38 high arousal positive, 38 low
arousal negative, 38 high arousal negative] and 106 neutral) and 150 “new” backgrounds (by
definition, all neutral), for a combined total of 708 items and backgrounds. (Memory was
tested for a large number of neutral novel items in an attempt to present similar numbers of
novel emotional and neutral items at test, and because the novel backgrounds would be all
inherently neutral.) The orientation (i.e., horizontal or vertical) of each “old” item presented
at test was set to match its orientation in the studied scene; items were never rotated for
presentation at retrieval. Participants had 3 seconds to view each test item or background
and 7 seconds to select the appropriate key to indicate if it was a component of one of the
scenes viewed within the scanner (“old”) or had not been seen previously within a scene
(“new”). There was a short practice test given before beginning the actual test to assure
participants fully understood the meaning of “old” and “new” scene components.

2.4. fMRI image acquisition
Images were acquired on a 1.5 T Siemens Avanto magnetic resonance imaging (MRI)
scanner. Detailed anatomical data were collected using a multiplanar, rapidly acquired
gradient-echo (MP-RAGE) sequence (repetition time [TR] = 8000 ms, echo time [TE] = 39
ms, field of view (FOV) = 200 mm, flip angle = 90°, acquisition matrix = 256 × 256).
Functional images were acquired using a T2*-weighted echo-planar imaging sequence (TR
= 2000 ms, TE = 40 ms, FOV = 200 mm, flip angle = 90°). Twenty-six axial-oblique slices
(64 × 64 acquisition matrix, thickness = 3.2 mm, skip factor = 0.64 mm), aligned in a plane
along the anterior/posterior commissure line, were acquired in an interleaved fashion (full
description of imaging protocol is included in Waring and Kensinger, 2011).

2.5. Analyses
2.5.1. Behavioral analyses—Behavioral analyses assessed the effects of age group and
scene valence upon memory for scene components. These analyses were restricted only to
scenes where the item was successfully remembered; within this set of scenes, instances
when the background was forgotten (i.e., selective item memory) were compared to when it
was remembered (i.e., subsequent memory for both the item and background; see Fig. 2). In
order to match positive and negative scenes for arousal level, only scenes with negative low
arousal items and positive high arousal items (t(118) = 1.95, p > 0.05) were included in
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behavioral and imaging analyses. Description of comparisons including “negative” scene
components will refer to only the low arousal negative stimuli, and “positive” scene
components will refer to only the high arousal positive stimuli. In this way, the behavioral
analysis mirrored the factors assessed in the connectivity models.

2.5.2. Neuroimaging analyses—We used structural equation modeling (SEM) to
examine effective connectivity between brain regions during encoding that led to later
memory for both item and background versus encoding that led to later selective item
memory, as a function of scene valence type, for young and for older adults. SEM can be
used to indicate the functional “effect” of one region upon another, and how these influences
may differ by condition or participant groups (McIntosh and Gonzalez-Lima, 1994),
although it does not imply temporal ordering. Modeling effective connectivity requires
developing an anatomical model specifying which brain regions are connected, as well as a
functional model of how these regions are interacting with each other for a given condition.
The model can then be used to understand whether a given region has a positive or negative
influence on each other region (or “node”) modeled within the network.

Regions included in the anatomical model were identified using a whole-brain General
Linear Model (GLM) analysis in SPM2 (Wellcome Department of Cognitive Neurology).
Standard preprocessing was performed on functional data, including slice-timing, rigid body
motion correction, normalization to the Montreal Neurological Institute (MNI) template
(resampling at 3 mm cubic voxels), and spatial smoothing (using a 7.6 mm full-width half-
maximum isotropic Gaussian kernel). Analyses were conducted using a subsequent memory
design, modeling data in a subject-specific, fixed-effects, event-related model. An event-
related analysis was conducted, in which trials were classified into conditions according to
recognition accuracy (hit, miss), component type (item, background), and emotion (low
arousal positive, high arousal positive, low arousal negative, high arousal negative, neutral),
and modeled through convolution with a canonical hemodynamic response function.
Participant data from both age groups were then entered into a second-order random effects
1-sample t-test (i.e., collapsing across group) that compared the average neural response to
viewing all scene types (irrespective of emotional content or subsequent memory) with
baseline at a threshold of p < 0.0001, 5 voxel extent (for results see Supplementary Fig. 1).
This whole-brain analysis included all participants so that regions could be defined in an
unbiased manner with respect to age and valence. MNI voxel coordinates for local maxima
were translated into Talairach coordinate space; these coordinates reflect the most
significant voxel within the cluster of activation (Talairach and Tournoux, 1988).

