doi:10.1093/scan/nsq030

Cognitive and neural contributors to emotion
regulation in aging
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Older adults, compared to younger adults, focus on emotional well-being. While the lifespan trajectory of emotional processing
and its regulation has been characterized behaviorally, few studies have investigated the underlying neural mechanisms. Here,
older adults (range: 59-73 years) and younger adults (range: 19-33 years) participated in a cognitive reappraisal task during
functional magnetic resonance imaging (fMRI) scanning. On each trial, participants viewed positive, negative or neutral pictures
and either naturally experienced the image ('Experience' condition) or attempted to detach themselves from the image
('Reappraise' condition). Across both age groups, cognitive reappraisal activated prefrontal regions similar to those reported
in prior studies of emotion regulation, while emotional experience activated the bilateral amygdala. Psychophysiological inter-
action analyses revealed that the left inferior frontal gyrus (IFG) and amygdala demonstrated greater inverse connectivity during
the 'Reappraise’' condition relative to the 'Experience’ condition. The only regions exhibiting significant age differences were the
left IFG and the left superior temporal gyrus, for which greater regulation-related activation was observed in younger adults.
Controlling for age, increased performance on measures of cognition predicted greater regulation-related decreases in amygdala
activation. Thus, while older and younger adults use similar brain structures for emotion regulation and experience, the functional

efficacy of those structures depends on underlying cognitive ability.
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INTRODUCTION

Older adults prioritize social and emotional well-being over
the acquisition of new information (Lang and Carstensen,
2002), potentially because of the increasing salience of their
limited lifespan (Carstensen et al., 1999). To optimize their
emotional well-being, older adults report increased motiv-
ation to regulate emotion (Kennedy et al., 2004), both pas-
sively through selection of stimuli and situations that
minimize negative emotions (Blanchard-Fields et al., 2004),
and also actively through the use of regulatory strategies
(Gross et al., 1997). These age-related changes in emotion
regulation lead to robust changes in overall mood; most
typically reported are decreased negative affect and increased
or stable positive affect (Carstensen et al., 2000, but see
Mroczek and Almeida, 2004). Collectively, these results
point to the critical role emotion regulation plays in the
lives of many older adults.

One common strategy for active emotion regulation is
cognitive reappraisal. When engaging in reappraisal, an in-
dividual attempts to dampen or alter their emotional re-
sponse to a stimulus by changing their interpretation of it
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(Gross, 1998). For example, viewing a photograph of a
crowd of mourners might normally evoke feelings of em-
pathy and sadness. Reappraisal of this stimulus could involve
instructions to distance oneself from the scene (e.g. ‘you are
documenting this event as a photographer, but are not
involved personally’) or to change the meaning of the
event to lessen or alter its emotional impact (e.g. ‘the
mourners are in fact commemorating the long life of a be-
loved family member’). Whether an explicit part of therapy,
or a strategy for dealing with everyday life, effective re-
appraisal can be an important contributor to mental health
(Gross and John, 2003).

Recent functional neuroimaging studies have mapped the
brain systems that support active attempts to reappraise
emotional stimuli. Converging results in younger adults in-
dicate that reappraisal increases activation in executive con-
trol systems and decreases activation in emotional evaluation
and response systems (Ochsner and Gross, 2005). Successful
reappraisal engages areas of the lateral and medial prefrontal
cortex (PFC) implicated in cognitive control (Beauregard
et al, 2001; Ochsner et al., 2002; Lévesque et al., 2003;
Ochsner et al., 2004; Phan et al., 2005; Urry et al., 2006).
Conversely, activation within the amygdala and other re-
gions mediating affective states, such as the insula, decreases
or increases consistent with the goal of regulation. That is,
reappraisal to decrease negative affect leads to a diminished
amygdalar response, while reappraisal to increase negative
affect leads to an increased amygdalar response (Ochsner

© The Author (2010). Published by Oxford University Press. For Permissions, please email: journals.permissions@oup.com

1202 Idy $0 Uo Jasn s|edipoliad 1daq s|etas boy Ad 1//191/591/2/9/3101HE/UEIS W09 dNO"DIWSPEDE//:SA)IY WO} PAPEOjUMOQ



166  SCAN (2011)

et al., 2004). Other emotion regulation strategies may in-
volve different neural mechanisms. For comparison, expres-
sive suppression in response to negative emotional content
leads to slower responses in prefrontal cortex and increased
activation in the insular cortex and amygdala (Goldin et al.,
2008).

The engagement of PFC during cognitive reappraisal—as
heretofore demonstrated in younger adults—raises important
questions for applications to aging. Lateral and orbital PFC
are among the regions exhibiting the greatest structural and
functional decline in healthy aging (Raz et al, 2004). Yet,
older adults report frequent and effective emotion regula-
tion. Only a handful of previous functional magnetic reson-
ance imaging (fMRI) studies have explored cognitive
reappraisal in older adults (Urry et al, 2006; van Reekum
et al., 2007; Urry et al., 2009); however, none of these studies
included a comparison group of young adults, thereby pre-
cluding the identification of age effects. Urry and colleagues
(2006) instructed a sample of older adults to reappraise, ex-
perience naturally or increase their emotional response to
negatively valenced photographs. Consistent with data
from previous studies in younger adults, decreasing negative
affect led to attenuated activation in the amygdala and
increased activation in the dorsomedial PFC. Yet, partici-
pants showing the greatest reappraisal-related decrease in
amygdala activation also showed greater activation in the
ventromedial PFC (not the medial and lateral regions
more typically reported). Such ventromedial PFC activation
may reflect regulatory control processes that rely on
outcome-based processes responsible for creating stimu-
lus—response or action—outcome contingencies, in contrast
to description-based processes (e.g. semantic elaborations of
emotional states or stimuli) that are implemented in dorso-
lateral PFC (Ochsner and Gross, 2007). If supported by
direct group comparisons, such a shift in regulatory control
would have important implications for understanding how
older adults alter their emotional experience. Other recent
investigations have shown reappraisal-related increases in
activation of ventral and dorsal PFC (van Reekum et al,
2007; Urry et al., 2009), instead suggesting that neural mech-
anisms for regulation in older adults may be similar to those
observed in younger adults.

