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Abstract

Being able to flexibly regulate one’s emotions is critical for adaptive functioning across the life span. The
importance of emotion regulation for human cognition has been reflected in the marked increase in the
amount of psychologic research on emotion and its regulation in the past two decades. In this chapter,
we review theoretical and empirical advances in this research, with a particular focus on the neural bases
of emotion regulation. We begin with a brief overview of the field at present and provide a general primer
on the behavioral and neuroimaging methods used to study emotion regulation. We then outline the brain
regions involved in both triggering and modulating affect, and how they may change throughout devel-
opment and into old age. Finally, we concludewith a roadmap for the future study of emotion regulation, in
particular focusing on how to integrate measures with high ecologic validity (e.g., experience sampling,
social emotion regulation) with neuroimaging techniques.

Humanity’s capacity to experience—and desire to
express—emotion has inspired some of our greatest
cultural achievements. From the misery of Picasso’s
Guernica, Romeo’s love for Juliet, to Michael’s
betrayal of Fredo in The Godfather, artistic portrayals
of the complexity of affective experience are deeply
moving and very popular. However, all are also exam-
ples of unrestrained emotion leading to unwanted
outcomes, as the world’s bloodiest wars, most heart-
breaking love stories, and deepest regrets are often
the result of unchecked emotion gone awry. Given the
importance of emotion and the need for its regulation,
it is not surprising that the study of emotion regulation
has grown exponentially within the past 20 years (Gross
and Barrett, 2011;Webb et al., 2012).With the advent of
new neuroimaging technologies coupled with advanced
analytic techniques, psychologists and neuroscientists
have been able to visualize and explore the neural and
physiological bases of affective experience and regula-
tion like never before.

In addition to an emphasis on new techniques, there
also has been a marked push to study emotion regulation

as it unfolds/develops across the life span (John and
Gross, 2004). While most existing research has focused
on young adulthood, each stage of human development
is characterized by a unique set of socioaffective chal-
lenges coupled with physical changes in brain structure
and connectivity. With this in mind, psychologists have
begun to examine the cognitive and affective processes
underlying what successful emotion regulation means
at different life stages. This research begins at infancy,
finding that early life stress has a meaningful and detri-
mental influence on prefrontal–subcortical circuitry
and regulatory ability (Tottenham et al., 2010; Gee
et al., 2013). Another key time period is the transition
from childhood to adolescence, when individuals are
more sensitive to reward and threat cues but are less able
than adults to effectively engage control circuitry (Casey
and Jones, 2010). On the other end of the life span, the
brain in healthy aging adults undergoes dramatic changes
in structure and function in the latter stages of life. The
frontal lobes of healthy older adults (ages 60–91) without
any signs of Alzheimer’s disease or dementia undergo
brain atrophy of 0.5% a year (Fjell et al., 2009).
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However, despite cognitive decline and cortical thinning
in brain regions known to be important for regulation,
older adults display greater levels of emotional stability
(Carstensen et al., 2000) and report more positive affect
in advanced ages (Carstensen et al., 2011), which
presents a paradox for regulation researchers—how do
elderly individuals manage to do more with
seemingly less?

In this chapter, we review advancements that have
occurred in the study of emotion regulation within the
past decade. We begin with an overview of existing the-
ories of emotion and emotion regulation. We then
explore how a converging methods approach (i.e., brain
and behavior) has refined these theories and given us new
insights into the neural bases of emotion generation and
regulation. At each point, we review the existing devel-
opmental, young adult, and aging research. Finally, we
conclude with where we think the study of emotion
regulation is going next and the big questions that remain
unexplored.