Of the regions identified in this contrast, those that had theoretical relevance to encoding of
emotional or detailed visual information (reviewed by Hamann, 2001; Kensinger and
Schacter, 2007; LaBar and Cabeza, 2006) were included in the anatomical model: right
dlPFC (x, y, z = 50, 13, 27; BA 9), right OFC (34, 36, −15; BA 11), left amygdala (−18, −5,
−20), left parahippocampus (−20, −13, −20), left superior parietal lobule (−24, −64, 49; BA
7), and left (−40, −51, −11; BA 37), and right (30, −38, −15; BA 20) fusiform gyri. The
connections in the anatomical model were based upon anatomical research in nonhumans
and human white matter tractography (Amaral et al., 2003; Patterson and Schmidt, 2003;
Swanson and Petrovich, 1998), and considering the relationships between the specified
network nodes and direction of pathways (Addis et al., 2007; McIntosh, 1999; Stein et al.,
2007).

The functional model was constructed using activity extracted from each node in the model.
The percentage signal change in each region was extracted using the MarsBar toolbox in
SPM2 (Brett et al., 2002) for all active voxels within a 5-mm sphere centered on the peak
voxel. For each participant, the maximum signal change across 2–12 seconds (TR 2–6) time
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period poststimulus onset was identified within each region and for each scene valence type
(high arousal positive and low arousal negative) and memory content type (scenes with later
selective item memory, and scenes with later item and background memory). These signal
change values, one per participant per valence/memory content type per region, were used to
construct a correlation matrix and a functional model for each age group in each SEM
analysis.

The SEM analyses contrasted young and older adults’ connectivity that corresponded with
later memory performance, either in terms of selectively remembering the emotional item
and forgetting its background, or remembering both the emotional item and its background
context. Even though these forms of memory differ in selectivity, both are instances of
successful memory. As such, the results are not biased by any age differences in the overall
levels of encoding success. Also, as age differences in connectivity may vary across
valences, connectivity was modeled separately for negative and positive scenes that did not
differ by arousal (i.e., negative low arousal items and positive high arousal items). Thus, 4
different SEM analyses were computed, each comparing the connectivity between age
groups for: (1) selective item memory for (high arousal) positive scenes, (2) selective item
memory for (low arousal) negative scenes, (3) remembering (high arousal) positive item and
its background, and (4) and remembering (low arousal) negative item and its background.
For each analysis, correlation matrices were created for each condition and age group (e.g.,
selective memory for low arousal negative items in young adults) using percent signal data
extracted for the relevant conditions for each person, revealing the correlations between the
regions in the model. Group differences (e.g., between young and older adults) therefore
reflect differences across individuals as the activity in 1 region increases.

LISREL 8.7 (Scientific Software International, Inc., Lincolnwood, IL, U.S.A.; Joreskog and
Sorbom, 1993) was used to derive estimates of path coefficients from the correlation
between neural activity in each region that corresponds with subsequently remembering the
item and background from a scene or remembering just the item while forgetting the
background for each valence condition. In the null model for each condition, the path
coefficients of connections between regions were set to be equal between the two age
groups. The null model was then compared with an alternative model where the path
coefficients were allowed to vary. The pathways’ coefficients can be asymmetric (region A
can influence region B differently from the influence of region B upon region A), providing
information about the directionality of direct and indirect interregional interactions (Addis
and McAndrews, 2006). The fit of the model was assessed by comparison of goodness-of-fit
χ2 values, producing a χ2 difference (χ2

diff) value. A significantly lower χ2 value for the
alternative model than the null model indicates that the alternative model is a better fit for
the data, indicating the presence of significant age differences in effective connectivity for
that specific memory outcome. It is important to note that group differences in model fit,
rather that absolute model fit, are critical in this application of SEM. A model of neural
activity is necessarily constrained, because only a few influences upon a region can be
included, and so the overall model fit may be poor. Even so, inferences about differences
between groups are valid regardless of the absolute model fit (Protzner and McIntosh, 2006).