Here we compared the neural mechanisms of cognitive
reappraisal in younger and older adults. A first question
explored whether older and younger adults would use simi-
lar brain structures to regulate and experience emotions.
That is, would successful regulation be associated with
increased lateral PFC and decreased amygdalar activation
for both groups? A second question investigated whether
individual differences in cognitive abilities would influence
the activation in these regions. Behavioral research has
demonstrated that older adults with superior cognitive abil-
ities also exhibit the strongest positivity effect in a subse-
quent memory task for emotional pictures, but that this
relationship dissipates under conditions of high cognitive
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load (Mather and Knight, 2005). Furthermore, recent data
suggest that improved executive functioning in older adults
predicts successful inhibition of startle responses (Gyurak
et al., 2009) and lateral prefrontal activation to emotional
images (Krendl et al., 2009). Generalizing this perspective,
do cognitive changes themselves drive changes in brain func-
tion, independently of age-related effects?

METHODS
Participants

The subject sample comprised 20 older adults between the
ages of 59 and 73 years (M = 69 years) and 22 younger adults
between the ages of 19 and 33 years (M=23 vyears).
Participants reported no history of neurological or psychi-
atric disorder and scored a 27 or above on the Mini-Mental
State Examination (Folstein, Folstein and McHugh, 1975).
The age groups were approximately matched on demograph-
ic variables including education (Table 1). Each person par-
ticipated in two sessions on different days. The first session
included a psychometric testing battery and training on our
emotional reappraisal paradigm, and the second session
involved fMRI scanning. Participants were paid an average
of approximately $55. All participants provided written con-
sent under a protocol approved by the Institutional Review
Board of Duke University Medical Center.

Psychometric tasks

To provide a measure of cognitive functioning, participants
completed a battery of tasks drawn from a concurrently con-
ducted study of aging, cognition and decision making
(Henninger et al., in press).

As tests of memory, they viewed a series of 16 words on a
computer screen and read each word aloud. At the end of the
series, they verbally recalled as many of those words as pos-
sible (‘Immediate Memory’ task). After a 20-min delay, par-
ticipants again recalled as many words as they could
(‘Delayed Memory’ task). Thereafter, participants completed
a ‘Recognition Memory’ task in which the 16 target words
and 16 lure words were presented on a computer screen.
Participants evaluated whether each word was ‘old’ (e.g.
from the original list) or ‘new’.

Tests of executive function included measures of response
time and working memory. In the ‘Simple Reaction Time’
task, participants were instructed to press the spacebar every
time a white square appeared in the middle of the screen. In
the ‘Choice Response Time’ task, participants were shown
arrows pointing either to the left or to the right and were
instructed to press the corresponding left or right button on
the keyboard when the arrow appeared. Participants also
completed a computerized ‘Stroop’ task in which they
were shown the words ‘art’, ‘game’, ‘red’” and ‘blue’ in red
and in blue text. Participants were instructed to press one
button if the word was printed in blue text and another if it
was printed in red text. Finally, participants performed
‘Forward Digit Span and Backward Digit Span’ tasks. In
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Table 1 Demographic information about participant samples

Younger Older

M (s.d.) M (s.d.)
Characteristics by age group
Age 23.1 (4) 69 (3.9)
Education (years) 15.2 (2.6) 17.1 (2.6)
MMSE 29.6 (0.5) 293 (0.7)
BDI 25 (2.7) 38 (2.7)
ERQ-R 316 (4.4) 327 (4.6)
ERQ-S 127 (3.8) 14.6 (5.2)
AIM 57.9 (18.3) 553 (20.2)

MMSE, mini mental-state examination; BDI, Beck depression inventory; ERQ-R, ERQ-S,
emotion regulation questionnaire, reappraisal and suppression subscales; AIM, affect
intensity measure.

each, the participant listened to strings of numbers and then
recited each string back to the experimenter in forward (or
backward) order. Following two correct responses, the length
of the string increased on the next trial. The task continued
until the participant made errors on two consecutive trials.

For the memory tasks, performance was indexed by the
number of words recalled or recognized in each condition.
In the digit span tasks, performance was based on the
number of correct inverse repetitions of number strings of
increasing length. Performance on the simple and choice
reaction time tasks was calculated as mean reaction time
for correct choices. Stroop task performance included two
elements, a value for accuracy on congruent trials minus
accuracy on incongruent trials, and a value for mean reac-
tion time difference between incongruent and congruent
trials. Subjects were assigned z scores for each of these meas-
ures, relative to the mean and standard deviation of the
younger subjects, and a single composite score was derived
based on mean performance across all measures.