WHATWETALK ABOUTWHENWETALK
ABOUT EMOTION REGULATION

One of the most generative models of emotion regulation
has been Gross’s PROCESS model (1998), which
describes six classes of regulatory strategies in terms
of the stage of the emotion generation sequence that they
impact. These six classes are known as: situation selec-
tion, situation modification, attentional control, cogni-
tive change, and response modulation (Gross, 1998;
Gross and Thompson, 2007). To date, the most com-
monly studied forms of regulation have been attention
selection, reappraisal, and response modulation
(Silvers et al., 2014a), in part because of the relative ease
with which they can be studied behaviorally in the labo-
ratory and in part because of the availability of cognitive
neuroscience models of their underlying psychologic
processes (e.g., Ochsner and Gross, 2005; Ochsner
et al., 2012). The following paragraphs briefly cover
the existing behavioral research that has examined these
strategies and their trajectories over the life span.

Attentional control

Imagine for a moment that you have been asked to give
the toast at a close friend’s wedding. You’ve been plan-
ning what to say for weeks. Should the toast be funny or
serious? Do you share a lengthy college story, or keep it
short and sweet? While everyone else seems to be enjoy-
ing the reception, you are filled with anxiety about what
you will say and how it will be received. To regulate this
anxiety, you decide to take out your phone and scroll

through news highlights and check social media. This is
an example of a class of strategies that involve controlling
the focus of attention, in this case, selectively shifting the
focus of one’s attention away from the emotion-inducing
toast. Individuals tend to favor attentional control when
emotional intensity is high, as a way of curbing one’s
affective response before it gets out of hand, though it
may be less effective than reappraisal as a long-term
regulation strategy because it may fail to cause changes
in the mental representation—and emotional potency—
of a stimulus (Ayduk and Kross, 2010; Sheppes et al.,
2011). Common tasks used to assess attentional control
as a form of emotion regulation include the affective
Stroop (Gotlib and McCann, 1984; Hwang et al., 2014),
the affective go/no-go (Hare et al., 2005, 2008), and
mindfulness meditation (Lutz et al., 2008).

ATTENTIONAL CONTROL ACROSS THE LIFE SPAN

The ability to successfully engage in attentional control
increases across development, paralleling the develop-
ment of neural networks involvedmore generally in exec-
utive control throughout childhood and adolescence
(Rueda et al., 2005). The ability to use attentional control
as a form of emotion regulation is maintained in older
adults. One study found that older adults were successful
at performing an affective flanker task despite declines in
performance on other executive functioning tasks, includ-
ing a nonaffective flanker task (Samanez-Larkin et al.,
2010), and older adults can successfully regulate their
emotions via distraction but are impaired at reappraisal rel-
ative to younger adults (Tucker et al., 2012). In addition,
when given the choice between reappraisal and distraction
(an attention selection strategy), older adults prefer dis-
traction, whichmay be an adaptive response to age-related
cognitive decline (Scheibe et al., 2015; Mather, 2016).
Finally, top-down attention—and attention to positive
information in particular—appears to be preserved in
aging,which bodes well for attention selection as an effec-
tive regulatory strategy across the life span (Madden,
2007; Reed et al., 2014).

Cognitive change

Rather than reducing the attention paid to a stimulus or
shifting it toward a different one, cognitive change takes
a markedly different approach to emotion regulation.
During the most common exemplar of cognitive change,
known as reappraisal, individuals think about the
emotion-eliciting stimulus in a way that changes its
meaning, thereby changing the subsequent emotional
response. To return to the wedding toast example, one
could use reappraisal to think about the toast as a way
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to express your affection for your friend rather than as a
stressful public speaking event (Ochsner and Gross,
2008). Most research examining reappraisal as a regula-
tory strategy has focused on two distinct variants of it, or
reappraisal tactics: (1) reinterpreting the stimulus itself
(e.g., “An ambulance will be there soon, so there is noth-
ing to worry about”) and (2) distancing the self from the
emotion-eliciting stimulus (e.g., “This is just a picture;
I am not a part of this scene”) (Webb et al., 2012).