When the alternative model is significantly different from the null model, the connections
are tested with iterative fitting of each pathway connection (McIntosh and Gonzalez-Lima,
1994) to determine which connections contribute to the group differences. Connections were
set to vary in a stepwise manner, and allowed to remain so only if they improved the overall
fit of the model (as determined by a greater χ2

diff). As the order in which connections are
allowed to vary can affect which pathways appear to add a significantly better fit to the
model, the connections were allowed to vary in 4 different orders (beginning with anterior
connections and moving posteriorly, beginning with posterior connections moving
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anteriorly, moving outward from medial to lateral connections, and inward from lateral to
medial connections), and the order leading to the best model fit was selected (Addis et al.,
2010). The final models for each valence type and memory outcome were stable, with
stability indexes <1. (The connections identified as significantly contributing to the fit of the
model were generally the same regardless of entry order of the pathway into the model, so
we depicted the connection order that was most stable and led to the best-fitting model for
each condition.) Allowing connections entry to vary from posterior to anterior led to the best
fit for the selective positive item memory data, entering connections from anterior to
posterior led to the best fit for selective negative item memory data, and the positive item
and background remembered data, and entering connections from lateral to medial pathways
led to the best fit for the negative item and background remembered data.

3. Results
3.1. Behavioral results

Behavioral analyses compared the effects of scene valence and age group on the likelihood
of successfully remembering the background from a scene, in instances when the item was
remembered (Table 2; corrected recognition values are available in Supplementary Table 1).
(Because memory for items and backgrounds were tested independently, there is no simple
means for subtraction of false alarms from raw recognition values that aligns with the
encoding stage neural data corresponding with memory for the item with its background,
i.e., [true recognition for items with their backgrounds] − [false alarms to items + false
alarms to backgrounds] would be conceptually unrelated to the neuroimaging analyses.)

Analyses were conducted on these data because they most closely aligned with the
neuroimaging data for subsequently remembered scenes. We conducted an analysis of
variance (ANOVA) on the number of scenes recognized, with factors of memory (item and
background remembered, only item remembered and background forgotten), scene
emotionality (positive, negative, neutral), and age group (young, older adults). Results
showed main effects of emotionality (F(2,34) = 10.19; p < 0.001), group (F(1,35) = 12.60; p
= 0.001), and memory (F(1,35) = 4.08; p = 0.05), qualified by interactions between memory
and group (F(1,35) = 4.62; p < 0.05) and emotionality and group (F(2,34) = 3.55; p < 0.05).
The interaction of memory and group reflects that the age difference in memory (with young
adults showing better memory than older adults) were larger when both the item and its
background were recognized than when only the item was recognized. The interaction of
emotionality and group reflects the fact that young adults showed an enhancement in
recognition for positive and negative items compared with neutral items, while older adults
showed an enhancement only for the positive items. This is one instantiation of a positivity
effect, whereby young adults showed a general enhancement in memory for emotional
greater than neutral information, while older adults’ memories showed a shift away from
negative information relative to the young adults.

Although there were no significant age differences in the total number of scenes for which
young and older adults remembered the emotional (positive or negative) item and forgot its
background (ts(35) < 1.07; ps > 0.29), young adults remembered more items overall than did
older adults (ts(35) > 2.53; ps < 0.02). Therefore, background memory was analyzed only
for the scenes from which the emotional item was remembered; the proportion of these
scenes from which only the item (and not the background) was remembered is referred to as
the incidence of selective item memory (see right column of Table 2). An ANOVA on the
incidence of selective item memory with factors of age (young, older) and emotionality
(positive, negative) revealed a main effect of age (F(1,35) = 4.01; p = 0.05) with older adults
showing a greater incidence of selective item memory than young adults. There was no main
effect of emotion or significant interaction of the factors of emotionality and group (F(1,35)
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< 1). In other words, when older adults remembered emotional items, they were significantly
more likely to forget the background than were young adults.