Participants also provided self-report measures of emo-
tional functioning: the Beck Depression Inventory, the
Emotion Regulation Questionnaire, and the Affect
Intensity Measure (Gross and John, 2003; Beck, 1978;
Larsen et al.,, 1987).

Coghnitive reappraisal paradigm

Following cognitive testing, participants were trained in our
emotion regulation task (Figure 1). Participants learned a
reappraisal strategy that involved thinking of themselves as
an emotionally detached and objective third party. During
the training session, subjects verbalized how they were think-
ing about the image to the experimenter to ensure task com-
pliance, but were instructed not to speak during the scanning
session. All subjects reported that they understood the re-
appraisal strategy, and could implement that strategy for a
set of novel photographs presented with the same timing as
the fMRI experiment.
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Each trial of this task began with a single photographic
image that was negative, positive, or neutral in valence. All
images were drawn from the International Affective Picture
System (Lang et al., 2005). Images were categorized accord-
ing to their standardized valence ratings: positive (M =7.3),
neutral (M=5.1), negative (M=2.5). The positive and
negative images were matched for arousal (M=5.6 and
5.4, respectively) and both categories were higher in arousal
than the neutral images (M =3.3). The image remained on
screen by itself for 2 s, whereupon a 2-s verbal cue indicated
whether the participant was to experience his emotions nat-
urally (‘Experience’ condition) or to decrease his emotional
response to the image (‘Reappraise’ condition). The picture
was then removed, to minimize confounding effects of eye
movements associated with scanning of a visual image (van
Reekum et al., 2007). The fixation cross and instruction cue
appeared on the screen for 6s. Subjects were instructed to
continue implementing the cued strategy for the entire 6-s
block. At the end of each trial, participants rated how nega-
tive or positive the image was using an 8-option non-verbal
Manikin scale that remained on the screen for 4 s. The order-
ing of the scale (e.g. very positive to very negative or very
negative to very positive) was counterbalanced between par-
ticipants. A random inter-trial interval (0-8 s, uniformly dis-
tributed over 2-s intervals) was imposed between trials. The
task was created using Psychtoolbox (Brainard, 1997; Pelli,
1997).

In the fMRI session, participants completed 60 positive
image trials (30 ‘Experience’ and 30 ‘Reappraise’), 60 nega-
tive image trials (30 ‘Experience’ and 30 ‘Reappraise’) trials,
and 30 neutral image trials (all ‘Experience’). Within each
condition one-half of all images contained people, and the
other half did not. Images were not matched for other visual
parameters; however, stimuli were randomly selected from a
larger stimulus pool and then assigned to conditions (e.g.
Reappraise vs Experience) for each participant. This assign-
ment was counterbalanced between participants within each
age group to minimize the effects of other factors (e.g. visual
complexity). Images were presented through goggles with
corrective lenses matched to each participant’s visual acuity.

fMRI methods

We acquired data on a GE 4T scanner using a gradient-echo
inverse-spiral pulse sequence with standard parameters for
blood-oxygenation-level-dependent (BOLD) fMRI: repeti-
tion time (TR) =2000ms; echo time (TE) =31 ms; field of
view (FOV) =240 mm; flip angle =90°; 34 axial slices paral-
lel to the AC-PC plane; voxel size: 3.75 x 3.75 x 3.8 mm.
Functional data were collected across six runs, each contain-
ing 238 imaging volumes. The first six volumes from each
run were removed to allow stabilization of the T, signal. An
initial high-resolution inversion-recovery-prepared SPGR
anatomical scan was acquired to aid with co-registration
and normalization (TR = 12.3 ms; TE = 5.4 ms; whole-brain
coverage with ~1 mm’ voxel size).
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Fig. 1 Cognitive reappraisal task. Participants were trained in the use of a reappraisal strategy for emotion regulation. (A) On ‘Experience’ trials, participants viewed an image
then received an instruction to experience naturally the emotions evoked by that image. The image then disappeared, but participants continued to experience their emotions
throughout a 6-s delay period. At the end of the trial, the participants rated the perceived affective valence of that image using an 8-item Likert scale. (B) ‘Reappraise’ trials had
similar timing, save that the cue instructed participants to decrease their emotional response to the image by reappraising the image (e.g. distancing oneself from the scene).

Shown are examples of the negative (A) and positive (B) images used in the study.

fMRI analysis

Analysis of brain data was performed using FEAT Version
5.98, part of FSL (FMRIB’s Software Library) package (Smith
et al., 2004). The following pre-statistics processing steps
were applied: motion correction wusing MCFLIRT,
slice-timing correction, removal of non-brain voxels using
BET, spatial smoothing with a Gaussian kernel of FWHM
6 mm, and high-pass temporal filtering (>100s). To minim-
ize the potential contribution of head motion to our results,
we excluded runs with more than five volumes with greater
than 1 mm of movement in any direction (younger adults:
14.4% discarded; older adults: 14.2% discarded). All partici-
pants had at least two runs included in the final dataset, and
35 out of 42 subjects had four or more runs included.
Registration to high-resolution anatomical images and nor-
malization to the Montreal Neurologic Institute (MNI) tem-
plate image were carried out using FLIRT. All analyses
described below use whole-brain-corrected thresholds for
significance: voxel-significance thresholds of z>2.3 and
cluster-significance threshold corrected to P<0.05.