REAPPRAISAL ACROSS THE LIFE SPAN

While both reinterpretation and distancing are effective
ways of regulating emotion, they may be differentially
successful at different developmental stages. Younger
individuals have an easier time implementing a distancing
approach (Silvers et al., 2017), while in contrast, older
adults have a more difficult time using a distancing form
of reappraisal and minimizing the importance of a situa-
tion (Shiota and Levenson, 2009; Winecoff et al., 2011;
Tucker et al., 2012). Instead, older adults are more suc-
cessful at regulating via reappraisalwhen instructed to find
positivity in a negative situation in order to reduce nega-
tive affect (i.e., “positivizing”) (Shiota and Levenson,
2009; Li et al., 2011; Opitz et al., 2014), and this effect
is moderated by gender, such that not only do older adults
use positive reappraisal more than younger adults, but this
effect is also greater for women than for men (Nolen-
Hoeksema and Aldao, 2011).

Response modulation

In contrast to attentional control and cognitive change,
which both impact processing of an emotion-eliciting
stimulus, response modulation involves regulating
behavioral responses to that stimulus. The most studied
form of response modulation is expressive suppression,
or effortfully keeping oneself from outwardly expressing
an emotional response (Gross, 1998). In the wedding
toast example, you would attempt to regulate your emo-
tions by suppressing any outward physiological and
affective responses—as popular aphorisms instruct,
you might “keep a stiff upper lip” so no one could
“see you sweat.” In young adults, while suppression is
clearly effective in reducing the behavioral manifestation
of emotion (e.g., reducing facial expressive behavior;
Gross and Levenson, 1993), it has small and inconsistent
effects on emotional experience (Goldin et al., 2008),
possibly due to reductions in attention to stimuli as
one monitors one’s own behavior (Richards and Gross,
1999) or by reducing facial feedback that contributes
to the experience of emotion (Davis et al., 2009, 2010).

RESPONSE MODULATION ACROSS THE LIFE SPAN

Research has found that younger children tend to rely
more on suppression compared to adolescents, and that
this reliance decreases as individuals get older (Gullone
et al., 2010). This trend carries through to later life
development as well, with older adults reporting that
they rely more on reappraisal compared to suppression
in their 60s than they did 40 years earlier (John and
Gross, 2004). In addition, there are gender differences
in the tendency to rely on response modulation as a reg-
ulation strategy; in general, women tend to report using
rumination and seek social support, whereas men tend
to report engaging in expressive suppression
(Zimmermann and Iwanski, 2014). This study also
found that the use of more “active” forms of regulation
(e.g., seeking social support) tends to decrease with age,
while the use of more passive forms of regulation (e.g.,
withholding a reaction) tends to increase with age.
Taken together, this suggests that the older adults
may experience less affective reactivity in negative
situations.

MEASURING REAPPRAISAL AND RESPONSE

MODULATION BEHAVIORALLY

Most of the studies that have examined reappraisal and
suppression have typically relied on self-reported mea-
sures of affect to assess whether people successfully
execute the strategies. However, there have been nota-
ble exceptions, which have relied on physiological mea-
sures, including skin-conductance response, facial
electromyography (EMG), and startle response, which
have all been shown to track with self-report measures
(Gross and Levenson, 1993; Jackson et al., 2000; Dillon
and LaBar, 2005; Ray et al., 2010). During reappraisal
experiments, researchers will often train participants on
how to implement either reappraisal (e.g., “when you
see this image, try to imagine the situation getting bet-
ter”) or suppression (e.g., “when you see the image, try
to react in such a way that someone would not be able to
tell how you are feeling”). During a typical study, par-
ticipants view emotionally charged images that are pre-
ceded by cue words to engage in reappraisal (e.g.,
“decrease”), engage in expressive suppression (e.g.,
“suppress”), or to view the image as they would nor-
mally (e.g., “look”), and then rate how negative they
feel looking at the image (Ochsner et al., 2002). In this
case, successful regulation would be indicated by
reporting lower levels of negative affect in response
to images viewed while reappraising or suppressing,
relative to the negativity reported when looking at the
picture normally.
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MEASURING THE NEURAL BASES OF
EMOTION REGULATION

While there are a number of ways that researchers have
used neuroscience methods to study emotion regulation,
including electroencephalography (EEG), transcranial
magnetic stimulation, positron emission tomography,
and others, the majority of the neuroimaging research
on emotion regulation has used functional magnetic
resonance imaging (fMRI), which will be the primary
focus of this chapter.

