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Available evidence suggests enhanced spontaneous emotion regulation in healthy aging, but the effects
of specific strategies and the associated age-related neural mechanisms remain unclear. In this study,
younger and older participants rated the emotional content of negative and neutral images, after explicit
instructions or implicit priming to engage emotional suppression as an emotion regulation strategy, while
functional magnetic resonance imaging (fMRI) data were recorded. Participants’ memory for the images
was also tested 1 week later. Behaviorally, younger and older adults were similarly successful in using
explicit suppression to inhibit immediate emotional responses. However, this was associated with
reduced long-term memory only for younger adults. fMRI data showed dissociable activity in the lateral
prefrontal cortex (PFC) coupled with similar activity in the amygdala in younger and older adults after
the engagement of emotional suppression. Results also identified a lateral-to-medial shift in the functional connectivity of the PFC in aging, linked to the engagement of explicit suppression. Regarding
memory, younger adults uniquely showed bilateral modulation of encoding-related activity in the
hippocampus (HC), as well as a left-lateralized decrease of the HC-PFC functional connectivity after
explicit emotional suppression. This is consistent with diminished involvement of typical mechanisms
associated with emotional memory because of successful engagement of explicit suppression in younger
adults. Taken together, these findings identified similar and differential effects of suppression on
immediate emotional responses and long-term memory for emotional information, in younger and older
adults, and provide insights into the neural mechanisms by which younger and older adults adaptively
cope with emotional challenges.
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Aging is typically associated with declines in various domains
of cognitive function, and these declines are linked to alterations in
the anatomical (Fjell et al., 2009; Raz, Ghisletta, Rodrigue, Kennedy, & Lindenberger, 2010; Raz et al., 2005) and physiological
(Fabiani, 2012; Reuter-Lorenz & Park, 2014) properties of specific
brain structures. At the same time, however, older adults often
show improved emotional function and well-being compared with
their younger counterparts (Mather, 2012, 2016). As a possible
explanation for this “paradox” of emotion in aging, current research emphasizes the role of habitual emotion regulation (ER) in
older adults’ emotion processing, possibly subserved by preserved
bottom-up and enhanced top-down mechanisms involved in emotion processing and regulation (Dolcos, Denkova, & Dolcos, 2012;
Dolcos et al., 2017; Dolcos, Katsumi, & Dixon, 2014; Nashiro,
Sakaki, & Mather, 2012; St. Jacques, Dolcos, & Cabeza, 2010).
However, it remains unclear whether younger and older adults can
benefit similarly from being instructed or primed to use specific
ER strategies, and what the associated neural mechanisms are. To
fill this important gap in the literature, the present study investigated the immediate and long-terms effects of emotional suppression as an ER strategy, while healthy younger and older adults
underwent functional magnetic resonance imaging (fMRI).

Age-Related Changes in Emotion Processing Linked to
Spontaneous Emotion Regulation
In the context of overall preserved or sometimes even improved
emotional function in aging, considerable evidence supports the
existence of an age-related positivity effect in emotional perception, attention, and memory. Specifically, older adults tend to pay
greater attention to and remember more positive information while
showing reduced processing of negative information compared
with younger adults (Mather, 2016; Reed & Carstensen, 2012;
Reed, Chan, & Mikels, 2014; but see Schweizer, Stretton, van
Belle, Calder, & Dalgleish, 2018), an effect shown to be dependent
on the availability of resources for top-down cognitive control
(Charles, 2010; Isaacowitz & Blanchard-Fields, 2012). The Socioemotional Selectivity Theory (Carstensen, Fung, & Charles, 2003),
an influential account of the age-related positivity effect, posits
that older adults’ preference for positive over negative information
is driven in part by their prioritization of present-focused motivational goals related to emotional meaning and satisfaction, which
in turn enhances their well-being. This suggests that age-related
differences in emotion processing occur as a function of differential engagement of top-down mechanisms associated with ER
strategies, that allow older adults to spontaneously cope with
emotional challenges (Dolcos et al., 2014; Dolcos et al., 2012;
Dolcos et al., 2017; Mather & Carstensen, 2005; St. Jacques et al.,
2010).
The age-related top-down modulation in emotion processing is
supported by relatively preserved bottom-up processing of emotional stimuli in healthy aging (Dolcos et al., 2014; Kensinger &
Leclerc, 2009; Mather & Knight, 2006; St. Jacques et al., 2010;
van Reekum et al., 2018). This is suggested by evidence showing
similar engagement of the amygdala (AMY) in younger and older
adults, and a relatively reduced age-related structural decline in
this region compared with other brain regions, including the prefrontal cortex (PFC; e.g., Jiang et al., 2014). Furthermore, previous
studies of emotional perception have identified increased engage-
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ment of the medial PFC (mPFC) and nearby anterior cingulate
cortex (ACC) while viewing negative versus neutral and positive
versus negative stimuli in older adults (Gunning-Dixon et al.,
2003; Leclerc & Kensinger, 2008; Nashiro et al., 2012; St. Jacques
et al., 2010), compared with younger adults. These findings, along
with evidence pointing to chronic activation of ER goals in aging
(Dolcos et al., 2014; Gross et al., 1997; Mather & Knight, 2005),
suggest that the greater activity in the mPFC/ACC typically observed in older adults’ emotion perception reflects enhanced habitual engagement of ER strategies in this age group.
The PFC is also where age-related atrophy has been consistently
identified, although some subregional specificity seems to exist
(Fjell et al., 2009; Raz, 2000). In particular, relative to other brain
areas, gray matter volume in the lateral PFC shows the largest
reduction with the highest rate of decline as a function of age (Raz
et al., 2004). Similarly, a negative relation between age and cortical thickness has been shown in the lateral PFC regions, but not
in the mPFC or ACC (Fjell et al., 2009). In addition, anatomical
studies have shown that the majority of the afferent fibers to the
AMY originate from the orbitofrontal and mPFC areas (e.g.,
Carmichael & Price, 1995; Ghashghaei & Barbas, 2002), suggesting the presence of a more direct route for possible modulation of
AMY activity compared with the lateral PFC. It is plausible that,
because of such age-related substrate changes, older adults might
rely more on the medial than lateral frontal regions in processing
emotional information and regulating the associated emotional
responses. Indeed, functional neuroimaging evidence demonstrates
that, compared with younger adults, older adults showed greater
functional connectivity between mPFC/ACC and AMY during
processing of negatively valenced stimuli (St. Jacques et al., 2010),
and activity in similar medial frontal areas was also negatively
associated with emotional ratings of unpleasant stimuli in older
adults (Dolcos et al., 2014). More recently, age was identified as
being negatively associated with ventrolateral PFC (vlPFC) activity and positively with mPFC activity during negative picture viewing
(van Reekum et al., 2018). Notably, regardless of age groups,
mPFC activity during negative picture viewing was negatively
associated with gray matter volume in the vlPFC, suggesting that
structural decline in the lateral PFC is linked to a task-related
functional increase in the mPFC (van Reekum et al., 2018). Taken
together, these lines of evidence converge on the idea that advancing age is associated with a lateral-to-medial shift in the prefrontal
engagement during emotion processing. This effect might reflect a
compensatory change (cf. Reuter-Lorenz & Park, 2010) as a result
of structural decline in the lateral PFC, making it more likely for
older adults to engage mPFC-dependent mechanisms in ER. By
virtue of a more direct anatomical link between the mPFC and
AMY, older adults’ ER may in turn become more habitual, leading
to preservation of or even improvement in emotional functioning.

Effects of Aging in the Impact of Instructed
Emotion Regulation
Age differences have been identified not only with respect to
spontaneous/implicit emotion processing and regulation, but also
in the effect of instructed/explicit ER, which has been mainly used
to investigate immediate effects of ER (e.g., Allard & Kensinger,
2014a; Allard & Kensinger, 2014b; Urry et al., 2006; Winecoff,
Labar, Madden, Cabeza, & Huettel, 2011). Although less exam-
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ined, clarification of the long-term effects of ER (reviewed in
Dolcos et al., 2017) is equally important because emotional information can have both common and dissociable impact on immediate (e.g., perception) and long-term (e.g., episodic memory)
processes (Dolcos & Denkova, 2014, 2015). To date, studies
examining the effects of instructed ER have most commonly
focused on two ER strategies, cognitive reappraisal (attempts to
change the meaning of a situation/stimulus) and emotional suppression (attempts to inhibit the external expression and/or internal
experience of emotion; Gross, 2008).
In general, older adults are less successful than younger adults
in using cognitive reappraisal to inhibit the immediate negative
emotional responses when explicitly instructed to do so (Liang,
Huo, Kennison, & Zhou, 2017; Opitz, Rauch, Terry, & Urry, 2012;
Shiota & Levenson, 2009). This finding may in part be driven by
age-related declines in working memory capacity (Fabiani, 2012),
particularly for reappraisal tasks that impose time pressure and,
thus, require effortful responses. This is consistent with evidence
that when older adults are given the freedom to choose their
preferred strategy they are less likely to use reappraisal and are
more likely to use other strategies (e.g., cognitive distraction) as
their primary means to regulate emotions (Scheibe, Sheppes, &
Staudinger, 2015; Urry & Gross, 2010). A few studies have shown
that older adults are as successful as younger adults in using
emotional suppression when instructed to inhibit the outward
expressions and/or subjective experience of emotion (Lohani &
Isaacowitz, 2014; Phillips, Henry, Hosie, & Milne, 2008; Shiota &
Levenson, 2009). There is also evidence suggesting that older
adults are more likely than younger adults to habitually engage in
emotional suppression (Brummer, Stopa, & Bucks, 2014).
Turning to long-term effects of ER, previous studies have shown
that, among younger adults, engaging reappraisal and suppression
tend to facilitate versus inhibit successful memory encoding, respectively (Dillon, Ritchey, Johnson, & LaBar, 2007; Hayes et al.,
2010; also reviewed in Dolcos et al., 2017). To our knowledge,
only one published study has examined the impact of instructed
emotional suppression on episodic memory in aging (Emery &
Hess, 2011). This study showed similar effects of suppression on
the immediate emotional expressions in both younger and older
adults, but reduced subsequent memory performance after suppression only in the younger adults. The authors interpreted this
finding as reflecting different strategies used by younger and older
adults to inhibit outward emotional expressions, possibly linked to
age-related differences in the engagement of inhibitory mechanisms. Suppression has been commonly conceptualized as a relatively maladaptive ER strategy based on the impact of these
strategies on immediate cognitive, affective, and physiological
responses as well as on long-term well-being (Gross, 1998, 2015;
Gross & John, 2003; Llewellyn, Dolcos, Iordan, Rudolph, &
Dolcos, 2013). However, recent studies have demonstrated agerelated differences in the impact of emotional suppression: whereas in
younger and middle-aged adults the dispositional use of suppression was positively associated with psychological distress, in older
adults the greater use of emotional suppression was not accompanied by the negative outcomes observed in the younger age groups
(Brummer et al., 2014; Peng, Tian, Jex, & Chen, 2017; Yeung &
Fung, 2012; but see Nolen-Hoeksema & Aldao, 2011). This suggests the intriguing possibility that emotional suppression may in
fact be an adaptive and useful ER strategy for older adults.