We used two regression models for our analyses, one for
condition effects and the other for interactions between re-
gions. Our first model created five regressors of interest, one
for each of the trial types (‘Experience-Positive, Experience-
Negative, Experience-Neutral, Reappraise-Positive and
Reappraise-Negative’). These regressors modeled the 8-s
period when participants either reappraised or experienced
the emotional content of the stimuli using a unit amplitude

function. Additional nuisance regressors modeled the 2-s
visual presentation of each stimulus and the response
period. All regressors were convolved with a double-gamma
hemodynamic response function. To determine brain re-
gions contributing to emotion regulation regardless of age,
we collapsed across age groups to reveal condition-specific
activations.

We then determined age-related effects (using the same
model) using both region-of-interest (ROI) and whole-brain
comparisons. For the ROI analyses, we focused on the amyg-
dala and PFC, with the latter subdivided into the inferior,
middle and dorsomedial frontal gyri. Within each of these
anatomical regions, we constrained our functional ROIs to
voxels activated in any contrast of Experience vs Reappraisal
(in either direction, for any valence condition), collapsing
across age groups. We note that this ROI-creation procedure
provides an unbiased prior for subsequent analyses of inter-
actions among valence, regulation condition and age group.
Parameter estimates were extracted using FSL’s Featquery
tool and were converted into percent signal change for
each subject. For the whole-brain comparisons, we intro-
duced age group as a covariate at the third-level (i.e.
across-subjects) analysis.

Our second model identified psychophysiological inter-
actions of emotion regulation upon functional connectivity
with the amygdala. This model included two regressors con-
sisting of activation time courses in the left and right amyg-
dala, a task regressor that was a boxcar waveform weighted
according to the regulation conditions (collapsing across
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valence), and two regressors of interest created from the
convolution of amygdala activation and the task regressor.
We extracted time courses from functionally defined ROIs in
each amygdala, using voxels defined by the conjunction of
the ‘Reappraise > Experience’ contrasts for both positive and
negative stimuli.

Finally, to explore the relation between individual differ-
ences in cognitive functioning and brain activation during
reappraisal, we performed a partial correlation analysis
(using JMP; SAS Business Analytics). We examined the re-
lationship between activation changes in each ROI (in the
contrast of Reappraisal vs Experience) and the cognitive
composite score, while controlling for the effects of age
upon both cognition and ROI activation.

RESULTS
Behavior

A three-way analysis of variance examined effects of age
group (younger, older), regulation condition (‘Reappraise,
Experience’), and stimulus category (positive, negative)
upon self-reported valence. We found a main effect of con-
dition (P<0.001), but no main effect of age, nor any signifi-
cant age-by-condition or age-by-condition-by-valence
interaction. During the ‘Experience’ condition, both age
groups judged nominally positive images as significantly
more positive than neutral images, and negative images as
significantly more negative than neutral images (all
Ps<0.001). During the ‘Reappraise’ condition, positive
images were judged as less positive and negative images
less negative, compared to ‘Experience’, for both age
groups (all Ps<0.001; Figure 2).

Because the raw data suggested that effects of age upon
reappraisal success might be limited to the negative stimuli,
post hoc tests examined age differences within each stimulus
category, independently. In the ‘Reappraise’-negative trial
type, older adults reported significantly more negative
affect than did younger adults (two-tailed #-test, P = 0.01).
No significant effects of age group were found for other trial
types. There were no significant correlations, across individ-
uals, between cognitive composite scores and success of

Valence Ratings by Age Group

28
E 7 [] Younger Adults
6 [C] Oider Adults
5
4
3
)
=
w2
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z 1
Exp Reap Exp Reap Exp

Negative Neutral Positive
Fig. 2 Valence ratings across task conditions. Both older and younger adults reported
significant emotion regulation: the ‘Experience’ (Exp) trials led to more extreme

valence ratings than the ‘Reappraise’ (Reap) trials, for both groups.
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emotion regulation (i.e. the average valence change from
‘Experience to Reappraise’ conditions) in either valence con-
dition independently or when averaging across them.

Regions supporting emotion regulation

We first examined the main effect of condition, ‘Reappraise
vs Experience’ (Figure 3; Table 2), collapsing across age
groups, for positive and negative valence separately. We
found that reappraisal of positive images evoked increased
activation in the dorsolateral prefrontal cortex (dIPFC) and
dorsomedial prefrontal cortex (dmPFC), along with the in-
ferior parietal lobule (IPL), all bilaterally. The dIPFC activa-
tion included separate foci within the anterior inferior
frontal gyrus (IFG) and adjacent insula, along with more
posterior activation in the middle frontal gyrus (MFG). A
similar pattern of activation was found when examining
trials involving negative images.