Real-time fMRI

Within the past decade, there has been increased interest
in studying how receiving “real-time” neurofeedback
can increase emotion regulation success. Real-time fMRI
(rt-fMRI; deCharms et al., 2004, 2005) is a method that
gives participants moment-by-moment information
about their brain activity, often via a numerical or a visual
representation about the magnitude of activity in a given
region of interest that is identified via a localizer task and
tracked/displayed via online analyses (Sulzer et al.,
2013; Emmert et al., 2016; Paret et al., 2016). This
method has shown promising results in terms of increas-
ing regulatory success and strengthening cortical–
subcortical connectivity during emotion regulation
(Cohen Kadosh et al., 2016; Li et al., 2016).

Connectivity analyses

The goal of a connectivity analysis (be it functional,
effective, or resting state) is to examine the functional
relationship between different brain regions at a given
time point, or across time. A useful analogy is to think
about connectivity as a conversation between brain
regions.

FUNCTIONAL CONNECTIVITY

Functional connectivity (assessed via methods like psy-
chophysiological interactions and beta-series correla-
tions) examines the interregional conversation as it
takes place during a given task. Typically, researchers
delineate a seed region of interest, extract the pattern
of activity from this region throughout the task, and
see if the pattern of activity in other brain regions is
temporally correlated with the one observed in the seed
region. Psychophysiological interaction (or PPI) ana-
lyses ask whether this correlation is stronger in one
condition vs another (Friston et al., 1997). To the extent
this is the case, it is inferred that activity in the two
regions is related to them both as a function of the
psychological operations engaged in one condition vs
the other. An important caveat is that—as with all

correlational analyses—observing functional connectiv-
ity between two regions cannot determine temporal cau-
sality. For example, if a researcher observes functional
connectivity between the amygdala and the prefrontal cor-
tex (PFC) during emotion regulation, it would not be pos-
sible to determine if activity in the PFC causes and/or
precedes the associated pattern in the amygdala (or vice
versa). This is where effective connectivity comes in.

EFFECTIVE CONNECTIVITY

The goal of effective connectivity is to determine the
directionality of the connectivity between brain regions,
often relying on Bayesian model comparison to deter-
mine best fit for the direction of connectivity between
regions. Common ways to assess effective connectivity
include dynamic causal modeling (DCM), Granger cau-
sality, and structural equation modeling (for a review of
the differences between different effective connectivity
analyses, see Friston, 2011).

RESTING STATE CONNECTIVITY

Both functional and effective connectivity focus on
connectivity during a given experimental task. In con-
trast, resting state connectivity (rs-fMRI) examines the
relationship between activity in different brain regions
at “rest,” when an individual lies in the scanner (either
with eyes closed or viewing a fixation point/cross) and
is allowed to think about whatever they want. As such,
it provides insight into how brain regions are interacting
with one another during so-called spontaneous
cognition—i.e., cognition initiated by the participant
and presumably guided by their personal motivations
and goals rather than being directed toward the perfor-
mance of an experimenter-provided task (Fair et al.,
2007). Resting state connectivity analyses take multiple
approaches (Goldenberg and Galván, 2015). This
includes region-of-interest (ROI)-based analyses, which
examine how spontaneous fluctuations within a particu-
lar region at rest are associated with activity in other
regions; independent component analysis, which is use-
ful for delineating specific networks (e.g., default mode,
sensorimotor), and graph theoretical analyses, which
conceptualize distinct brain regions as nodes connected
via edges and can be useful in terms of determining
which regions of the brain serve as “hubs” for informa-
tion integration (Bullmore and Sporns, 2009). Resting
state analyses can be particularly useful in studying
developmental populations, which can be prone to exces-
sive movement and/or difficulty with sustained task
performance (Uddin et al., 2010). In addition, resting
state connectivity analyses are used for measuring rates
of cognitive decline or the effects of training interven-
tions, where the relative strength of interregional
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connectivity is thought to be indicative of greater brain
plasticity and healthier aging (Andrews-Hanna et al.,
2007; Li et al., 2014).