An ANOVA on corrected recognition rates of remembering only the background (and
forgetting the item) with factors of valence (positive, negative, neutral) and group (young,
older) revealed main effects of valence (F(2,34) = 9.48; p = 0.001) and of group (F(1,35) =
7.88; p < 0.01), and trend toward interaction between these factors (F(2,34) = 3.09; p =
0.06). The main effect of group reflects that older adults remembered backgrounds while
forgetting the emotional item from the scene more than young adults (older adults M = 5.15;
young adults M = 3.37). The main effect of valence shows that remembering only the
background occurs most often for neutral scenes (M = 5.83) than negative (M = 3.88) or
positive scenes (M = 3.07). However the trending interaction shows that there were
differences between age groups only for the negative scenes (t(35) = 3.23; p = 0.004;
positive and neutral scenes ts(35) < 1.34; ps > 0.19)

3.2. Connectivity model evaluation
Omnibus tests of the difference in path coefficients between the null and alternate models
revealed significant age differences in the connectivity for each of the 4 models of the
memory outcomes for positive and negative scenes (selective positive item memory [χ2

diff =
34.29; p < 0.0001]; selective negative item memory [χ2

diff 40.55; p < 0.0001]; positive item
and background remembered [χ2

diff = 35.09; p = 1.08e-05]; negative item and background
remembered [χ2

diff = 30.20, p = 3.6e-05]; beta weights are available in Supplementary
Table 2). Fig. 3 shows the neural connectivity present during encoding that corresponds with
later remembering both the item and background components from the scene (positive
scenes shown in Fig. 3A and B; negative scenes shown in Fig. 3C and D). Fig. 4 shows the
neural connectivity present during encoding that corresponds with a later selective emotional
item memory (positive scenes shown in Fig. 4A and B; negative scenes shown in Fig. 4C
and D).

3.2.1. Activation patterns for scene memory—Specific observations from these
models are detailed below. While we focus on connectivity results below, the results of
analyses comparing activation patterns are available in Supplementary Table 3. An ANOVA
of the encoding-related activation data with factors of memory [item only subsequently
remembered, item and background subsequently remembered], emotion [high arousal
positive, low arousal negative], and age [young adults, older adults] revealed a main effect
of age, but no main effects of memory or emotion [p < 0.001; 5 voxel extent; see
Supplementary Table 3].) Both young and older adults had activation distributed throughout
the brain. Young adults showed greater activation than older adults in portions of occipital
and prefrontal cortices, while older adults showed greater activation in parietal regions and
other areas of occipital cortex. There was a significant 3-way interaction within left inferior
frontal gyrus (BA 47; −40, 21, −4) and midbrain subthalamic nucleus (6, −10, −5; p < 0.001;
5 voxel extent). Further examination of this interaction revealed that only older adults
showed activity corresponding with the interaction of memory and emotion, within the left
inferior frontal gyrus (BA 47; −40, 23, −1) and posterior cingulate (BA 30; 6, −48, 17)
(young adults did not show any clusters surpassing threshold for this interaction). Notably,
there were no regions that showed 2-way interaction between memory and age, suggesting
that the age differences may have been related to general scene processing rather than to
memory-specific processes. More generally, the activation profile emphasizes that older
adults’ greater connectivity within right-sided frontal regions, is not merely reflective of an
accompanying age-specific increase in activation.
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3.3. Age differences in connectivity corresponding with successful memory for item and
background

Consistent with PASA, older adults show significantly stronger connectivity for pathways
involving frontal regions. For instance, even though young and older adult groups both show
strong positive connectivity between orbitofrontal and dorsolateral prefrontal regions
corresponding with remembering either positive or negative items with their backgrounds,
this connectivity is significantly stronger in older adults than young adults when encoding
positive items with backgrounds (Fig. 3B and D). Older adults also show strong positive
right orbitofrontal-left amygdala connectivity relative to young adults for both scene
valences (Fig. 3A and C). The simple correlations between each individual’s levels of
activity in the left amygdala and the right OFC further illustrate the age-related changes in
the correspondence between these two regions. There is a significant age difference in the
strength of the correlations for positive scenes (z = 3.15; p = 0.002) and for negative scenes
(z = 2.09; p = 0.04), with the direction of the correlations reversing in the two age groups.
There is a positive relationship between left amygdala and right orbitofrontal activity in
older adults (positive scenes r = 0.52; p < 0.05; negative scenes r = 0.52; p < 0.05), and a
negative relationship in young adults, although that relationship only reaches significance
for the positive scenes (positive scenes r = −0.52; p < 0.05; negative scenes r = −0.19; p =
0.47; Fig. 5, upper panel).