In this context, clarification of potential age differences in the
neurobehavioral mechanisms associated with the engagement of
emotional suppression would be important in better understanding
the efficacy of this ER strategy in real-life situations. Despite the
evidence identifying both common and dissociable behavioral
effects of instructed suppression in younger and older adults, there
is little evidence regarding the neural correlates of this specific ER
strategy in healthy aging. Hence, one goal of the present study was
to clarify this issue by comparing brain activity associated with
both immediate and long-term effects of emotional suppression in
younger and older adults.

Role of Explicit Versus Implicit Induction of the Goal
to Suppress Emotion
Another important issue in ER research concerns the role of
explicit versus implicit forms of ER (Braunstein, Gross, & Ochsner,
2017; Gyurak, Gross, & Etkin, 2011; Koole, Webb, & Sheeran,
2015). Goals to regulate emotions may be pursued through explicit,
effortful, and deliberate attempts, or they may be implicitly activated
through priming (Bargh, Gollwitzer, & Oettingen, 2010; Gyurak et
al., 2011; Kobylińska & Karwowska, 2015; Koole & Rothermund,
2011; Sheeran, Gollwitzer, & Bargh, 2013). ER goals implicitly
activated via priming can achieve similar behavioral or physiological
responses (e.g., reduced emotional reaction) to their explicit counterparts in some negative emotional situations (Mauss, Cook, & Gross,
2007; Williams, Bargh, Nocera, & Gray, 2009; Yuan, Ding, Liu, &
Yang, 2015).
Clarification of the neurobehavioral mechanisms associated
with implicit ER has important real-world implications. Implicit
ER is thought to be activated in circumstances that are pervasive in
everyday life (Koole & Rothermund, 2011) and is believed to
involve different pathways, one influencing the nature of the ER
goal (implicit/nonconscious), and the other the nature of the emotion change process (automatic; Braunstein et al., 2017). For
example, situational/environmental cues such as a poster saying
that “The boss is always right” displayed in an angry boss’s office
may activate nonconsciously (through priming) the goal to suppress one’s emotional response to the potentially frustrating situation. The suppression goal can also be explicitly held and engaged
in a more controlled manner, at least initially, once the situation
actually becomes frustrating. Notably, frequent use of explicit
suppression may render the initiation of suppression more automatic (Gross & John, 2003) when faced with the emotionally
evocative stressor (without needing temporary priming to be initiated), making it more implicit over time. Although it is possible
that one would still explicitly engage emotional suppression to
deal with the associated (negative) emotional responses in this
scenario, such implicit/automatic activation of suppression may be
useful in alleviating the impact of imminent negative events.
Therefore, it is important to note that explicit and implicit emotion
regulation processes are not mutually exclusive, and adaptive
emotional responses are thought to critically depend on the interplay between explicit and implicit processes (Gyurak et al., 2011).
Furthermore, despite its efficacy in altering emotional expressions and experience, explicit emotional suppression may come
with cognitive, physiological, and/or social costs (Butler, Lee, &
Gross, 2007; Gross & Levenson, 1993; Richards, Butler, & Gross,
2003) and, therefore, it may not be successfully or efficiently
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engaged by individuals whose cognitive resources are already
limited (e.g., by chronic rumination; Nolen-Hoeksema, Wisco, &
Lyubomirsky, 2008). For instance, among individuals with higher
levels of anxiety and depression symptoms, effortful attempts to
suppress negative emotions upon recollection of distressing personal memories actually increased negative emotional responses
(Dalgleish, Yiend, Schweizer, & Dunn, 2009). Therefore, it is
possible that implicitly activating ER may be helpful in reducing
the impact of unwanted personal memories (e.g., for negative
events), particularly among those who are unable to engage explicit emotional suppression effectively on their own. This may be
achieved, for instance, through repeated exposure to (e.g., training
in) explicit ER strategies with extensive feedback from the experimenter (Denny, Inhoff, Zerubavel, Davachi, & Ochsner, 2015;
Denny & Ochsner, 2014). However, given that available evidence
identifying the neural mechanisms associated with the immediate
(Buhle et al., 2014; Kohn et al., 2014) and long-term (Binder et al.,
2012; Hayes et al., 2010) impact of ER has largely been based on
explicit forms, relatively less is known about the mechanisms of
implicitly activated ER.
We have recently investigated the neural correlates of both
explicit and implicit forms of emotional suppression in a sample of
healthy young adults using fMRI (Katsumi & Dolcos, 2018). Our
results showed that, compared with a baseline condition not involving ER, only explicit suppression resulted in reduced emotional experience associated with the viewing of negative images,
but both explicit and implicit suppression led to reduced subsequent memory for such stimuli 1 week later compared with the
baseline condition. These behavioral effects were associated with
modulation of activity in the medial temporal lobe (MTL, consisting of regions such as the AMY and hippocampus [HC], among
others) and PFC. Specifically, the engagement of explicit suppression was associated with reduced activity in the AMY (linked to
immediate effects) as well as reduced memory-related functional
connectivity between the AMY/lateral PFC and HC (linked to
long-term effects). Implicit suppression was also associated with
reduced memory-related functional connectivity between the
AMY/lateral PFC and HC. This suggests that emotional suppression possibly inhibits memory encoding by modulating the MTLand PFC-based mechanisms that have been previously linked to
(emotional) episodic memory (reviewed in Dolcos et al., 2017; see
also Binder et al., 2012; Hayes et al., 2010). According to this
view, the findings of Emery and Hess (2011) suggest that older
adults may have been as effective as younger adults in suppressing
emotional responses, but did not show the associated decrease in
memory performance possibly because of the absence of significant modulations of the memory-related MTL- and PFC-based
mechanisms by suppression.

The Present Study
It remains unclear how aging influences the neural mechanisms
associated with emotional suppression. To address this issue, the
present study used an experimental design assessing both the
immediate and long-term effects of ER (Katsumi & Dolcos, 2018),
focusing on both explicit and implicit forms of emotional suppression in healthy younger and older adults. Given the proposal that
younger and older adults might prefer to use spontaneously (i.e., in
the absence of experimental instructions) different ER strategies,
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we performed exploratory analyses to test the possibility that
younger and older adults might respond differentially to the manipulation of explicit and implicit suppression and show dissociable neural responses.
The following hypotheses were tested in the present study.
Regarding the behavioral effects, assuming that emotional suppression in older adults is primarily subserved by enhanced topdown control accomplished via a lateral-to-medial shift in the PFC
recruitment, and based on the evidence identifying similar immediate effects in younger and older adults (Lohani & Isaacowitz,
2014; Phillips et al., 2008; Shiota & Levenson, 2009), we expected
that (a) both younger and older adults would be equally successful
in inhibiting their immediate emotional experience as a result of
engaging explicit suppression. Based on the recent evidence identifying dissociable effects of explicit versus implicit suppression in
younger adults (Katsumi & Dolcos, 2018; Yuan et al., 2015), we
expected that only explicit suppression would influence immediate
emotional experience. Although evidence is still scarce, we examined the expectation that (b) younger adults would uniquely show
a memory-reducing effect of emotional suppression (Emery &
Hess, 2011), in both explicit and implicit suppression conditions
(Katsumi & Dolcos, 2018).
At the neural level, regarding the immediate effects, we expected that: (c) paralleling the behavioral effects, younger and
older adults would show similar AMY activity, in general, and in
response to engaging explicit emotional suppression (Katsumi &
Dolcos, 2018). In contrast, we hypothesized that (d) younger and
older adults would show differential engagement of the PFC
regions in emotion processing and emotional suppression, possibly
linked to a lateral-to-medial functional shift in aging (van Reekum
et al., 2018). Finally, regarding brain activity linked to the longterm impact of suppression, we expected (e) possible differential
effects of suppression on memory in younger and older adults,
which would be associated with age differences in the engagement
of MTL and PFC regions (Binder et al., 2012; Grady, McIntosh, &
Craik, 2003; St. Jacques, Dolcos, & Cabeza, 2009). Specifically,
paralleling the behavioral effects, we expected that younger adults
would show modulation of MTL- and/or PFC-based mechanisms
linked to successful encoding by the engagement of emotional
suppression, whereas older adults would not. Given recent evidence identifying partially overlapping mechanisms associated
with the memory-reducing effect (Katsumi & Dolcos, 2018), we
expected similar effects for both explicit and implicit suppression.

Method
Participants
Seventy-three individuals participated in this study. Data from
seven participants were excluded from the analyses because of
problems with data collection (e.g., ratings or memory data not
being recorded, other technical issues such as response box problems, and participants feeling uncomfortable in the scanner). Of
the remaining 66 participants (see Table 1), 33 completed the study
as part of the experimental groups and underwent MRI scanning:
17 younger adults (10 women, Mage ⫽ 23.30, SDage ⫽ 4.06) and
16 older adults (11 women, Mage ⫽ 68.56, SDage ⫽ 6.98). The
other 33 participants completed the study as the control groups,
outside of the MRI scanner: 17 younger adults (8 women, Mage ⫽
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Table 1
Summary of Demographic Characteristics
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Younger

Older

Variable

Experimental

Control

Experimental

Control

N
Sex (female)
Age range
Years of education (SD)

17
10
18–32
14.38 (2.33)

17
8
18–23
13.18 (.78)

16
11
59–84
14.19 (2.97)

16
13
61–84
16.38 (2.33)

19.18, SDage ⫽ 0.88) and 16 older adults (13 women, Mage ⫽
71.82, SDage ⫽ 6.46). The control groups were recruited to account
for the possible effect of repeated stimulus exposure. Data obtained from younger participants in the experimental and control
groups have previously been reported (Katsumi & Dolcos, 2018).
All participants reported themselves as healthy, right-handed, native English speakers, with no history of psychiatric or neurological disorders, alcohol or drug abuse, or uncontrolled hypertension.
No participants reported ongoing usage of medications that may
affect emotion processing (e.g., antidepressants, beta blockers).
Younger and older adults in the experimental group were matched
on the length (years) of education (younger: M ⫽ 14.11, SD ⫽
2.22; older: M ⫽ 14.19, SD ⫽ 2.97; p ⫽ .99). Older adults in the
experimental group were screened for cognitive impairment using
the Mini-Mental State Examination (MMSE; Folstein, Folstein, &
McHugh, 1975) and participants within this group scored higher
than 24 or above, indicating no sign of cognitive impairment.1 All
participants provided written informed consent under a protocol
approved by the Institutional Review Board, and received financial
compensation for their participation.