Structural analyses

While the majority of emotion regulation research has
focused on functional approaches, there has also been
a renewed focus on looking at brain structure and in
particular how the physical structure of different regions
involved in affective and controlled processes change
across the life span. The brain undergoes a great deal
of structural change from infancy to young adulthood,
in particular, a posterior–anterior pattern of cortical thin-
ning, believed to be a marker of neural efficiency
(Gogtay et al., 2004). The healthy adult brain remains
relatively stable until around age 50, when it begins to
undergo linear declines in structure of both white and
gray matter, accompanied by increased cell death, demy-
elination, and the introduction of disruptive neurofibril-
lary plaques and tangles (Price et al., 1991; Hedman
et al., 2012). Age-related structural decline in nonpatho-
logical aging is not uniform across people or within brain
regions, with more lateral and dorsal prefrontal brain
areas undergoing more drastic decline than medial areas
(Raz et al., 2005). Examining brain structure can involve
the use of multiple methods, including diffusion tensor
imaging, which examines the structure of white matter
tracts, coupled with fractional anisotropy, which looks
at the direction of the diffusion of water molecules along
said tracks (Schwarz et al., 2013), and cortical pattern
matching, which examines structural changes in gray
matter volume (Gogtay et al., 2004).

BRAIN REGIONS INVOLVED IN
EMOTION REGULATION

Regions involved in triggering affective
responses

Emotion is an essential component of the human experi-
ence. From our earliest cry to our last goodbye, emotions
imbue our lives with meaning and are essential to our
survival. While the exact definition of emotion is an
ongoing topic of debate (see, e.g., Adolphs, 2016;
Barrett, 2016), for present purposes, we consider emo-
tion to be an evaluative appraisal of a stimulus’s meaning
that leads to physiological and experiential changes as
well as activating response tendencies.

Amygdala

The amygdala is one of the primary brain regions
involved in triggering an affective response (Ochsner
et al., 2009; Lindquist et al., 2012), in large part because
it is thought to signal the presence of goal-relevant

stimuli, and emotions arise from appraisals of goal rele-
vance (Sander et al., 2003; Cunningham and Brosch,
2012). As such, it is densely interconnected with brain
regions involved in sensory detection, attentional alert-
ing, memory, and associative learning (Davis and
Whalen, 2001; Phelps and LeDoux, 2005) and contrib-
utes to these behaviors because of its role as a neuromo-
dulatory region that influences the operation of brain
systems that process sensory information and consoli-
date it into memory (Anderson and Phelps, 2001,
2002; Barrett et al., 2007). In this way, the amygdala’s
role in emotional experience may be indirect rather than
direct (Anderson, 2007). The amygdala receives inputs
from sensory systems (e.g., visual, auditory, olfactory),
and has reciprocal connections with ventromedial areas
of the PFC and anterior cingulate (Ghashghaei and
Barbas, 2002; Ghashghaei et al., 2007; Barbas et al.,
2011; Timbie and Barbas, 2015; Zikopoulos et al.,
2017). This speaks to its central role in generating affect
as well as guiding attention, memory encoding, and rein-
forcement learning and, as such, it is a common target for
emotion regulation.