In contrast to older adults’ enhanced connectivity between the left amygdala and right OFC,
older adults show some instances of negative connectivity as compared with young adults,
particularly within more posterior regions; the amygdala-fusiform pathways that
significantly differed between age groups had negative beta-weights in older adults and
positive beta-weights in young adults (see Supplementary Table 2). This is true for both
positive and negative scenes, evident in the pathway from right fusiform to left amygdala
during encoding of positive scenes, and in the pathway from the left amygdala to left
fusiform for negative scenes (comparison Fig. 3A and B, and comparison Fig. 3C and D).
However, not all of the posterior connections that differ significantly between young and
older adults among posterior regions are negative in older adults; older adults have
significantly stronger positive connectivity than young adults between the left fusiform and
left superior parietal lobule for successful encoding of scenes of both valences, but
particularly for negative scenes.

3.4. Age differences in connectivity corresponding with selective emotional item memory
When examining the neural connectivity corresponding with selective memory for the
emotional items (and not their backgrounds), one notable difference was that older adults no
longer showed the same shift toward strengthened amygdala-orbitofrontal connectivity. In
contrast to what had been revealed in cases of encoding the item and the background, the
correlation strengths in the two groups did not significantly differ in cases of selective item
memory—and the direction of the correlations trended in the opposite direction—being
positive in the young adults and negative in the older adults (for positive scenes: z = 1.48; p
= 0.14; young adults r = 0.25; p = 0.33; older adults r = −0.28; p = 0.27; for negative scenes:
z = 1.54; p = 0.12; young adults r = 0.45; p = 0.07; older adults r = −0.08; p = 0.76).

Visual inspection of the connectivity models revealed distinct patterns of age differences for
positive and negative scenes. For negative scenes, young adults recruit the left amygdala
into the neural network corresponding with selective negative item memory to a greater
extent than older adults. Young adults have particularly strong connections from the left
amygdala to right OFC, left parahippocampus, and right fusiform (Fig. 4C). In contrast, the
left amygdala has no strong connectivity with these areas in older adults within the network
corresponding with selective negative item memory, and in fact the relation is often in a
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negative direction (e.g., increased activity in the left amygdala is associated with decreased
activity in the right OFC or right fusiform gyrus; Fig. 4D).

For selective item memory in positive scenes, young and older adults share moderate
connectivity from the left amygdala to the right OFC (Fig. 4A and B). However, there is
some evidence of enhanced frontal connectivity in older adults; the older adults have strong
connectivity between orbitofrontal and dorsolateral prefrontal regions, whereas these frontal
regions are not strongly connected in young adults. There also is some evidence of
weakened posterior connectivity in the older adults, with the older adults showing no strong
positive connections between the left or right fusiform gyrus and the left amygdala.

4. Discussion
This study examined age differences in the neural connectivity engaged during the encoding
of scenes including an emotional item. The results revealed that relative to young adults,
older adults showed enhanced frontal connectivity when they broadened their attentional
focus and successfully encoded both the item and background components of the scene.
However, this age-related anterior shift in connectivity was not evident during selective
memory encoding of the emotional item in a scene. The results suggest that greater frontal
connectivity may provide a compensatory mechanism for older adults, enabling them to
successfully encode items and backgrounds of emotional scenes.

4.1. Age differences in connectivity underlying successful encoding of both item and
background

Building upon the literature examining memory for complete emotional images, results
showed that in older adults strong positive connections among frontal regions and a general
shift to more anterior processing correspond with successful memory for emotional items
and their studied backgrounds, regardless of whether the scenes were of positive or negative
valence. The enhanced frontal connectivity in older adults is consistent with PASA (Davis et
al., 2008; Dennis et al., 2008), which likely reflects changes in older adults’ encoding
strategies or compensatory prefrontal connectivity to offset declining functionality in more
posterior visual processing regions. Interestingly, the activation data do not reveal the shift
described by PASA. The ANOVA of the neural activation related to memory for the
emotional scenes showed a broad distribution of regions selectively active for either young
or older adults regardless of scene type or emotionality, however there were no interactions
among the factors of age, memory, and emotion, and no evidence that older adults
disproportionately recruited the prefrontal cortex.