Procedure
To assess both immediate and long-term effects of ER, participants
in the experimental groups completed two tasks (see Figure 1 for a
task diagram): an emotional rating task, completed in the MRI scanner, and a recognition memory task, completed outside the MRI
scanner 1 week later (Katsumi & Dolcos, 2018). The emotional rating
task involved within-subject manipulations of explicit and implicit
emotional suppression. Because these tasks were identical to those
used in our report on young adults (Katsumi & Dolcos, 2018), they
are only briefly described here. The control groups also completed
two tasks, but both outside the MRI scanner, with neither explicit nor
implicit manipulations of emotional suppression goals.
Emotional rating task. fMRI data were recorded while participants in the experimental group viewed and rated a total of 180
negative and neutral images (90 in each category), selected from
the International Affective Picture System (IAPS; Lang, Bradley,
& Cuthbert, 2008) and complemented by additional neutral images
from other sources (Dolcos, LaBar, & Cabeza, 2004; Dolcos &
McCarthy, 2006). The average IAPS normative valence/arousal
ratings (1 ⫽ unpleasant/calm, 9 ⫽ pleasant/excited, as depicted by
the Self-Assessment Manikin) for negative and neutral images
were 2.47/5.75 (SD ⫽ 0.57/0.82) and 4.98/3.28 (0.28/0.77), respectively. The pool of 180 images was divided into sets of 30
images, which were randomly assigned to six study runs. The
average valence and arousal ratings were equated across different
runs (F ⬍ 0.41, p ⬎ .840). Each image was presented on the screen

for 4 s, and participants were asked to view the images and rate
their subjective emotional experience triggered by the images on
an 8-point scale (1 ⫽ neutral, 8 ⫽ extremely negative). All
responses were made on a response pad attached to the participant’s right hand. Specifically, ratings ranging from 1 to 4 were
made by single clicks, whereas those ranging from 5 to 8 were
made by double clicks on the buttons. The image presentation was
followed by a fixation cross, presented on the screen for 12 s.
During the emotional rating task consisting of six study runs,
participants completed the first and fourth runs (i.e., baseline runs)
with no manipulation of ER. Each baseline run was immediately
followed by either the explicit (EXP) or implicit (IMP) induction
of emotional suppression goals, with the order of induction counterbalanced across participants. During the EXP induction, participants were instructed to view and rate the next two runs of images
(i.e., second and third or fifth and sixth runs) while trying to inhibit
the experience and expression of emotional responses triggered by
the images. During the IMP induction, participants performed an
adaptation of the Scrambled Sentence Task (SST; Srull & Wyer,
1979) in which they were asked to construct 20 four-word grammatically correct sentences from five-word jumbles that had embedded words conveying the idea of emotion control (e.g., “restrain,”
“stable,” “covered,” and “withheld”); thus, priming participants to
suppress their emotional responses (“Emotion Control SST”). The
target words related to emotion control were taken from previous
studies (Mauss et al., 2007). The two runs of images after the IMP
goal induction were defined as IMP runs. To keep the task structure
consistent between the two emotional suppression conditions, a SST
was also performed as part of the EXP goal induction, although in this
case participants were presented with 20 sentences containing only
neutral words (“Neutral SST”; Figure 1). Before entering the magnet
room, participants completed abbreviated practice runs for both the
emotional rating task and the SST.
Recognition memory task. About 1 week (6 –7 days) later,
participants performed an incidental memory task that tested recognition memory for the negative and neutral images encoded as
part of the emotional rating task. The memory task included 360
images (180 in each emotional category) consisting of equal numbers of old and new images, all of which were displayed in
grayscale for increased task difficulty (Dolcos et al., 2013). The
average valence and arousal ratings were statistically equated
1
Because of practical constraints, the older adults in the control group
were not screened for cognitive impairment using the MMSE. However,
older participants in the experimental and control groups did not differ in
their overall performance on a speeded recognition memory task (t[30] ⫽
0.07, p ⫽ .944), suggesting that the two groups had overall similar abilities
in recognition memory.
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Figure 1. Diagram of the tasks. The emotional suppression goal was induced in each participant in the
experimental group both explicitly and implicitly, with the order of induction counterbalanced across participants. Each type of emotional suppression goal induction was preceded by a baseline run. Image stimuli in this
figure are shown only for illustration purposes, and do not represent the actual stimuli with which participants
were presented in the tasks. From “Suppress to Feel and Remember Less: Neural Correlates of Explicit and
Implicit Emotional Suppression on Perception and Memory,” by Y. Katsumi and S. Dolcos, 2018, Neuropsychologia. Copyright 2018 by Elsevier. Reprinted with permission. ER ⫽ emotion regulation. See the online
article for the color version of this figure.

between old and new images (t ⬍ 0.73, p ⬎ .464). Each image was
displayed on the screen for 4 s, and participants were asked to
indicate whether the image had been previously seen during the
emotional rating task (Old) or not (New). After the Old/New
decision, participants also rated the level of confidence of their
responses on a 3-point scale (1 ⫽ low, 2 ⫽ medium, 3 ⫽ high
confidence). The level-of-confidence rating was followed by a
fixation cross, presented on the screen for 2 s (see Figure 1).
To ensure that the behavioral effects on emotional ratings and
memory were driven by the manipulation of emotional suppression
and not by the effect of repeated exposure (habituation) to emotional stimuli, control groups (Nyounger ⫽ 17, Nolder ⫽ 16) were
recruited and asked to complete outside the MRI scanner the
emotional rating task, followed by the recognition memory task 1
week later. The control groups were presented with the identical
set of negative and neutral images to those viewed by the experimental group during the emotional rating task, but without the
induction of emotional suppression goals.

Behavioral Data Analysis
The immediate impact of emotional suppression on emotional
ratings was measured by comparing the average ratings between
the three ER conditions of interest: (a) two baseline runs with no
induction of emotional suppression goal (BASE), (b) two runs
immediately after the explicit induction of emotional suppression
goal (EXP), and (c) two runs immediately after the implicit induction of emotional suppression goal (IMP). Responses in the memory task were classified into Hits (old images correctly identified
as old), Misses (old images incorrectly classified as new), Correct
Rejections (new images correctly classified as new), or False

Alarms (FAs, new images incorrectly classified as old). The longterm impact of emotional suppression on episodic memory was
measured by comparing raw proportions of Hits (hit rate). We
additionally calculated overall corrected recognition (i.e., average
Hits–FAs; Shafer & Dolcos, 2012) separately for negative and
neutral conditions using condition-specific FAs and examined
potential age differences (see online supplemental materials). These
behavioral data were analyzed using a series of mixed analysis of
variance (ANOVA) and t tests involving the following factors:
Emotion (Negative, Neutral), ER (BASE, EXP, IMP), and Age
group (Younger, Older). The alpha level was set to p ⬍ .05; the
behavioral effects of emotional suppression on emotional ratings
and recognition memory were investigated using one-tailed hypothesis testing. This procedure was justified by our directional
hypotheses, which were informed by previous studies consistently
showing that the engagement of emotional suppression is associated with decreased ratings and/or memory for the encoded stimuli
(e.g., Binder et al., 2012; Dillon et al., 2007; Dunn, Billotti,
Murphy, & Dalgleish, 2009; Goldin, McRae, Ramel, & Gross,
2008; Hayes et al., 2010; Richards & Gross, 1999, 2000, 2006).
Comparisons of the ratings and memory data within the control
groups were performed similarly to those for the experimental
groups, except that in the control groups, the only difference across
runs was the order of exposure. For instance, a “mock” version of
the analysis comparing the impact of emotional suppression induction in the control group was conducted by calculating the
average ratings/memory performance from the second and third
(fifth and sixth) runs (i.e., “later” runs), and comparing them to
those from the averages of the first and fourth runs (i.e., “earlier”
runs).
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Statistical power for the main effects and interactions of interest
was estimated using the representative effect sizes from prior work
on emotional suppression and aging as well as between-conditions
correlations estimated from the present data. All calculations were
performed using GⴱPower (Version 3.0.10; Faul, Erdfelder, Lang,
& Buchner, 2007). Regarding emotional ratings, the power to
detect a significant main effect of emotional suppression (based on
the most conservative effect size, dz ⫽ 0.91, from Lohani &
Isaacowitz, 2014; Shiota & Levenson, 2009), using a pairedsample t test in a sample of 16 –17 participants was at least ⬃92%.
Regarding recognition memory, the power to detect a significant
interaction effect between emotional suppression and age (based
on the effect size, p2 ⫽ 0.05, from Emery & Hess, 2011) using a
mixed ANOVA in a sample of 33 participants (17 younger vs. 16
older adults) was ⬃97%, when the correlation among repeated
measures was estimated based on the present data (r ⫽ .786), and
⬃72% when the correlation was assumed to be lower but moderate
(i.e., r ⫽ .5, which is the default value in GⴱPower).

MRI Data Acquisition and Preprocessing
All MRI data were recorded using a 1.5 T Siemens Sonata scanner.
Anatomical images were three-dimensional (3D) MPRAGE anatomical series (repetition time [TR] ⫽ 1600 ms; echo time [TE] ⫽ 3.82
ms; field of view [FOV] ⫽ 256 ⫻ 256 mm2; number of slices ⫽ 112;
voxel size ⫽ 0.5 ⫻ 0.5 ⫻ 1 mm3). Functional images consisted of a
series of T2ⴱ-weighted images acquired axially, using an echoplanar
sequence (TR ⫽ 2000 ms, TE ⫽ 40 ms, FOV ⫽ 256 ⫻ 256 mm2,
number of slices ⫽ 28, voxel size ⫽ 4 ⫻ 4 ⫻ 4 mm3, flip angle ⫽
90°). Preprocessing of fMRI data was performed using SPM12 (Wellcome Department of Cognitive Neurology, London, U.K.), which
involved typical steps for task-based fMRI data analysis (see online
supplemental materials).

and PFC structures (Katsumi & Dolcos, 2018; Moore et al., 2014;
Tzourio-Mazoyer et al., 2002; van Reekum et al., 2018), with
cluster-wise correction for multiple statistical comparisons (Cox,
1996). Age-related variability in hemodynamics were also taken
into account (Gazzaley, D’Esposito, Wheeler, & Center, 2005;
Samanez-Larkin & D’Esposito, 2008). For more details regarding
fMRI data analysis, see online supplemental materials.