Reappraise > Experience

5.0

Experience > Reappraise

Amy

negative

positive

AN ) m—— ]

Fig. 3 Neural correlates of cognitive reappraisal and emotional experience. (A) The
contrast of ‘Reappraise’ >Experience’, collapsed over conditions and age groups,
revealed that activation in dIPFC, dmPFC and the IPL increased when participants
engaged in reappraisal. (B) Conversely, the contrast of ‘Experience’ >Reappraise’
revealed that activation in the amygdala was decreased by reappraisal. Similar effects
were observed for both negative-valenced (left images) and positive-valenced (right
images) stimuli.
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Table 2 Regions of activation associated with cognitive reappraisal or emotional experience

Positive Negative
Region BA X y z Max Z BA X y z Max Z
Group activations for main effects of condition
Reappraise > experience
Middle frontal gyrus R9 40 44 30 4.04 L6, 8, 9 38 20 44 4.09
Middle frontal gyrus L46, 9 —46 26 22 5.18
Superior frontal gyrus L8 —-12 40 46 3.65
Superior frontal gyrus L8 0 24 50 5.75 L6 —6 16 58 4.08
Insula L47 -38 22 —4 4.51
Insula R47 40 20 —4 3.91 R13 46 16 6 428
Precentral gyrus R9 42 22 36 5.59 R44 48 14 0 3.76
Precentral gyrus L44 —54 20 2 5.28
Inferior frontal gyrus L45 —56 20 2 4.70 L47, 13 -39 20 -3 441
Inferior frontal gyrus R45 44 18 4 4.02 R47 | 20 —4 3.38
Middle frontal gyrus L6 —42 14 46 5.55 L6 —42 12 50 4.86
Middle frontal gyrus R6 48 10 50 408
Cingulate gyrus 123 -2 -8 24 3.14
Cingulate gyrus R31 0 —32 36 2.89
Cingulate gyrus 123, 31 —6 —34 24 3.36
Middle temporal gyrus 21, 37 —62 —46 -2 4.46 139 —38 —62 30 3.58
Middle temporal gyrus R39 58 —64 26 3.58
Supramarginal gyrus R40 60 —52 34 5.70
Inferior temporal gyrus 137 —64 —56 —10 423
Angular gyrus B39 —42 —58 44 5.89 B39, 40 50 —60 42 3.68
Superior temporal gyrus L39 —52 —60 26 443 B39 —52 —60 34 3.74
Inferior parietal lobule L7 —40 —62 54 421 B40 62 —52 40 3.69
Superior parietal lobule L7 —38 —68 54 4.62
Precuneus 31,7 —6 —72 32 429 139, 19 —40 —66 42 4.55
Experience > Reappraise
Medial frontal cortex L10, 9 -8 56 2 535
Medial frontal cortex R10 4 56 —6 472 R25 14 8 —26 3.18
Medial frontal cortex 132 —4 44 —6 471
Inferior frontal gyrus L47 —20 10 —28 3.91
Putamen R 26 0 —16 3.83
Cingulate gyrus 124 —4 -2 36 4.42
Cingulate gyrus R24 4 —4 Ly} 3.88
Para-central lobule L31 —6 —6 46 4.84
Globus pallidus B -2 —6 -8 4.08
Amygdala B -2 -8 —20 3.20 B —19 -2 —18 3.90
Pre-central gyrus R4 34 —18 62 3.61
Cingulate gyrus 131 —10 —20 36 3.41
Post-central gyrus R40 —64 —20 20 4.1
Caudate R 20 -2 28 432 L —4 6 —6 3.89
Post-central gyrus B2 —46 —22 28 5.03 B2 48 —22 26 427
Insula R41, 13 50 —24 14 411 R13 38 -20 24 3.56
Inferior parietal lobule L2 —44 —26 34 4.56 L40 —56 —24 26 429
Insula L13 —48 —28 24 413 L13 —40 -22 22 3.27
Cingulate gyrus R31 26 —36 26 4.02
Cuneus R17 16 —88 12 3.8 R18 28 —100 8 4.09
Middle occipital gyrus R18 32 —90 2 4.08 R19, 18 34 —94 22 3.87
Inferior occipital gyrus R18 24 —9% —6 41 L19 —36 —80 4 4.16
Lingual gyrus R17, 18 24 —96 8 4.66 R17 22 —92 10 3.69

BA, estimated Brodmann’s Area; L, left; R, right; B, bilateral; x, y, z, coordinates of peak voxel, shown in MNI space; Max Z, z-statistic of peak voxel.

Positive

< : >
Experience

trials,

compared

to positive

‘Reappraise’ trials, evoked increased activation in regions
including bilateral amygdala, mid-cingulate cortex, bilateral

post-central

gyrus

and pregenual

cortex.

Negative

‘Experience’ trials, compared to negative ‘Reappraise’ trials,

revealed activations in amygdala, post-central gyrus and pu-
tamen, all bilaterally. For both age groups, PFC activation
increased and amygdala activation decreased under re-
appraisal (Figure 4). Collectively, these findings replicate
prior reports from studies of emotion regulation.
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Fig. 4 Modulation of prefrontal and amygdalar activation by emotion regulation. (A) Examination of a functional region of interest in the LIFG revealed a pattern of activation
that followed subjects’ self-reports of emotion regulation. Shown here are voxels activated in the contrast between ‘Reappraise-Negative’ and ‘Experience-Negative’ conditions.
(B) For hoth positive and negative stimuli, and for both younger and older adults, LIFG activation increased to ‘Reappraise” trials compared to ‘Experience’ trials. (C) Conversely, a
functional region of interest comprising the bilateral amygdala (Amy) revealed a systematic decrease in activation under emotion regulation. Shown are voxels activated in the
contrast between ‘Experience-Negative’ and ‘Reappraise-Negative’ conditions. (D) For both positive and negative stimuli, and for both younger and older adults, amygdala

activation increased to ‘Experience’ trials compared to ‘Reappraise’ trials.