EMOTION REGULATION AND THE AMYGDALA

Given the amygdala’s key role in affect generation, it is
not surprising that it is one of the primary targets for emo-
tion regulation and that decreases in amygdala activity
are often treated as a marker of successful regulation.
However, different regulation strategies vary in the
extent to which they accomplish this feat. Consistent
with the idea that successful downregulation of emotion
involves dampening amygdala activity, prior research
has found that using selective attention to focus on a
nonarousing (vs arousing) section of a negative image
led to decreases in amygdala activity (Ferri et al.,
2013), and that increased amygdala activity is associated
with worse performance on tasks that require inhibition
of behavioral responses to negative stimuli (Hare et al.,
2005, 2008).

In general, meta-analyses have shown that the use of
reappraisal to change one’s interpretation has been found
to up- vs downregulate amygdala responses as a function
of the goals that one has to think about the meaning of a
stimulus in ways that amplify vs diminish is emotional
impact (reviewed in Buhle et al., 2014). Such effects
are thought to follow from reappraisal-related changes
in the representation of stimulus meaning. By contrast,
although the route by which expressive suppression
might impact amygdala is less clear, its impact on the
amygdala appears to be different from that of reappraisal.
One study directly compared reappraisal and expressive
suppression in response to aversive videos, reporting that
reappraisal with the goal of diminishing negative
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emotion decreased amygdala reactivity, whereas sup-
pression increased amygdala reactivity (Goldin et al.,
2008). These differential effects on amygdala activity
may be apparent at an individual level, such that chronic
use of reappraisal is linked to decreased amygdala activ-
ity when viewing negative images without an explicit
goal to regulate (Drabant et al., 2009), whereas the
chronic use of suppression is associated with heightened
amygdala activity when viewing negative stimuli
(Vanderhasselt et al., 2013a, b). Some have suggested
that reappraisal use and its impact on the amygdala are
both trait-like and domain-general—decreases in amyg-
dala activity when regulating responses to negative
images predicted decreases in responses to amygdala
activity when regulating responses to physical pain
2 years later (Lapate et al., 2012). Interestingly, recent
work has found that amygdala activity during reappraisal
can be dynamically modulated based on real-time
neurofeedback—in one study, researchers presented par-
ticipants with feedback based on their actual amygdala
response while regulating during an fMRI scan—and
found receiving feedback on how well one was doing
led to significant decreases in amygdala activity during
regulation, coupled with increased lateral prefrontal–
amygdala connectivity during feedback trials (Sarkheil
et al., 2015).

Decreases in amygdala activity during reappraisal are
associated with increased connectivity between the
amygdala and both the OFC and dorsomedial prefrontal
cortex (dmPFC) (Banks et al., 2007). Notably, these
regions (dmPFC, middle temporal cortex) are also key
regions involved in theory ofmind andmentalizing about
the self and others, whichmay speak to the important role
that these processes play in successful reappraisal, which
often involves reframing a stimulus in terms of its self-
relevance. In contrast, decreased amygdala activity
during distraction is associatedwith increased connectiv-
ity between the amygdala and the dorsal anterior cingu-
late (dACC), ventromedial prefrontal cortex (vmPFC),
and the right insula (Kanske et al., 2011). Given the
dACC’s role in detecting and signaling conflict, the
vmPFCs role in signaling value, and the insula’s role
in integrating sensory information, these regions may
be involved in signaling the presence of an affective
stimulus, deciding its relevance to one’s goals, and
implementing the appropriate response.

AMYGDALA ACTIVITY AND REGULATION ACROSS THE

LIFE SPAN

Amygdala reactivity to negative images and facial
expressions decreases across the life span (Mather
et al., 2004; Gee et al., 2013; Silvers et al., 2017). How-
ever, amygdala reactivity to positive stimuli follows a