Results
Behavioral Results (1): Emotional Ratings
Consistent with our hypothesis regarding emotional ratings,
explicit emotional suppression significantly reduced the intensity
of the immediate emotional experience both in younger and older
adults. Supporting this, a 2 (Emotion) ⫻ 3 (ER) ⫻ 2 (Age group)
mixed ANOVA revealed a significant main effect of ER: F(2,
62) ⫽ 11.76, p ⬍ .001, p2 ⫽ .275. Follow-up comparisons of
emotional ratings for negative images showed that the engagement
of explicit emotional suppression significantly reduced emotional
ratings compared with those from the baseline runs both in
younger, t(16) ⫽ 2.25, p ⫽ .019 and in older adults, t(15) ⫽ 1.90,
p ⫽ .038 (Figure 2, top left). The implicit induction of emotional
suppression, however, did not result in reduced emotional ratings

fMRI Data Analysis
Following prior studies of emotional aging (e.g., Allard &
Kensinger, 2014a; Allard & Kensinger, 2014b; Ford & Kensinger,
2018; Lee et al., 2018; Opitz et al., 2012; Urry et al., 2006;
Winecoff et al., 2011), standard two-level SPM general linear
model analyses (Friston et al., 1994) were used to examine the
effects of Emotion (Negative, Neutral), ER (BASE, EXP, IMP),
and Age group (Younger, Older) on brain activation and connectivity. Regarding the brain activation analysis, for each participant,
evoked hemodynamic responses during the image presentation
period were modeled by convolution with a canonical hemodynamic response function for each condition of interest. The resulting contrast images (i.e., experimental conditions vs. baseline)
were then submitted to group-level random-effects analyses. Analysis of the long-term impact of emotional suppression was conducted similarly, except that the contrast images were generated
separately for images that were subsequently remembered (Hits)
versus forgotten (Misses). Functional connectivity analyses were
performed via a beta-series correlation approach (Mumford,
Turner, Ashby, & Poldrack, 2012; Rissman, Gazzaley, &
D’Esposito, 2004) using as spherical seeds the peak voxel coordinates identified from the activation analysis. In the present study,
fMRI data analyses were conducted at the levels of whole-brain
and regions-of-interest (ROI) search space focusing on the MTL

Figure 2. Emotional ratings and recognition memory for negative images
across participant subgroups. Top: Within the experimental group, emotional ratings for negative images were significantly reduced after explicit
instructions to suppress expressions and experience (EXP), compared with
the baseline runs (BASE) and to the runs after the implicit induction of
emotional suppression (IMP). These effects were similar in younger and
older adults, but no significant differences in emotional ratings were
observed between the earlier and later runs within the control group.
Bottom: Also within the experimental group, delayed recognition memory
was reduced for negative images encoded after the explicit and implicit
induction of emotional suppression, relative to those encoded during the
baseline runs, in younger but not in older adults. No significant differences
in memory were identified between the earlier and later runs in the control
groups. Error bars indicate the standard error of the mean for each condition. ⴱ p ⱕ .05. See the online article for the color version of this figure.
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for negative images compared with those from the baseline runs
either in younger, t(16) ⫽ 0.49, p ⫽ .316 or older, t(16) ⫽ ⫺0.79,
p ⫽ .220 groups. Additionally, emotional ratings for negative
images after the explicit induction of emotional suppression were
significantly lower compared with those after the implicit induction, t(32) ⫽ 3.05, p ⫽ .005. Overall, similar effects were also
identified for neutral images (see descriptive statistics summarized
in Table 2). The ANOVA also yielded a significant main effect of
Emotion (F(1, 31) ⫽ 347.56, p ⬍ .001, p2 ⫽ .918); post hoc
analyses revealed that emotional ratings were overall higher for
negative (M ⫽ 5.00, SD ⫽ 0.20) than for neutral images (M ⫽
1.59, SD ⫽ 0.07). The main effect of Age group, Emotion ⫻ Age
group interaction, ER ⫻ Age group interaction, and Emotion ⫻
ER ⫻ Age group interaction were not significant (p ⱖ .539).
Additional analyses demonstrated that these effects were observed
specifically in the experimental group and were not merely attributable to the order of manipulations (see online supplemental
materials). Taken together, our findings suggest that younger and
older adults are similarly successful in inhibiting emotional responses through the engagement of instructed emotional suppression.

Behavioral Results (2): Recognition Memory
Second, providing support to our hypothesis regarding recognition memory, analyses of hit rates revealed that younger
adults uniquely showed a memory-reducing effect of emotional
suppression. In support of this, a three-way mixed ANOVA
with Emotion, ER, and Age group as factors identified an ER ⫻
Age group interaction: F(2, 62) ⫽ 3.16, p ⫽ .050, p2 ⫽ .092.
Post hoc analyses showed that recognition memory among
younger adults was significantly reduced for negative images
encoded following the explicit instructions to suppress, compared with those encoded during the baseline runs, t(16) ⫽
2.29, p ⫽ .018. Similarly, memory reduction among younger
adults was also identified for negative images encoded after the
implicit induction of emotional suppression, compared with
those encoded during the baseline runs, t(16) ⫽ 2.52, p ⫽ .011.
However, no difference in memory for negative images because
of emotional suppression was observed among older adults
(BASE vs. EXP: t(15) ⫽ 0.14, p ⫽ .446; BASE vs. IMP:
t(15) ⫽ ⫺0.44, p ⫽ .335; Figure 2, bottom left). Overall,
similar effects were also observed for neutral images (see Table
2). The ANOVA also yielded a significant main effect of
Emotion (F(1, 31) ⫽ 27.97, p ⬍ .001, p2 ⫽ .474). Post hoc
analyses revealed that recognition memory was significantly
better for negative (M ⫽ .74, SD ⫽ 0.22) than for neutral (M ⫽
.62, SD ⫽ 0.03) images, and this effect was observed both in
younger (p ⬍ .001) and older (p ⫽ .007) adults. The main
effects of Age group, Emotion ⫻ Age group interaction, Emotion ⫻ ER interaction, and Emotion ⫻ Age group ⫻ ER
interaction were not significant (p ⱖ .825). Additional analyses
of the data obtained from the control groups revealed that these
effects were unique to the experimental group, suggesting that
they are not driven by habituation to emotional stimuli (see
online supplemental materials). In summary, the current results
suggest that the memory-reducing effect of emotional suppression (both implicitly and explicitly induced) is unique to
younger adults.
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fMRI Results (1): The Impact of Emotional
Suppression on Brain Activity During Emotional
Ratings
Activation analyses: Common effects across age groups.
Consistent with available evidence, whole-brain analysis identified
a host of regions showing a main effect of Emotion. Many of these
regions exhibited higher activity for negative than for neutral
stimuli, including bilateral AMY, striatum, anterior insula, medial
and lateral PFC, along with lateral temporo-occipital cortices (see
Table 3). To test our hypothesis regarding common AMY activity
by age, the parameter estimates were extracted from the peak
voxels from the significant AMY clusters (L: x ⫽ ⫺28, y ⫽ 4,
z ⫽ ⫺24; R: x ⫽ 32, y ⫽ 0, z ⫽ ⫺16) separately for each age
group. As expected, bilateral AMY activity was similarly higher
for negative than for neutral images both in younger (L: t(16) ⫽
3.32, p ⫽ .002; R: t(16) ⫽ 3.24, p ⫽ .003) and older (L: t(15) ⫽
4.55, p ⬍ .001; R: t(15) ⫽ 4.61, p ⬍ .001) adults (Figure 3, left).
The ANOVA identified no regions showing significant interaction
effects between Emotion ⫻ ER commonly across the age groups.
Motivated by previous investigations (Allard & Kensinger,
2014a, 2014b; Ford & Kensinger, 2018; Katsumi & Dolcos, 2018;
Opitz et al., 2012; Urry et al., 2006; Winecoff et al., 2011),
additional analyses were performed to compare brain activity
associated with the viewing/evaluation of negative images across
different ER conditions. This analysis revealed that part of bilateral
AMY showing increased activity for negative relative to neutral

Table 2
Descriptive Statistics of Emotional Ratings and
Recognition Memory
Experimental group
Condition

Younger

Control group

Older

Younger

Older

Emotional ratings
Negative
Baseline
Explicit
Implicit
Neutral
Baseline
Explicit
Implicit

5.28 (1.16)
4.83 (1.37)
5.22 (1.21)

5.02 (1.20)
4.49 (1.60)
5.14 (1.13)

Earlier
Later

5.17 (1.24)
5.22 (1.41)

6.08 (.59)
6.14 (.81)

1.65 (.43)
1.49 (.39)
1.66 (.38)

1.66 (.59)
1.40 (.50)
1.69 (.58)

Earlier
Later

1.46 (.37)
1.48 (.41)

1.51 (.35)
1.58 (.32)

Recognition memory (hit rate)
Negative
Baseline
Explicit
Implicit
Neutral
Baseline
Explicit
Implicit

0.78 (.10)
0.71 (.18)
0.72 (.14)

0.74 (.19)
0.73 (.16)
0.75 (.17)

Earlier
Later

0.79 (.15)
0.76 (.12)

0.72 (.18)
0.74 (.15)

0.66 (.10)
0.58 (.12)
0.62 (.14)

0.61 (.19)
0.61 (.21)
0.62 (.20)

Earlier
Later

0.64 (.21)
0.64 (.17)

0.62 (.15)
0.62 (.15)

Recognition memory (corrected recognition)
Negative
Overall
Neutral
Overall

0.48 (.16)

0.44 (.24)

Overall 0.55 (.13)

0.41 (.13)

0.40 (.14)

0.39 (.21)

Overall 0.44 (.12)

0.36 (.18)

Note. Values preceding and within parentheses denote the means and
standard deviations, respectively.
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Table 3
Brain Regions Showing Main Effects of Emotion and Emotion Regulation
MNI peak coordinates
Brain region

Side

BA

x

y

z

t/F

Voxels

Volume (mm3)