We are not the first to find a disconnect between activation and neural connectivity; Dennis
et al. (2008) also reported that although there was enhanced frontal connectivity in older
adults, prefrontal activation was reduced in older adults compared with young adults (see
also Della-Maggiore et al., 2000 for a similar age-related disconnect between results of
hippocampal regional cerebral blood flow [rCBF] and networking). As pointed out by Grady
(2005), behavioral, activation, and connectivity analyses do not always paint the same
picture; some types of analyses may detect effects that are not apparent with other methods.
When there are similar patterns of activation supporting memory performance in young and
older adults, differences in connectivity between regions may explain age-related differences
in memory performance.

In terms of emotional scene processing, the current findings suggest that enhanced prefrontal
connectivity in older adults enables them to encode the background as well as the item
within the emotional scene. More generally, this study provides further evidence that an age-
related shift in connectivity occurs for encoding of emotional as well as neutral information
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(also see Murty et al., 2009; St. Jacques et al., 2010). In the current study, this frontal shift in
older adults may underpin controlled efforts to broaden attention toward the background
portions of the scene when faced with an emotional item, resulting in successful encoding of
both the emotional item and the neutral background composing the scene. This hypothesis is
consistent with the cognitive control hypothesis of aging, whereby older adults’ attention
and memory is self-directed by emotion-regulation goals when confronted with emotional
information or experiences (reviewed by Nashiro et al., 2012). As described by St. Jacques
et al. (2009a), age-related increases in the engagement of frontal brain regions may reflect
either neural compensation or emotion regulation, and these explanations are not at odds; in
fact emotion regulation could be a method of compensation. In young adults, attention to the
background in the presence of an emotional item may not require such strategic attentional
processes. Without eye-tracking data, inferences about whether this processing reflects
additional visual search efforts remain speculative, but provide an important direction for
future research.

This is the first study to show that older adults demonstrate enhanced prefrontal connectivity
compared with young adults for both negative and positive scenes. Some studies have found
that older adults’ prefrontal connectivity is stronger when encoding positive than negative
information (Addis et al., 2010), but others have observed this connectivity pattern when
examining connectivity solely for negative stimuli (St. Jacques et al., 2009b, 2010; Murty et
al., 2009). Taken together, the results of this study and the current literature suggest that
older adults’ enhanced pre-frontal connectivity may reflect a general age-related shift in the
neural connectivity supporting successful episodic memory for neutral (Dennis et al., 2008;
for a review see Grady, 2008) and emotional images, and may not be valence-specific.

It is worthwhile to compare the results of this study to those reported by Addis et al. (2010),
the only other study examining age differences in the effective connectivity underlying
successful memory for positive as well as negative images. Although positive and negative
scenes were not directly compared, it is interesting to note that older adults show moderate
to strong connectivity among orbitofrontal and dorsolateral prefrontal regions while
successfully encoding positive items, regardless of whether the accompanying background
in the scene was subsequently remembered or forgotten. This finding is generally consistent
with Addis et al. (2010) who found that older adults showed intensified prefrontal
connectivity only for positive (and not for negative) information. However, Addis et al.
(2010) found that age differences were restricted to the connectivity corresponding with
memory for positive scenes, whereas the present study showed significant age differences
underlying negative as well as positive scene encoding. The stimulus and task parameters
differed in these studies, as did the regions and pathways included in the models, so it is not
surprising that the connectivity differed in several respects as well. The comparisons of
these two studies suggest that enhanced connectivity between prefrontal regions generalizes
across a variety of tasks involving the encoding of positive information, whereas age
differences in the encoding of negative information may be most apparent in pathways that
are task-specific.