Functional connectivity

To evaluate whether these opposing responses in PFC and
the amygdala were driven by the functional demands of the
task, we conducted psychophysical interaction (PPI) analyses
using the left and right amygdala as seed regions and the
regulation condition (‘Experience vs Reappraise’) as a mod-
ulatory variable. The time courses of amygdalar responses
were regressors in the design matrix and convolved with a
boxcar function using a positive weight for ‘Reappraise’ trials
and a negative weight for ‘Experience’ trials to create the PPI
regressor. Activity in both the left and right amygdala ex-
hibited a regulation-modulated PPI with left PFC, specific-
ally overlapping in left IFG (LIFG) (Figure 5, Table 3). This
activation was observed in a more anterior region of the IFG
than the IFG activation in the whole brain analysis of
‘Reappraise > Experience’. Interrogating connectivity for the
each valence independently revealed that there were signifi-
cant PPIs between each amygdala and the LIFG for the nega-
tive stimuli, but not for the positive stimuli, although direct
comparison found no significant difference between the va-
lence conditions. No significant age differences were

observed in functional connectivity of these ROIs. Thus,
we conclude that the functional connectivity between the
LIFG and the amygdala was indeed modulated by the regu-
lation demands of the task, leaving open the question of
whether that modulation has valence dependence.

Effects of age

We next investigated differences in activation between the
age groups, using both whole-brain and ROI analyses. We
conducted an unbiased test that measured the percent signal
change associated with each condition within PFC ROIs
(IFG, MFG, dmPFC) and the amygdala. All ROIs were
defined according to the procedures described above, and
were interrogated separately for each hemisphere (except
for dmPFC). Only one ROI showed a significant age-group
difference: older adults exhibited decreased LIFG activation
in the ‘Reappraisal’ minus ‘Experience’ contrast for negative
stimuli (P<0.05). To confirm this difference, we also per-
formed a whole-brain analysis, which revealed that, for the
contrast between negative ‘Reappraise’ and ‘Experience’
trials, the younger adults exhibited a greater change in
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Fig. 5 A PPl between amygdala and lateral prefrontal cortex. We conducted a PPI
analysis using each of the left and right amygdala as seed regions, and the requlation
condition (‘Reappraise” or ‘Experience’) as a modulatory variable. Significant PPl
effects were observed in the left prefrontal cortex, with a region of overlap in the
LIFG. These results indicate that emotion regulation modulates the functional con-
nectivity between the amygdala and the LIFG.

activation than older adults in two regions: the LIFG and
superior temporal gyrus (Figure 6, Table 4). The LIFG acti-
vation observed here was more ventral to the LIFG activation
produced from our PPI analysis. Across our sample of older
subjects, those individuals who showed greater neural effects
of regulation (‘Reappraise’ minus ‘Experience’) evinced
greater regulation success on negative trials (r=0.48,
P<0.05). Younger participants did not show this relation-
ship (r=0.08, P=10.70).

Our whole-brain analyses of the ‘Reappraise’ minus
‘Experience’ contrast revealed no significant effects of age

A.Winecoffetal.

Table 3 Regions of activation exhibiting a PPl with seed regions in the left
and right amygdale

Region BA X y z Max Z

Activations for left and right amygdala PPI
Left amygdala

Middle frontal gyrus L10, 11 —44 60 —4 352
Inferior frontal gyrus L10 —52 54 —6 369
Anterior cingulate 132 —16 46 —18 374
Medial frontal gyrus L10 —14 42 —18 391
Middle frontal gyrus R11 22 2 -2 333
Inferior frontal gyrus R47 18 34 =24 351
Inferior frontal gyrus L44 —54 18 10 351
Middle frontal gyrus L9, 46 —48 18 22 382
Precuneus B7 -8 —68 62 3.9
Right amygdala
Inferior frontal gyrus L10 —42 58 —4 291
Middle frontal gyrus L10 —42 56 2 367
Middle frontal gyrus L10 —34 52 6 3.6
Superior frontal gyrus L10 —26 52 18 286
Middle frontal gyrus L10 —36 50 14 402
Middle frontal gyrus L10 —46 50 4 400

BA, estimated Brodmann’s Area; L, left; R, right; B, bilateral; X, y, z coordinates of
peak voxel, shown in MNI space; Max Z, z-statistic of peak voxel.

for positive stimuli. Post hoc analyses on the LIFG ROI iden-
tified above (i.e. the region found for age effects on the re-
appraisal of negative stimuli) revealed that the effect of age
on the response to positive stimuli was non-significant and,
moreover, significantly less than that to negative stimuli
(age-group-by-condition interaction, P<0.01). Thus, while
we cannot exclude the possibility that this region contributes
to reappraisal of positive stimuli in either age group-
whether with a subthreshold response or in other task con-
texts—we found no evidence for such a relationship in the
present data.