7,668

490,752
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Main effect of emotion
Negative ⬎ Neutral
Frontal cortex
Inferior frontal gyrus
Inferior frontal gyrus
Middle frontal gyrus
Superior frontal gyrus
Medial frontal gyrus
Medial frontal gyrus
Insula
Anterior cingulate
Cingulate gyrus
Inferior frontal gyrus
Inferior frontal gyrus/insula
Inferior frontal gyrus
Middle frontal gyrus
Medial frontal gyrus
Medial frontal gyrus
Anterior cingulate
Anterior cingulate
Precentral gyrus
Parietal cortex
Postcentral gyrus
Posterior cingulate
Inferior parietal lobule
Superior parietal lobule
Precuneus
Precuneus
Precuneus
Temporal/occipital cortex
Middle temporal gyrus
Fusiform gyrus
Middle temporal gyrus
Middle occipital gyrus
Fusiform gyrus
Superior temporal gyrus
Medial temporal lobe
Amygdala
Hippocampus
Parahippocampus
Entorhinal cortex
Amygdala
Hippocampus
Entorhinal cortex
Other subcortical
Globus pallidus
Caudate
Putamen
Brainstem
Brainstem
Neutral ⬎ Negative
Frontal cortex
Medial frontal gyrus
Medial frontal gyrus
Insular/temporal cortex
Insula
Superior temporal gyrus
Middle temporal gyrus

44
47
6
6
6
9
13
24
32
44
45/13
47
9
9
32
24
32
6

⫺44
⫺32
⫺24
⫺4
⫺4
⫺4
⫺36
⫺4
⫺8
44
40
32
40
4
4
4
8
⫺56

4
28
⫺8
4
8
48
12
32
20
8
20
16
24
52
8
12
28
0

24
⫺12
52
60
48
24
⫺12
20
32
28
4
⫺16
20
20
52
24
24
32

8.17
6.43
6.84
8.02
7.13
6.10
6.97
6.05
5.99
7.97
6.86
7.67
7.90
6.09
7.49
6.60
5.92
6.39

R
L
L
L
L
L/R
R

1
23
40
7
7
7
7

48
⫺4
⫺44
⫺32
⫺16
0
20

⫺32
⫺44
⫺36
⫺48
⫺60
⫺60
⫺64

52
24
44
52
48
52
52

6.35
6.85
6.83
7.82
7.57
6.50
6.35

L
L
R
R
R
R

19
37
37
37
37
39

⫺52
⫺44
56
48
44
48

⫺64
⫺52
⫺60
⫺68
⫺48
⫺64

0
⫺20
4
⫺8
⫺20
16

8.81
7.54
8.42
8.28
6.31
7.15

36
34

⫺28
⫺28
⫺16
⫺32
32
24
32

4
⫺20
⫺24
4
0
⫺28
0

⫺24
⫺12
⫺16
⫺16
⫺16
⫺8
⫺16

6.27
6.24
4.86
5.38
5.79
6.04
5.79

⫺16
12
16
⫺8
4

⫺8
4
8
⫺20
⫺16

⫺4
8
0
⫺16
⫺12

6.86
7.24
7.00
9.05
8.26

L
L
L
L
L
L
L
L
L
R
R
R
R
R
R
R
R
L

L
L
L
L
R
R
R

34

L
R
R
L
R
L
R

6
6

⫺4
8

⫺28
⫺24

64
60

3.34
3.84

81

5,184

R
R
R

13
22
22

40
64
60

⫺20
⫺28
⫺12

16
8
⫺4

4.86
4.66
3.49

247

15,808

20
16
16

9.01
9.91
6.96

23
20

1,472
1,280

Main effect of ER
Frontal cortex
Superior frontal gyrus
Anterior cingulate
Medial frontal gyrus
Frontal/parietal cortex

L
L
R

10
32
10

⫺24
⫺12
4

52
40
48
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Table 3 (continued)
MNI peak coordinates
Brain region
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Medial frontal gyrus
Cingulate gyrus
Precentral gyrus
Precentral gyrus
Postcentral gyrus
Postcentral gyrus
Precentral gyrus
Other
Brainstem
Cerebellum

Side

BA

x

y

R
R
R
R
R
R
L

6
24
6
4
1
3
6

8
8
32
40
44
44
⫺56

⫺24
⫺16
⫺20
⫺16
⫺28
⫺24
0

⫺8
16
4

⫺28
⫺36
⫺44

L
R
R

t/F

Voxels

Volume (mm3)

64
48
64
56
60
44
32

11.78
8.30
7.52
7.10
10.64
13.67
7.64

146

9,344

50

3,200

⫺24
⫺24
⫺20

8.65
8.46
6.88

36

2,304

z

Note. MNI ⫽ Montreal Neurological Institute; BA ⫽ Brodmann’s area; L ⫽ left; R ⫽ right; ER ⫽ emotion regulation. This table identifies brain regions
showing differential activity between the experimental conditions during emotional ratings. All clusters reported in this table meet the significance threshold
determined based on a Monte Carlo simulation, corrected for multiple comparisons at p ⬍ .05 (see Method).

images reported above also showed significantly decreased activity after the explicit induction of emotional suppression relative to
the baseline runs (Figure 3, right). Analyses of the parameter
estimates extracted from the peak voxel within the right AMY
(x ⫽ 20, y ⫽ ⫺8, z ⫽ ⫺16) showed that similar effects were
present both in younger, t(16) ⫽ 5.81, p ⬍ .001 and older, t(15) ⫽
2.02, p ⫽ .030 adults. No significant differences were identified
when comparing AMY activity associated with viewing neutral
images after the explicit emotional suppression versus the baseline
runs in younger, t(16) ⫽ 0.76, p ⫽ .231 and older, t(15) ⫽ 1.01,
p ⫽ .163 adults, suggesting that this effect is specific to negative
conditions. Overall, consistent with our findings on emotional
ratings and confirming our third hypothesis, these findings showed
similar AMY sensitivity to emotional information and explicit
emotional suppression in both younger and older adults.

Figure 3. Common amygdala (AMY) sensitivity to negative information
and explicit emotional suppression in younger and older adults. Viewing of
negative compared with neutral images was associated with increased
activity in bilateral amygdala both in younger and older adults. Part of
these amygdala clusters (white clusters on the center panel) also showed
decreased activity after the explicit induction of emotional suppression
compared with the baseline runs. The bar graphs illustrate the parameter
estimates extracted from the peak voxels within the right amygdala showing significant differences between negative versus neutral (left panel)
conditions as well as baseline versus explicit suppression conditions (right
panel); similar results were observed within the left amygdala. Error bars
indicate the standard error of the mean for each condition. BASENeg ⫽
negative image trials during the baseline runs; EXPNeg ⫽ negative image
trials during runs after the explicit induction of emotional suppression. See
the online article for the color version of this figure.

Activation analyses: Effects of ER and age groups. The
ANOVA also identified a set of regions showing a significant main
effect of ER. These included regions typically considered part of
the executive control, salience, and sensorimotor networks (Yeo et
al., 2011), with whole-brain analysis identifying a cluster encompassing the medial frontal and parietal areas and ROI analysis
within the PFC mask identifying additional superior frontal as well
as anterior cingulate/medial frontal areas (see Table 3). Of note,
the left dlPFC (BA 10) showed increased activity after the explicit
induction of emotional suppression compared both to the baseline
runs and after the implicit induction. Although this region was
identified as showing a main effect of ER, analyses of the parameter estimates extracted from the peak voxel revealed that this
effect was significant only in younger, t(16) ⫽ 3.23, p ⫽ .003, but
not in older adults, t(15) ⫽ 1.13, p ⫽ .138.
The three-way ANOVA identified no regions showing any
significant interaction effects at the omnibus level. However, ROI
analyses within the PFC mask (see Method) identified the right
anterior middle frontal gyrus (aMFG, BA 10/46), typically considered part of the executive control network (Yeo et al., 2011),
showing a significant interaction between ER ⫻ Age Group for the
negative trials. Post hoc analyses of the parameter estimates extracted from the peak voxel (x ⫽ 36, y ⫽ 52, z ⫽ 0) revealed that
this interaction was driven by the opposing pattern of activity as a
function of ER in younger and older adults. Specifically, younger
adults exhibited greater activity in this region after the explicit/
implicit induction of emotional suppression compared with the
baseline runs, t(16) ⫽ 2.14, p ⫽ .024, whereas older adults showed
the opposite pattern, t(15) ⫽ ⫺2.65, p ⫽ .009, with no difference
between the explicit and implicit emotional suppression conditions
(younger: t(16) ⫽ ⫺0.07, p ⫽ .471; older: t(15) ⫽ ⫺0.93, p ⫽
.183; see Figure 4). The corresponding ANOVA interaction based
on neutral trials was not significant. These findings provide support to our fourth hypothesis and show that younger and older
adults exhibit different engagement of the PFC linked to emotional
suppression, possibly linked to age-related changes in the lateral
PFC recruitment in ER. To further help interpret this pattern of
results, functional connectivity analyses were performed using the
aMFG as a seed.
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Figure 4. Dissociable prefrontal cortex (PFC) sensitivity to negative information and emotional suppression in younger and older adults. The right
anterior middle frontal gyrus (aMFG) showed a significant interaction between
emotion regulation (ER) ⫻ Age group uniquely for negative trials. This effect
was driven by the opposing pattern of response in this region as a function of
ER conditions in younger versus older adults. The bar graph illustrates the
parameter estimates extracted from the peak voxel within the right aMFG (x ⫽
36, y ⫽ 52, z ⫽ 0). Error bars indicate the standard error of the mean for each
condition. BASE ⫽ baseline runs; EXP ⫽ runs after the explicit induction of
emotional suppression; IMP ⫽ runs following the implicit induction of emotional suppression. See the online article for the color version of this figure.