slightly different trajectory, in that older adults show
greater reactivity to positive relative to negative stimuli,
a pattern that is reversed in younger adults (Mather et al.,
2004). As indicated previously, amygdala–prefrontal
connectivity is a critical component of successful
emotion regulation and it changes notably throughout
the life span. Developmental research has found that
structural connectivity between the amygdala and PFC
increases linearly throughout childhood into young
adulthood (Swartz et al., 2014), and young children show
positive amygdala–prefrontal connectivity (that is, as
activity in one region increases, so does activity in the
other), a pattern that reverses after age 6, suggesting
the emergence of a regulatory relationship between the
two regions (Gee et al., 2013). The development of a neg-
ative amygdala–prefrontal connectivity pattern is accel-
erated by the absence of a stable primary caregiver during
infancy, suggesting that it is a response to early life stress
(Tottenham et al., 2012). In terms of healthy aging into
older adulthood, resting state functional connectivity
shows that density of amygdala-based networks
increases with age (Tomasi and Volkow, 2012), and there
is evidence for the preservation of amygdala volume and
connectivity in old age (Raz et al., 1997; Jernigan et al.,
2001; Jiang et al., 2014). Taken together, this suggests
that the amygdala goes through many structural and
functional changes relatively early in life, and then stabi-
lizes for the duration of the life span.

Ventral striatum

The ventral striatum is a subcortical brain region inner-
vated with dopaminergic neurons and involved in track-
ing the subjective value of stimuli, signaling the presence
of/expectation of reward, and encoding errors and
outcomes of such predictions (Knutson et al., 2001;
Phan et al., 2002; Eldar et al., 2016). It is thus a critical
contributor to affective anticipation, showing increased
activity when individuals anticipate both rewarding
and aversive experiences (Jensen et al., 2003). Further,
reactivity to rewarding cues like food and sexual images
has been shown to be predictive of both long-termweight
gain and sexual desire, respectively (Heatherton and
Wagner, 2011; Demos et al., 2012). The ventral striatum
also is densely interconnected with the amygdala and
vmPFC (Haber and Knutson, 2010), and, through
modulatory connections to the central nucleus of the
amygdala, plays a critical role in fear learning and extinc-
tion retention (Phelps et al., 2004; Schiller and Delgado,
2010). During reappraisal, both the amygdala and the
ventral striatum show increased connectivity with the
dmPFC/ACC and the lateral PFC (Sripada et al., 2014),
and one recent study that examined neurofeedback in
striatum found increased striatum-mPFC connectivity
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when individuals received feedback and were attempting
to regulate it, as compared to trials in which they did not
receive feedback (Greer et al., 2014).

EMOTION REGULATION AND THE VENTRAL STRIATUM

The ventral striatum, like the amygdala, is one of the pri-
mary targets for emotion regulation (Ochsner et al., 2012;
Buhle et al., 2014). In particular, it is a primary modula-
tion target when individuals are regulating responses to
rewarding stimuli (Roitman et al., 2005; Kim and
Hamann, 2007; Kober et al., 2010), and it tends to be
more active when viewing positive relative to negative
and neutral stimuli (Seo et al., 2014). During reappraisal,
the striatum can act as a mediator in the relationship
between ventrolateral prefrontal cortex (vlPFC) activity
and regulation success (Wager et al., 2008), presumably
supporting reappraisals that find positive meaning in
aversive events. A number of studies have also examined
striatal downregulation via reappraisal in decision-
making tasks, finding that reappraisal led to decreased
activity in the striatum coupled with fewer risky deci-
sions (Martin and Delgado, 2011) and less anger when
offered unfair deals in a social interaction (i.e., dictator
game) (Grecucci et al., 2013). This indicates that the
striatum plays a key role in the successful implementa-
tion of affective reappraisal for both positive and nega-
tive stimuli and may be involved when putting a
“positive spin” on a bad situation (Dor�e et al., 2017a).