Effects of cognition

Finally, we investigated whether individual differences in
cognitive functioning could explain the pattern of activation
in the PFC observed during reappraisal, including the reduc-
tion in reappraisal-related IFG activation in older adults. We
computed the partial correlation, across all subjects, between
the cognitive composite score and relative activation in the
‘Reappraise vs Experience’ conditions, while controlling for
age. For negatively valenced stimuli, there was a negative
partial correlation between cognitive performance and acti-
vation in the left [r(40) =-0.52, P<0.05] and right
[7(40) =—0.39, P<0.05] amygdala (Figure 7), with both cor-
relations robust to removal of outlier subjects. For positively
valenced stimuli, there was a positive partial correlation be-
tween activation in the LIFG and cognitive performance
[7(40) =0.32, P<0.05]. We note, however, that post hoc
analyses revealed that this correlation was no longer signifi-
cant once the most extreme outlier was removed from the
analysis. Collectively, these results indicate that increased
cognitive abilities are associated with a greater decrease in
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Fig. 6 Age differences in the modulation of lateral prefrontal cortex by emotion
regulation. A whole-brain analysis identified brain regions for which the contrast
between ‘Reappraise’ and ‘Experience’ conditions was significantly different between
younger and older adults. (A) We found one region for which there was greater
activation for younger compared to older adults, for regulation of negative emotions:
the LIFG. (B) Within this region, young adults exhibited significantly greater activa-
tion during ‘Reappraise’ compared to ‘Experience’ trials, whereas older adults showed
no differences between those conditions.

Table 4 Regions exhibiting a significant effect of age-group on the
negative-reappraise > negative-experience contrast

Region BA X y z Max Z
Age group difference for negative-reappraise > negative-experience

Superior temporal gyrus 141,22 —46 —34 12 3.48
Middle temporal gyrus 121 —54 —44 14 3.31
Inferior frontal gyrus L47 —34 38 —6 3.74
Claustrum -30 18 -2 2.6

BA, estimated Brodmann'’s Area; L, left; X, y, z, coordinates of peak voxel, shown in
MNI space; Max Z, z-statistic of peak voxel.

amygdala activation, consistent with successful regulation.
These results reveal that cognitive abilities are significant
predictors of activation associated with successful re-
appraisal, above and beyond the effects of age itself.

DISCUSSION

Despite substantial prior behavioral research on lifespan
changes in emotional cognition, relatively little is known
about the accompanying changes in the underlying brain
mechanisms. In the current study, we investigated the
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neural substrates of emotion regulation within samples of
younger and older adults. There were three main findings.
First, we replicated the pattern of opposing activation in
prefrontal cortex and the amygdala—here, expressed as a psy-
chophysiological interaction—typically reported during con-
ditions of emotion regulation. Second, we found that older
adults exhibited decreased reappraisal-related activation in
the lateral PFC, specifically the LIFG, compared to younger
adults. Changes in activation in this region were predictive of
reappraisal success, for older adults only, suggesting that the
LIFG plays a critical role in older adults” ability to regulate
emotion. Third, we showed that the activation decrease in
the bilateral amygdala in the negative condition was corre-
lated with an independent measure of cognitive ability, even
when controlling for age. We consider the implications of
these results in the following sections.

The recent explosion of interest in social cognitive neuro-
science has been accompanied by many explorations of cog-
nition—emotion interactions. Of particular note have been
studies of emotion regulation, which explore the neural
underpinnings of common therapeutic strategies for mini-
mizing experienced emotion. While the targeted aspects of
emotion regulation have differed over many studies, leading
to some diversity of results, some core findings have been
consistently reported: active regulation of emotions leads to
an increase in PFC activation, but a decrease in amygdalar
activation (Ochsner and Gross, 2008). Moreover, recent stu-
dies have revealed that reappraisal modulates the functional
connectivity between PFC and the amygdala (Banks et al,
2007), potentially among several pathways for cognitive con-
trol of emotional responses (Wager et al., 2008). These ef-
fects have been interpreted, naturally, as reflecting increased
control demands but decreased emotional experience during
reappraisal.

Of note, nearly all prior neuroimaging studies using cog-
nitive reappraisal (or other emotion regulation strategies)
have used young adult subjects (but see Urry et al., 2006,
van Reekum et al., 2007 and Urry et al., 2009, each of whom
studied only an older-adult sample). It has been long recog-
nized that cognitive function declines with increasing age.
Contributing to this decline are age-related changes within
several brain regions, including PFC (Madden et al, 2005).
With increasing age, there is reduced cortical volume within
PFC (Raz et al., 1997) and diminished structural connectiv-
ity between PFC and other brain regions; for a review see
(Sullivan and Pfefferbaum, 2006; Dennis and Cabeza, 2008;
Madden et al., 2009). Moreover, a spate of studies have
demonstrated differences between younger and older adults
in observed patterns of prefrontal function (Hedden and
Gabrieli, 2004). Given these robust age differences in the
neural substrates of cognitive control, combined with the
well-established changes in emotional processing with age,
one might predict that emotion regulation would reflect a
dramatically different set of neural contributors within older
adults. That prediction was not supported by our data.
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Fig. 7 Partial correlations between cognitive ability and regulation-related activation in the amygdala. For functional regions of interest in prefrontal cortex and the amygdala,
we examined whether individual differences in cognitive abilities predicted regulation-induced changes in activation. We assessed cognition through a battery that tested aspects
of memory and processing speed. Partial correlation analyses evaluated the relationship between composite cognitive scores and changes in activation between the ‘Reappraise’
and ‘Experience’ conditions, after controlling for any effects of age itself. Shown are leverage scatterplots of the relationships between age-controlled cognitive battery z scores
and age-controlled activation in the left (A) and right (B) amygdala. For both regions, increased cognitive ability predicted greater decreases in activation under conditions of

emotion regulation.