Functional connectivity analyses. To further examine the
role of the aMFG area in emotional suppression in younger and
older adults, analyses of functional connectivity were performed
using this region as the seed comparing the two age groups in each

ER condition. These analyses revealed a dissociable pattern of
functional connectivity within the PFC between the age groups,
which was uniquely observed with respect to explicit emotional
suppression. Specifically, whole-brain analysis revealed that
younger adults exhibited greater functional connectivity between
the right aMFG seed and right dlPFC (x ⫽ 36, y ⫽ 20, z ⫽ 52, BA
8), another area part of the executive control network, compared
with older adults during negative trials after the explicit induction
of emotional suppression, t(33) ⫽ 4.92, p ⬍ .001. In contrast, older
adults showed greater functional connectivity between the right
aMFG seed and mPFC/vACC (x ⫽ ⫺12, y ⫽ 56, z ⫽ 4, BA
10/32), typically considered part of the default mode network
(Andrews-Hanna, Reidler, Sepulcre, Poulin, & Buckner, 2010),
compared with younger adults in the same condition, t(33) ⫽ 3.70,
p ⬍ .001 (Figure 5A). Moreover, analyses of the parameter estimates extracted from the peak voxels revealed that aMFG-mPFC
connectivity was negatively correlated with aMFG-dlPFC connectivity, r ⫽ ⫺.544, p ⬍ .001, and this correlation was driven
uniquely by older, r ⫽ ⫺.782, p ⬍ .001 and not younger, r ⫽ .193,
p ⫽ .458 adults (Figure 5B). Specifically, those older adults
showing weaker functional connectivity between the aMFG seed
and dlPFC also showed stronger functional connectivity between
aMFG and mPFC, after explicit suppression. In addition, across
participants, aMFG-mPFC connectivity was also negatively correlated with emotional ratings after the explicit induction of emo-

Figure 5. Age-related lateral-to-medial shift in prefrontal functional connectivity associated with explicit emotional
suppression. (A) Younger adults showed greater functional connectivity between the right anterior middle frontal
gyrus (aMFG) seed region and right dlPFC (prefrontal cortex, PFC) compared with older adults in all emotion
regulation (ER) conditions, including after the explicit induction of emotional suppression (top). In contrast, older
adults showed greater functional connectivity between the right aMFG and mPFC/vACC (BA 10/32) compared with
younger adults uniquely after the explicit induction of emotional suppression (bottom). The bar graphs illustrate the
parameter estimates extracted from the peak voxels within the right dlPFC (x ⫽ 36, y ⫽ 20, z ⫽ 52; top) and
mPFC/vACC (x ⫽ 0, y ⫽ 48, z ⫽ 12; bottom) showing significantly different functional connectivity with the right
aMFG seed between younger and older adults in negative trials after the explicit induction of emotional suppression.
Error bars indicate the standard error of the mean for each condition. (B) aMFG-mPFC functional connectivity was
negatively associated with the aMFG-dlPFC connectivity after the explicit induction of emotional suppression; this
effect was particularly driven by older adults. (C) aMFG-mPFC functional connectivity was also negatively associated
with emotional ratings after the explicit induction of emotional suppression; this effect was commonly observed across
the age groups. ⴱ p ⬍ .05. ⴱⴱⴱ p ⬍ .001. See the online article for the color version of this figure.
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tional suppression, r ⫽ ⫺.476, p ⫽ .005; this pattern of correlation
was observed both in younger, r ⫽ ⫺.534, p ⫽ .014 and older,
r ⫽ ⫺.446, p ⫽ .042 adults (Figure 5C), suggesting that increased
functional connectivity between these regions is linked to reduced
subjective experience of negative emotions.
Whole-brain analyses of the other ER conditions revealed that
younger adults showed similarly greater functional connectivity
between the right aMFG and dlPFC areas than older adults during
the baseline runs and after the implicit induction of emotional
suppression, whereas older adults did not show significantly greater
aMFG-mPFC functional connectivity compared with younger adults
in these conditions (see Table 4). Taken together, these findings
demonstrate that both younger and older adults show similar sensitivity to emotional information and the engagement of explicit emotional suppression, and these effects are linked to modulation of
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activity in the AMY. In addition, age group is also associated with
differential PFC engagement in younger and older adults consistent
with an age-related lateral-medial shift in the frontal engagement
during emotion processing, which appears to be particularly pronounced after instructions to explicitly engage emotional suppression.

fMRI Results (2): The Impact of Suppression-Related
Brain Activity on Memory
Finally, consistent with the behavioral results and with our final
hypothesis, analyses of brain activity and functional connectivity
linked to successful memory encoding (Dm effect) revealed that
younger adults uniquely showed bilateral modulation of encodingrelated activity in the HC, along with a left-lateralized decrease of

Table 4
Brain Regions Showing Age Differences in Functional Connectivity With the Anterior Middle Frontal Gyrus (aMFG) Linked to the
Immediate Impact of Emotional Suppression
MNI peak coordinates
Brain region

Side

BA

x

y

z

t

Voxels

Volume (mm3)

EXP
Younger ⬎ Older
Middle frontal gyrus
Older ⬎ Younger
Medial frontal gyrus
Anterior cingulate
Anterior cingulate
Medial frontal gyrus
Medial frontal gyrus
Anterior cingulate
Middle temporal gyrus
Superior temporal gyrus

R

8

36

20

52

4.94

38

2432

L
L/R
L
R
R
R
R
R

10
32
32
9
10
32
39
22

⫺16
0
⫺12
4
12
4
44
56

56
48
40
48
52
40
⫺76
⫺44

4
12
16
20
12
8
24
12

4.14
3.71
3.63
3.48
3.42
3.25
5.19
3.29

113

7232

161

10304

BASE
Younger ⬎ Older
Superior frontal gyrus
Middle frontal gyrus
Middle frontal gyrus
Older ⬎ Younger
Inferior frontal gyrus
Inferior frontal gyrus

R
R
R

8
9
8

16
32
44

36
36
20

48
40
44

3.27
4.50
3.22

52

3328

L
L

47
45

⫺48
⫺36

24
28

⫺4
4

3.52
3.27

24

1536

IMP
Younger ⬎ Older
Superior frontal gyrus
Superior frontal gyrus
Superior frontal gyrus
Middle frontal gyrus
Middle frontal gyrus
Medial frontal gyrus
Superior frontal gyrus
Middle frontal gyrus
Middle frontal gyrus
Older ⬎ Younger
Inferior frontal gyrus
Caudate
Putamen

L/R
R
R
R
R
R
L
L
L

6
6
8
6
8
8
6
6
8

0
12
8
36
32
12
⫺24
⫺28
⫺28

4
4
28
0
28
36
12
0
28

52
60
52
60
48
48
56
60
48

3.62
3.01
4.76
2.88
5.11
4.55
3.19
3.48
4.61

181

11584

49

3136

L
L
L

47

⫺40
⫺8
⫺20

24
20
8

0
⫺4
4

4.10
4.27
3.43

100

6400

Note. MNI ⫽ Montreal Neurological Institute; BA ⫽ Brodmann’s area; L ⫽ left; R ⫽ right; BASE ⫽ baseline runs; EXP ⫽ runs following the explicit induction
of emotional suppression; IMP ⫽ runs following the implicit induction of emotional suppression. This table identifies brain regions showing significant differences
between younger and older adults in functional connectivity with the right anterior middle frontal gyrus seed (aMFG; x ⫽ 36, y ⫽ 52, z ⫽ 0), Which was identified
as showing significant differences in activity as a function of emotion regulation (ER) conditions between the two groups. All clusters reported in this table meet
the significance threshold determined based on a Monte Carlo simulation, corrected for multiple comparisons at p ⬍ .05 (see Method).
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the HC-PFC functional connectivity linked to successful memory
encoding after explicit emotional suppression.
Activation analyses. Whole-brain analyses identified several
regions showing a significant main effect of ER, including the left
hippocampus, midbrain, bilateral superior parietal lobule, left fusiform gyrus, and middle occipital gyrus, which partially overlap
with the dorsal attention network (Yeo et al., 2011) and with a
network of regions implicated in successful memory encoding
(Kim, 2011; see Table 5). Post hoc analyses of the parameter
estimates revealed that, as expected, these regions showed significantly reduced Dm activity for explicit and implicit emotional
suppression compared with the baseline runs, and that this reduction was similarly observed in younger and older adults (Figure
6A). No brain regions were identified as showing a significant
main effect of Emotion or an interaction between Emotion ⫻ ER.
Although the three-way ANOVA identified no regions showing a
significant interaction between Emotion ⫻ ER ⫻ Age group, ROI
analysis within the MTL mask (an Emotion ⫻ ER ANOVA)
separately conducted for each age group identified the right HC/
parahippocampus (x ⫽ 24, y ⫽ ⫺28, z ⫽ ⫺12) showing a
significant main effect of ER in younger but not in older adults.
Analyses of the parameter estimates extracted from the peak voxel
identified significantly reduced Dm activity by explicit and implicit emotional suppression in younger adults (BASE vs. EXP:
t(16) ⫽ 3.58, p ⬍ .001; BASE vs. IMP: t(16) ⫽ 2.48, p ⫽ .010),
whereas the corresponding activity differences were not significant
in older adults (BASE vs. EXP: t(15) ⫽ 1.30, p ⫽ .100; BASE vs.
IMP: t(15) ⫽ 0.97, p ⫽ .170; Figure 6B).
Functional connectivity analyses. To further examine the
role of hippocampal areas identified in the activation analyses
above as showing a significant effect of ER, functional connectivity analyses were performed using these regions as seed ROIs
comparing the ER conditions and age groups. The three-way
ANOVA identified no regions formally showing significant interaction effects between the factors. However, ROI analysis within
the PFC mask identified the left vlPFC (x ⫽ ⫺44, y ⫽ 28,
z ⫽ ⫺16, BA 47), which has been variably linked to salience/
ventral attention (Yeo et al., 2011) as well as memory (e.g.,

Figure 6. Modulation of hippocampal decreased memory (Dm) activity by
emotion regulation (ER) and age. (A) An Emotion ⫻ ER ⫻ Age group
analysis of variance (ANOVA) identified several regions including the left
hippocampus (x ⫽ ⫺28, y ⫽ ⫺28, z ⫽ ⫺12) showing decreased Dm activity
(i.e., activity difference between subsequently remembered vs. forgotten items)
after the explicit and implicit induction of emotional suppression goal compared with the baseline runs. These differences were similarly observed in
younger and older adults. (B) In contrast, an Emotion ⫻ ER ANOVA in
younger adults identified the right hippocampus/parahippocampus (x ⫽ 24,
y ⫽ ⫺28, z ⫽ ⫺12) showing uniquely decreased Dm activity by emotional
suppression in the younger age group only. The bar graphs illustrate the
parameter estimates extracted from the aforementioned peak voxels within the
left and right (para)hippocampus. Error bars indicate the standard error of
the mean for each condition. HC ⫽ hippocampus; PHC ⫽ prefrontal cortex.
See the online article for the color version of this figure.