Because the frontal lobe encompasses a large and highly interconnected area of the human
cortex, and has been shown to be necessary for a number of higher-order processes
(reviewed by Duncan and Owen, 2000; Smith and Jonides, 1999; Stuss, 2011), it is prudent
to consider specific functions of the subregions that are specifically relevant to emotional
memory. Regions of the prefrontal cortex, including dlPFC and ventrolateral prefrontal
cortex (vlPFC), are routinely identified in studies investigating the activation and
connectivity underlying older adults’ memory for neutral and emotional stimuli (Dennis et
al., 2008; St. Jacques et al., 2009b). Yet it is the OFC that is often implicated specifically in
the encoding of emotional (and not neutral) information, and several studies have also
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implicated the OFC in the encoding of emotionally salient visual stimuli (Kensinger and
Schacter, 2006, 2008; Kensinger et al., 2007a), perhaps because the OFC plays an integral
role for evaluation of emotionally salient stimuli within a visual context (Kringelbach and
Rolls, 2004; Rolls, 2004). Consistent with a role for the OFC in visual identification of
emotion, a study of patients with neurodegenerative diseases showed that gray matter
volume in a very similar region of the right lateral OFC as that identified in the present study
correlated with the ability to accurately evaluate emotional expression in a dynamic stimulus
(Goodkind et al., 2012). The OFC also is also linked to the regulation of emotion and to the
modulation of autonomic responses (Cavada et al., 2000; reviewed by Hooker and Knight,
2006). The enhanced connectivity between the left amygdala and OFC observed in older
adults in the present study, therefore, may reflect the emotional evaluation and regulation
processes proposed within the cognitive control hypothesis, which states older adults place a
greater focus upon regulating their emotional reactions than do young adults (reviewed by
Nashiro et al., 2012; Ochsner and Gross, 2005). The fact that in the present study older
adults demonstrated stronger and more positive connectivity between OFC and dlPFC and
also between OFC and the amygdala may be evidence of greater reliance upon OFC
evaluative and regulatory processes for emotional scene memory by older adults than young
adults.

4.2. Age differences in connectivity associated with selective memory
The age-related intensification of positive prefrontal-amygdala connectivity that occurred
during holistic scene encoding of item and background did not extend to instances in which
only the emotional item was successfully encoded. In fact, the connectivity corresponding
with older adults’ selective memory showed that the amygdala had largely negative
connections with the other nodes of the network, including prefrontal regions. Thus, even
when the prefrontal-amygdala connections are negative, older adults can still encode the
emotionally relevant information but at the expense of encoding the context. Taken together,
these results suggest that positive prefrontal-amygdala connections may provide a pathway
for older adults to concurrently encode both item and background components of the scene.

These results can be considered in the context of the behavioral results, which reveal that
when the item is remembered, older adults have a greater propensity to forget the
backgrounds of emotional scenes than do young adults. This finding is consistent with prior
research indicating that older adults can have more difficulty than young adults at encoding
the backgrounds accompanying an emotional item (Kensinger et al., 2007d). Older adults
are more susceptible to variations in attention, and emotional information in particular may
draw their attention, leading to reduced ability to integrate both the emotional item and the
background into memory. It is conceivable that aging results in negative amygdala
connectivity and that this change makes older adults more susceptible to forgetting the
background of a scene when they remember the emotional item. When older adults do
successfully encode the item and background portions of the scenes, it may be limited to
trials when they employed more controlled efforts to deploy attention toward the
background portions of the scene, however this remains to be tested in future studies.

Previous literature has shown that the amygdala may function as a salience or relevance
detector, activating in response to novel, significant, or arousing information of positive and
negative valences (Hamann et al., 1999; Sander et al., 2003). In the present study, older
adults had negative amygdala connectivity during encoding of selectively remembered
negative items within pathways where young adults instead had strongly positive
connectivity; this included left amygdala connections with the left parahippocampus, right
OFC, and right fusiform (the left fusiform pathway was also very weak, although not
significantly different from young adults). One possibility is that differences in connectivity
may reflect that older adults find less relevance in negative items than do young adults. This
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study did not draw direct comparison between older adults’ connectivity for negative versus
positive scenes, however, the possibility of diminished relevance for negative information in
older adults is supported by previous literature showing reduced amygdala connectivity
underlying negative information encoding in older adults with higher compared with lower
life satisfaction (Waldinger et al., 2011). In the present study, age differences in the
connectivity underlying selective negative item memory may reflect lesser relevance of this
information to older adults compared with young adults, even when it is later remembered.

4.4. Future directions
These data provide a starting point toward understanding how the connectivity underlying
selective and holistic memory differs between young and older adults for positive and
negative information. Although the connectivity model used in the present study included
regions involved in emotional processing and memory, a broader network including
valence-specific regions and a distribution of regions across the prefrontal cortex may more
completely capture the neural response corresponding with age differences in the encoding
of emotional scenes.