Contrary to evidence suggesting that older adults show
increased capacity to regulate emotion (Gross et al., 1997),
our results indicated that older and younger adults show
generally similar behavioral and neural consequences of cog-
nitive reappraisal. One explanation for this finding is that
most studies reporting age differences in emotional process-
ing involve minimal engagement with stimuli. Recent data
suggests that selective attention, which is thought to be
highly important for emotional control in older adults
(Isaacowitz et al, 2006), is not cognitively demanding
(Allard et al., 2009). Reappraisal, in contrast, involves enga-
ging a specific and explicit strategy, for which older adults
may elicit substantial (and potentially compensatory) pre-
frontal control processes.

Despite the cognitively demanding nature of our task,
older adults expressed the standard pattern of increased
PEC activation as previously reported for younger adults.
Furthermore, there were no age differences in reappraisal-
related activation in the dorsolateral and dorsomedial PFC,
or any changes in functional connectivity between the amyg-
dala and the lateral PFC. Collectively, these results indicate
that older and younger adults utilize a generally similar net-
work for emotion regulation.

We did observe selective age-related differences within this
network: older adults exhibited reduced LIFG activation to
reappraisal of negative stimuli. As noted above, emotion
regulation typically evokes activation in diverse aspects of
lateral and medial prefrontal cortex, perhaps reflecting the
breadth of strategies used by participants (Ochsner et al.,
2004). One potential interpretation for the contribution of
IFG comes from its role in goal-directed inhibition, as shown
when people cancel a planned response based on a sudden
cue (Aron et al., 2004) or a no-go stimulus (Liddle et al.,

2001; Rubia et al., 2001). As one relevant example, the emo-
tional oddball task requires inhibition of behavioral re-
sponses to unexpected and task-irrelevant emotional
stimuli (i.e. infrequently presented photographs with nega-
tive valence). Those photographs evoke activation in the
IFG, in contrast to the more dorsal activation observed to
attended task-relevant stimuli (Dolcos et al., 2006; Dolcos
and McCarthy, 2006). Though activations in the IFG during
inhibition tasks are often right lateralized, damage to the
LIFG also impairs performance on no-go tasks (Swick
et al., 2008), suggesting that both left and right IFG play
important roles in successful inhibition. Furthermore,
greater increases in activation in the IFG during reappraisal
of negative images predicted greater modulation of valence
ratings in older but not younger adults. One possible explan-
ation for our age differences in IFG activation, therefore, is
that older and younger adults differ in their engagement of
inhibitory control processes supported by IFG as involved in
emotion regulation, particularly of negative affect.

We note that age-related changes in functioning may be
manifest in various changes in neural function, depending
on task context. Previous research across many cognitive
domains, from executive function to memory, has come
to equivocal conclusions. In some settings, older adults dem-
onstrate reduced prefrontal activation (Stebbins et al.,
2002; Thomsen et al, 2004), while in other paradigms
older adults show increased activation (Schiavetto et al.,
2002; Langenecker et al., 2004; Madden et al., 2004; Grady
et al., 2005; Gutchess et al, 2005). According to functional
compensation theories (Cabeza, 2002), older adults recruit
regions of prefrontal cortex to compensate for other def-
icits in processing, whether within prefrontal cortex itself
(Cabeza et al, 2002) or in more posterior brain regions
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(Davis et al., 2007). Under these and similar perspectives,
changes in PFC function during emotion regulation may
reflect not age itself, but the cognitive decline that accom-
panies aging to greater or lesser degrees across individuals.
Though it has been hypothesized that specific cognitive abil-
ities support reappraisal (Ochsner and Gross, 2008), a rela-
tionship between explicit measures of cognitive functioning
and neural activation during reappraisal has not been
demonstrated.

Our results provide the novel demonstration that individ-
ual differences in cognitive ability are correlated with pat-
terns of brain activation during reappraisal; specifically, we
found that the negative reappraisal-related decrease in amyg-
dala activation was correlated with the relative cognitive
abilities of our participants. Our results converge with find-
ings from both behavioral and neural investigations of the
effects of cognitive ability on emotion regulation.
Specifically, biases in emotional memory thought to result
from emotion regulation during encoding correlate with ex-
ecutive functioning in older adults (Mather and Knight,
2005). Additionally, compared to younger adults and cogni-
tively low-functioning older adults, high-functioning older
adults show greater recruitment of the LIFG in a task
thought to engage the inhibition of negative stereotypes
(Krendl et al., 2009). Our results, therefore, support the hy-
pothesis that cognitive functioning predicts neural markers,
if not behavioral manifestations, of emotion regulation.

The correlation between cognitive functioning and the
amygdala was only significant for the negative condition,
consistent with recent findings that different pathways be-
tween the ventrolateral PFC and the amygdala and ventral
striatum independently support successful regulation. Wager
et al. (2008), suggest that the pathway between the PFC and
the ventral striatum might be engaged by the process of
generating more positive appraisals, whereas the pathway
between the PFC and the amygdala may be engaged by gen-
erating less negative appraisals of emotional stimuli. Our
reappraisal instructions encouraged subjects to minimize
negative aspects of stimuli, not to emphasize positive aspects,
supporting this interpretation. Strikingly, the observed rela-
tionships between cognition and activation (see Figure 7)
held when collapsing over both age groups, suggesting that
it reflects differences across individuals that are not specific
to age-related change. We speculate that the neural conse-
quences of emotion regulation might be best considered not
as a direct effect of age, but as a secondary consequence of
age-related cognitive decline. Accordingly, our results make
the strong prediction that placing older adults in contexts
that minimize cognitive demands would lead to improved
emotion regulation.
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