Barredo, Verstynen, & Badre, 2016) networks, showing significantly reduced functional connectivity with the left HC after
the explicit induction of emotional suppression compared with the
baseline runs in younger adults (Figure 7A). Analyses of the

Table 5
Brain Regions Showing the Long-Term Impact of Emotional Suppression in Younger and Older Adults
MNI peak coordinates
Brain region

Side

BA

x

y

z

F

Voxels

Volume (mm3)

Main effect of ER
Superior parietal lobule
Precuneus
Angular gyrus
Superior parietal lobule
Angular gyrus
Hippocampus
Parahippocampus
Midbrain
Cuneus
Cuneus
Middle occipital gyrus
Fusiform gyrus

L
L
L
R
R
L
L
L/R
L/R
L
L
L

7
7
39
7
39

⫺20
⫺8
⫺32
24
32
⫺32
⫺24
0
0
⫺20
⫺36
⫺40

⫺60
⫺60
⫺72
⫺68
⫺64
⫺20
⫺32
⫺24
⫺72
⫺80
⫺88
⫺64

56
52
32
48
40
⫺12
⫺12
⫺8
12
12
8
⫺12

9.08
10.22
7.27
8.67
8.10
8.12
7.37
14.73
9.72
8.60
8.72
8.98

79

5,056

42

2,688

112

7,168

80

5,120

35

2,240

36
17
17
18
19

Note. MNI ⫽ Montreal Neurological Institute; BA ⫽ Brodmann’s area; L ⫽ left; R ⫽ right; ER ⫽ emotion regulation. This table identifies brain regions showing
a significant main effect of ER conditions on Dm activity (i.e., differential activity for remembered vs. forgotten trials) in younger and older adults. All clusters
reported in this table meet the significance threshold determined based on a Monte Carlo simulation, corrected for multiple comparisons at p ⬍ .05 (see Method).
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Figure 7. Decreased encoding-related functional connectivity between hippocampus (HC) and vlPFC linked to
emotional suppression. (A) Explicit emotional suppression was associated with decreased functional connectivity between the left hippocampus (HC) and ventrolateral prefrontal cortex (vlPFC) in younger adults,
compared with the baseline runs. (B) The scatterplots represent between-subjects covariation of the strength of
successful encoding-related (Dm) functional connectivity between the left HC and vlPFC (x-axis) and memory
performance (y-axis). ⴱ p ⬍ .05. See the online article for the color version of this figure.

parameter estimates extracted from the peak voxels showed that,
across participants, L HC-vlPFC functional connectivity was positively correlated with hit rate during the baseline runs, r ⫽ .444,
p ⫽ .005 and marginally so after the implicit induction of emotional suppression, r ⫽ .279, p ⫽ .058. However, this pattern of
correlation was absent after the explicit induction of emotional
suppression, r ⫽ .085, p ⫽ .319 (Figure 7B). Taken together, these
findings suggest that the memory-reducing effect of emotional
suppression is associated with decreased activity in a network of
regions typically involved in memory-related processes. The significant modulation of encoding-related activity within the MTL,
coupled with its decreased functional connectivity with the PFC by
emotional suppression, may underlie uniquely the memory-reducing
effect of suppression in younger adults.

Discussion
The present study provides novel evidence regarding adult age
differences in the neural mechanisms associated with the effects of
suppression on emotional experience and episodic memory. To our
knowledge, this is the first study comparing younger and older
adults to examine the neural correlates of both immediate and
long-term effects of this ER strategy, within the same samples. The
main findings are discussed in turn below.

Behavioral Results: Effects of Emotional Suppression
on Emotional Ratings and Memory
Emotional ratings. Our behavioral results showed that explicit but not implicit emotional suppression decreased emotional
ratings for negative and neutral images both in younger and older
adults. This result is consistent with prior work also identifying
significantly decreased emotional ratings by the engagement of

suppression relative to passive viewing, for both emotional and
neutral stimuli (e.g., Antypa, Vuilleumier, & Rimmele, 2019;
Binder et al., 2012; Dillon et al., 2007; Wang, Chen, & Han, 2017).
It has been suggested that this reduction, irrespective of valence
and arousal, may be linked to reduced stimulus elaboration after
the engagement of suppression (Dillon et al., 2007). This, in turn,
may result in reduced subjective emotional experience associated
with viewing of negative and neutral images. This is also not
surprising, given that neutral stimuli can trigger slight emotional
experiences, particularly in the context of tasks involving ratings
of such experiences. Consistent with this idea, there is evidence
that brain regions involved in emotion processing, such as the
AMY, are sensitive to processing neutral stimuli, even though to a
lesser degree compared with processing emotional ones (e.g., Dolcos,
Graham, LaBar, & Cabeza, 2003; Pessoa, McKenna, Gutierrez, &
Ungerleider, 2002). Moreover, even within the neutral category of
the IAPS images, there is a gradient in the emotional charge, with
some images being more neutral than others. Hence, it is conceivable that the response to neutral images would also be affected by
the engagement of explicit suppression.
Similar findings across the age groups are also consistent with
prior work demonstrating the efficacy of emotional suppression in
inhibiting emotional experience and expression regardless of age
(Lohani & Isaacowitz, 2014; Phillips et al., 2008; Shiota & Levenson, 2009). However, implicit induction of an emotional suppression goal did not significantly influence emotional ratings
either in younger or older adults. It is possible that, regardless of
age, the implicit activation (via priming) of emotional suppression
is not effective in modulating immediate emotional experience. It
has been suggested, however, that priming ER via the SST may be
most effective for those individuals who do not habitually use the
targeted ER strategy (Williams et al., 2009). In the present study,
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younger and older participants seemed to be already engaging a
moderate degree of suppression in daily life, as suggested by their
self-reported usage of two common ER strategies (see online
supplemental materials). Therefore, future work should examine
samples with a broader spectrum of individual differences in
habitual ER, to see how habitual suppression might modulate the
efficacy of the implicit induction of the goal to suppress.
Recognition memory. Turning to the long-term impact, our
findings showed that explicit and implicit emotional suppression
reduce subsequent memory in younger but not in older adults. The
similar memory-reducing effect of suppression for negative and
neutral items in younger adults is also consistent with available
evidence demonstrating that subsequent memory was reduced for
items encoded after the engagement of suppression (e.g., Binder et
al., 2012; Dillon et al., 2007; Richards, 2004; Richards & Gross,
1999, 2000, 2006). One account suggests that the memoryreducing effect of suppression is because of a reduction in stimulus
elaboration, resulting in poorer subsequent memory (Dillon et al.,
2007) that can affect both emotional and neutral stimuli. It is
interesting, however, that this effect might also be modulated by
age, as discussed below. Furthermore, the present study identified
similar memory-reducing effects for explicit and implicit suppression. These results extend available evidence identifying the
memory-reducing effect of explicit emotional suppression in
younger adults and show that an implicit form of suppression
yields similar mnemonic consequences. Our results are also overall
consistent with those reported by Emery and Hess (2011), who
found that, despite the similar immediate impact of expressive
suppression (i.e., reduction in outward emotional expressions and
in self-reported arousal) during negative picture processing across
age groups, only younger adults showed significant reduction in
recall after suppression. Emery and Hess (2011) postulated that
younger and older adults were using different strategies to regulate
their emotional expressions. Specifically, they argued that younger
adults were engaging increased muscle control, whereas older
adults relied more on indirect strategies like reappraisal (Emery &
Hess, 2011).
Our results detected no significant differences in the habitual
use of reappraisal and suppression between younger and older
adults in the present sample (see online supplemental materials).
This suggests that the two age groups did not differ in terms of
their “default” strategy in regulating emotions. However, this does
not necessarily mean that younger and older adults were engaging
the same strategy when prompted to use emotional suppression. In
fact, there is evidence showing that, even when explicitly given
instructions to engage expressive suppression, half of the sample
reported using different ER strategies (Demaree, Robinson, Pu, &
Allen, 2006). Therefore, one possibility is that greater strategic
heterogeneity among older adults while explicitly engaging “emotional suppression” might have led to no significant differences in
memory performance across conditions within this age group.
Indeed, our postexperiment debriefing revealed that the older
participants tended to use a variety of tactics involving changing
how they looked at the images (e.g., on the diagonal, corners) or
trying to inhibit thinking about the content, whereas the younger
participants tended to suppress more their emotional expressions.
Our instructions for explicit emotional suppression were similar to
those used by the previous studies (Binder et al., 2012; Dunn et al.,
2009), but future work might benefit from providing more specific

instructions for exactly how to suppress emotional experience
and/or expressions (Murray, Anderson, & Kensinger, 2015).
Our results also showed that the memory-reducing effect resulting from the implicit induction of emotional suppression goal is
unique to younger adults. One possible explanation for this finding
concerns age differences in the self-relevance of the controlrelated words embedded in the SST. Previous studies using the
SST to implicitly activate age-related stereotypes showed that
performance of memory recall in older adults was significantly
better after the exposure to positive aging stereotypes than to
negative ones, whereas younger adults’ memory was not affected
by the valence of aging stereotypes (Hess, Hinson, & Statham,
2004). It has been suggested that the self-relevant nature of aging
stereotypes may lead to greater salience of the associated words
among older adults, possibly resulting in higher probability of
activation of the related concepts (Hess & Emery, 2012; see also
Shih, Ambady, Richeson, Fujita, & Gray, 2002). Although speculative, it is possible that the ER-related words presented as part of
the SST in the current study were less salient to older adults,
perhaps because older adults tend to report more enhanced spontaneous emotion control than younger adults (Gross et al., 1997)
and, therefore, older adults might not readily perceive such a
concept as self-relevant. Alternatively, given that implicit priming
of ER seems to have more pronounced effects among those who
habitually engage in ER to a lesser extent (Williams et al., 2009),
another possibility is that chronic activation of ER goals in older
adults might have canceled out priming effects. More research is
needed to further explore these ideas and clarify patterns of implicit ER change with aging.

fMRI Results: The Immediate and Long-term Impact
of Emotional Suppression
Emotional ratings. Regarding the general effect of emotion,
younger and older adults showed similarly increased activity in
bilateral AMY for negative as compared with neutral stimuli
across ER conditions. This finding is consistent with several studies that previously reported relative age invariance in AMY responses to negative emotional stimuli (Dolcos et al., 2014; St.
Jacques et al., 2010; van Reekum et al., 2018; see also Mather,
2016). Furthermore, younger and older adults also showed similarly decreased AMY activity for negative images after the explicit
induction of emotional suppression compared with the baseline
runs. This finding is consistent with previous studies reporting
similar reduction in AMY responses associated with the engagement of emotional suppression (Dörfel et al., 2014; Hayes et al.,
2010; Ohira et al., 2006) and further demonstrates that the modulation of AMY activity by suppression is preserved in healthy
aging.
Aside from the AMY showing similar effects in younger and
older adults, the present study also found age-dependent effects in
regions typically associated with ER such as the PFC. Specifically,
age-related differences in PFC recruitment were identified with
respect to the right aMFG (BA 10), which showed an opposing
pattern of responses for negative images across ER conditions, in
younger versus older adults. Given that the lateral PFC including
the aMFG seems to be disproportionately affected by age-related
structural decline (Fjell et al., 2009; Lemaitre et al., 2012; Raz et
al., 2004), one possibility is that older adults rely less on this