In future studies, it may be worthwhile to contrast connectivity between groups of stimuli
categorized using the participant’s own ratings of stimulus valence and arousal. There may
be some differences in connectivity that are apparent for those stimuli the individual finds
most arousing, which are no longer evident when grouped with less arousing stimuli.
Moreover, although the arousal ratings for the sets of positive and negative stimuli did not
significantly differ, arousal may not directly proxy their degree of saliency. Positive stimuli
in particular may hold a saliency in memory that is not captured by arousal ratings alone.
Positive emotion related to satisfying desire contains a motivational component that
promotes attention narrowing to shut out information irrelevant to goal attainment, while
positive emotion resulting from a sense of pleasure after attaining a reward more often
broadens attentional focus allowing more flexible connections between pieces of
information (Levine and Edelstein, 2009). It may be fruitful to consider the nuances of
qualitative meaning in what high and low arousal signal differently for positive and negative
stimuli. It also may be beneficial for future studies to attempt to tease apart emotional
content from item content by contrasting the memory effects of emotionally arousing
contexts containing neutral items to the memory effect of neutral contexts containing
emotionally arousing items in order to more fully understand the independent contributions
of the factors of emotion and scene component.

4.5. Conclusions
The results described here help to explain how selective and holistic memory for emotional
visual information arises in young and older adults. We found significant age differences in
the encoding-related neural connectivity of subsequently remembered components of
positive and negative scenes. These age differences extend to successful encoding of both
item and background and also selective memory for emotional items. In instances where the
background is remembered as well as the item, older adults exhibit stronger positive
connectivity among frontal regions and from pre-frontal to medial temporal regions. This
finding contrasted with young adults’ more posterior pattern of connectivity between
fusiform and medial temporal regions. Together, this pattern is consistent with a
compensatory shift to pre-frontal-based emotion processing with aging; this shift may enable
older adults to encode more aspects of complex scenes. The prefrontal-amygdala
connectivity underlying selective item memory also differed between young and old,
suggesting that this phenomenon may reflect different neural processes at encoding
depending on age. By highlighting the pathways of processing that lead to effective
information encoding, investigations of neural connectivity changes in aging such as the one
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reported here may help to guide future research regarding the techniques that are most
effective for improving memory at each age period, such as study techniques for young
adults or cognitive enhancement and rehabilitation in older adults.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Stimulus exemplars. Example of positive (kitten) or negative (snake) items placed in the
context of a neutral background (river; A). Examples of studied scenes (B), and items and
backgrounds presented separately at test (C).
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Fig. 2.
Subsequent Memory Analyses of Participant Responses. (A) Subsequent selective memory
for the item (car crash) and forgetting the background (avenue). (B) Subsequent memory for
the item (kitten) and the background (river).
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Fig. 3.
Model of encoding-related connectivity for remembering item and background. Visual
depiction of the beta weights of path coefficients of functional networks related to successful
memory for emotional items and their backgrounds. As shown in legend, thicker arrows
signify stronger connections between regions, solid arrows signify positive projections, and
dashed arrows signify negative projections. Red arrows denote paths where coefficients for
young and older adults significantly differ from each other. (a) Young adults positive scenes,
(b) older adults positive scenes, (c) young adults negative scenes, (d) older adults negative
scenes. Abbreviations: dlPFC, dorsolateral prefrontal cortex; Lfusi, left fusiform; OFC,
orbitofrontal cortex; paraHC, parahippocampus; Rfusi, right fusiform; SPL, superior parietal
lobule.
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Fig. 4.
Model of encoding-related connectivity for selective emotional item memory. Visual
depiction of the beta weights of path coefficients of functional networks related to
remembering only the emotional item, while forgetting its background. As shown in legend,
thicker arrows signify stronger connections between regions, solid arrows signify positive
projections, and dashed arrows signify negative projections. Red arrows denote paths where
coefficients for young and older adults significantly differ from each other. (a) Young adults
positive scenes, (b) older adults positive scenes, (c) young adults negative scenes, (d) older
adults negative scenes. Abbreviations: dlPFC, dorsolateral prefrontal cortex; Lfusi, left
fusiform; OFC, orbitofrontal cortex; paraHC, parahippocampus; Rfusi, right fusiform; SPL,
superior parietal lobule.
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Fig. 5.
Correlations between levels of activity in the left amygdala and the right orbitofrontal cortex
for young and older adults, by scene type and memory contents.
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