This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

NEURAL MECHANISMS OF EMOTIONAL SUPPRESSION IN AGING

region in emotional suppression, or more generally, engaging
top-down executive control. That is, consistent with the putative
role of this region in processes related to cognitive control and
emotional suppression, this region may be recruited during the
engagement of emotional suppression in younger adults. Conversely, reduced involvement of this region during emotional
suppression in older adults may be linked to structural deterioration by advancing age. It is important to note, however, that our
behavioral results show that both younger and older adults are
similarly successful in inhibiting their immediate emotional experience and expressions through explicit emotional suppression.
This suggests that emotional suppression in older adults might be
subserved by different neural mechanisms from those engaged by
younger adults, possibly compensating for reduced functioning of
the lateral PFC areas in emotion processing and regulation in aging
(Mather, 2016; Reuter-Lorenz & Park, 2010; van Reekum et al.,
2018).
Converging evidence points to the notion that emotion processing in older age is associated with increased medial frontal activity
in the absence of significant age differences in AMY activity,
possibly reflecting enhanced spontaneous regulatory mechanisms
subserved by the medial frontal regions (Dolcos et al., 2014; St.
Jacques et al., 2010; van Reekum et al., 2018; Williams et al.,
2006). It has been suggested that older adults’ increased reliance
on the medial frontal regions in ER could be caused by the
profound cortical volume loss typically observed in the lateral PFC
areas with advancing age (Mather, 2016). Consistent with this
idea, a recent study has shown that gray matter volume in the
lateral PFC was negatively associated with activity in the mPFC
during negative emotion processing suggesting a lateral-to-medial
shift in prefrontal recruitment during emotion processing (van
Reekum et al., 2018).
The present study provides support to the accumulating evidence regarding the age-related shift in prefrontal engagement
during emotion processing, and further demonstrates that this
pattern of changes is generalizable to when younger and older
adults are explicitly instructed to engage specific ER strategies.
More specifically, our results revealed significant differences in
functional connectivity involving the right aMFG between younger
and older adults, driven particularly by explicit emotional suppression. On the one hand, compared with older adults, younger adults
exhibited greater functional connectivity between the right aMFG
and dlPFC (BA 8) after the explicit induction of emotional suppression, while also showing similarly increased aMFG-dlPFC
connectivity after the implicit induction and during the baseline
runs. In the context of the present task, increased functional
connectivity between these regions in younger than in older adults
might reflect the engagement of spontaneous and voluntary control
over emotional responses via the lateral PFC areas in the former
group. On the other hand, compared with younger adults, older
adults exhibited greater functional connectivity between the right
aMFG and mPFC/vACC (BA 10/32) after the explicit induction of
emotional suppression. The mPFC/vACC cluster was located
proximally to those identified by previous studies as showing
significantly greater activity (Dolcos et al., 2014) and greater
functional connectivity with the AMY (St. Jacques et al., 2010)
during processing of negative stimuli in older versus younger
adults. Based on this evidence, one possibility is that increased
aMFG-mPFC/vACC functional connectivity in older than in
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younger adults reflects greater reliance on medial PFC regions in
emotional suppression in the former group; thus, demonstrating a
lateral-to-medial shift in the prefrontal recruitment linked to ER in
aging.
It is noteworthy that aMFG-dlPFC connectivity and aMFGmPFC/vACC connectivity after the explicit induction of emotional
suppression was negatively correlated with each other, driven
uniquely by older adults. That is, those older adults showing
weaker functional connectivity between the aMFG seed and dlPFC
also showed stronger functional connectivity between aMFG and
mPFC/vACC after explicit instructions to suppress. Moreover,
aMFG-mPFC/vACC functional connectivity was negatively associated with emotional ratings after explicit emotional suppression,
suggesting that increased functional interactions between these
regions are linked to reduced subjective experience of negative
emotions. Overall, these findings provide further support to the
idea that the lateral-to-medial shift in prefrontal connectivity might
reflect compensatory mechanisms in aging (cf. van Reekum et al.,
2018).
Recognition memory. Regarding the long-term effects, our
results identified common and dissociable activity in younger and
older adults linked to the effect of emotional suppression on
subsequent memory. At a general level, both younger and older
adults showed similarly decreased memory-related (Dm) activity
in several regions including the left hippocampus, left fusiform
gyrus, bilateral superior parietal lobule, and midbrain after the
explicit and implicit induction of emotional suppression relative to
the baseline runs. This result is overall consistent with the role of
these regions in episodic memory encoding (Kim, 2011) and in
top-down control of attention (Corbetta, Patel, & Shulman, 2008).
It is possible that the engagement of emotional suppression requires resources to inhibit the external expression and internal
experience of emotional responses, which might have led to overall decreased availability of resources for memory encoding (Dillon et al., 2007). Additional analyses revealed that the right HC/
parahippocampus uniquely showed decreased memory-related
activity in younger but not in older adults after the explicit and
implicit induction of emotional suppression compared with the
baseline runs. This is consistent with evidence that activity in the
right HC linked to successful encoding is sensitive to the manipulation of ER (Binder et al., 2012; Hayes et al., 2010). In particular, the engagement of emotional suppression is associated with
reduced activity in this region, as well as with reduced functional
connectivity between this region and the dlPFC, linked to successful memory encoding (Binder et al., 2012). Hence, one possibility
is that bilateral modulation of hippocampal activity underlies the
memory-reducing effect of emotional suppression uniquely observed among younger adults in the present sample.
Finally, our analyses of functional connectivity identified decreased connectivity between the left HC and vlPFC (BA 47) after
the explicit induction of emotional suppression compared with the
baseline runs in younger adults. Notably, although functional
connectivity between these regions was positively associated with
memory performance during the baseline runs across participants,
this relation disappeared after the explicit induction of emotional
suppression. In general, the left vlPFC/inferior frontal gyrus (IFG)
has been consistently implicated in episodic memory encoding
(Cabeza & Nyberg, 2000; Dolcos et al., 2004; Paller & Wagner,
2002; Wagner et al., 1998). Activity in the left vlPFC and HC at
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similar locations to those observed in the present study was identified as showing greater activity for deep than for shallow encoding conditions (Fletcher, Stephenson, Carpenter, Donovan, & Bullmore, 2003). Furthermore, similar vlPFC areas have also been
identified as showing increased activity for emotional suppression
compared with passive viewing of emotional stimuli (Goldin et al.,
2008; Hayes et al., 2010). Based on these findings, one possibility
is that the engagement of explicit emotional suppression and the
associated reallocation of available resources might inhibit the
HC-vlPFC connectivity that would otherwise subserve successful
encoding of stimuli leading to a “disconnect” between the degree
of HC-vlPFC connectivity and subsequent memory performance.
In addition, available evidence also suggests that, compared with
older adults, younger adults uniquely rely on the HC-vlPFC pathway in episodic memory encoding (Grady et al., 2003). Taken
together, the current results suggest that the modulation of functional connectivity between the left HC and vlPFC is also a neural
signature of the memory-reducing effect of explicit emotional
suppression in younger adults.
Across different levels of analysis, the current study identified
both common and dissociable effects of explicit and implicit
emotional suppression. Of note, our results provide support to the
effectiveness of implicit priming as a means to activate ER goals,
despite recent evidence failing to replicate some of the earlier
findings from the broader goal priming literature (Harris, Coburn,
Rohrer, & Pashler, 2013). The present findings advance our understanding of the neurobehavioral mechanisms associated with
these forms of ER, which has important implications for understanding healthy functioning and clinical applications as has been
suggested recently (Braunstein et al., 2017). It has been argued that
the efficacy of ER is determined by the interaction of multiple
factors such as person, situation, and strategy (Doré, Silvers, &
Ochsner, 2016), and can also depend on the type of affective
stimuli (Sheppes, Scheibe, Suri, & Gross, 2011). Complementing
the available evidence, our findings demonstrate how age-related
variability in the neural circuitry subserving emotion processing
may modulate the effect of explicit and implicit suppression, as
discussed above. Building on this novel evidence, future work
should further examine differences in the efficacy of explicit and
implicit suppression in more diverse groups of participants (e.g.,
adolescents, individuals with depression) to gain more comprehensive understanding of when and how these forms of ER would be
effective in modulating emotional responses.

Limitations and Future Directions
The following limitations of the present study should be acknowledged. First, although justified by the literature and our a
priori hypotheses, some findings in the present study were relatively subtle and only identified by specifically targeted analyses,
instead of being guided by the omnibus ANOVAs. Although
consistent with available evidence, it would be important for future
work targeting these and similar effects to replicate the present
findings as interaction effects. Second, although our findings regarding the effect of explicit suppression on emotional ratings are
consistent with available evidence, it remains unclear the extent to
which the observed differences in ratings reflect reduced emotional experiences or simple shifts in response criteria. Future
investigations should clarify this by obtaining, for instance, addi-

tional measures (e.g., skin conductance) of how similarly participants process negative and neutral images under different emotion
regulation conditions. This would help elucidate the nature of
emotional responses associated with viewing of negative and neutral images. Additional potential limitations regarding the sample
size and individual variability are noted in the online supplemental
materials.

Conclusion
Notwithstanding these limitations, the present study makes important novel contributions to the literature on emotional aging and
ER. Behavioral results showed that, although younger and older
adults are similarly successful in using explicit emotional suppression to inhibit immediate emotional responses, only younger adults
showed a memory-reducing effect of emotional suppression. fMRI
results demonstrated that, in the context of similar AMY sensitivity in younger and older adults to basic emotional information and
explicit emotional suppression, these age groups also showed dissociable lateral PFC response, possibly reflecting differential involvement of this region in emotional suppression. Of note, the
present study also identified a lateral-to-medial shift in prefrontal
functional connectivity, which was driven particularly by explicit
emotional suppression. Finally, analysis of memory-related brain
activity revealed that younger adults uniquely showed bilateral
modulation of encoding-related activity in the HC, as well as a
left-lateralized decrease of the HC-PFC functional connectivity
after explicit emotional suppression, consistent with diminished
involvement of typical memory-related mechanisms linked to successful engagement of suppression. Taken together, these findings
advance our understanding of the mechanisms associated with age
differences in the effect of explicit and implicit emotional suppression, and provide insights into ways in which younger and older
adults adaptively cope with emotional challenges.
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