VENTRAL STRIATUM ACTIVITY AND REGULATION

ACROSS THE LIFE SPAN

Adolescents show heightened activity in the striatum rel-
ative to children and adults (Geier and Luna, 2009;
Somerville and Casey, 2010), which is believed to under-
lie their increased propensity toward risky behavior
(Galvan et al., 2006). There are comparatively fewer
published works examining the striatum in aging, but
one study found that healthy older adults show less stria-
tal activity when experiencing regret as compared to
healthy young and depressed older adults (Brassen
et al., 2012). Intriguingly, striatal reactivity and the abil-
ity to regulate it may be somewhat stable over the life
span—in one study, individuals who had completed
the marshmallow task (a task that measures the ability
to delay gratification) during childhood were scanned
40 years later while performing a task that requires inhi-
biting the prepotent impulse to behaviorally respond to
affective cues (the affective go/no-go). The researchers
found that low-delayers in adolescence (i.e., individuals
who were unable to wait for the second treat) showed
increased striatal activity when regulating responses
toward affectively rewarding stimuli (happy faces) as
middle-aged adults (Casey et al., 2011). In terms of

striatal connectivity, the regulatory relationship between
the ventral striatum and mPFC develops throughout ado-
lescence, with one study finding that children (relative to
young adults) show higher striatal activity during appe-
titive regulation, coupled with weaker striatal–prefrontal
connectivity (Silvers et al., 2014b). This coupling
between the striatum and PFCmay even be strengthened
later in life, with one study finding that, relative to youn-
ger adults, older adults show increased connectivity
between ventral striatum and mPFC while viewing pos-
itive stimuli (Ritchey et al., 2011).

Insula

The insula is an area critically important for the experi-
ence and generation of emotion—it is a hub where
somatosensory information is integrated with other types
of information to support the interoception and aware-
ness of internal body states, affective experience, and
cognitive control (Satpute et al., 2015; Uddin et al.,
2017). It is also involved in experiencing empathy for
others (Bruneau et al., 2012; Zaki et al., 2016), and is
a key player in the “pain” network (Singer et al.,
2004). However, while the insula is an important contrib-
utor to compassion, it is also implicated in the expression
and physiological experience of disgust (Calder et al.,
2001). Given its role in disgust and avoidance, it is per-
haps not surprising that the insula is engaged across a
variety of inhibition tasks (Wager et al., 2005), and
may be of particular import for inhibiting responses
toward affective stimuli (Shafritz et al., 2006).

The insula is part of the frontoparietal control net-
work, which is involved in goal implementation and
attainment (Spreng et al., 2010) and becomes more inter-
connected and efficient across development (Fair et al.,
2008). It sits at the nexus of both affective (i.e., striatum,
amygdala) and control (i.e., ACC, vlPFC) regions, and
plays diverse roles ranging from affective identification
and expression to response inhibition (Wager and
Barrett, 2017). The insula serves in so many roles due
to its wide-ranging connectivity with different brain
regions, and it is parcellated into three subregions: the
dACC, the ventral anterior cingulate, and the posterior
cingulate. The dACChasmany connections to the frontal
lobe, anterior cingulate cortex (ACC), and parietal cor-
tex, and plays a key role in cognitive control and execu-
tive function (Uddin et al., 2017). The ventral anterior
insula also shows connectivity with the frontal lobe
and with subcortical regions involved in affect and emo-
tion, underscoring the region’s involvement in socioe-
motional cognition (Uddin et al., 2014; Nomi et al.,
2016). The posterior insula shows increased connectivity
with parietal and the temporal cortices and is involved in
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interoception and visceral integration (Uddin et al.,
2017). The insula, along with the ACC, is part of the
so-called “salience” network, thought to be critical for
identifying goal-relevant stimuli and guiding attention
accordingly (Menon and Uddin, 2010).

EMOTION REGULATION AND THE INSULA

With regard to its role in emotion regulation, the insula is a
bit of amixed bag, due to functional differences across dif-
ferent subregions. Both the ventral anterior insula and pos-
terior insula can be the target of regulation (Ochsner et al.,
2004; Martin and Delgado, 2011; Buhle et al., 2014;
Sripada et al., 2014), but the dorsal anterior and posterior
insula can also show increased activity during regulation
(Koenigsberg et al., 2010; Buhle et al., 2014; Lamke et al.,
2014). Consistentwith the idea that the insula is critical for
attentional control, trait suppression usage (a regulation
tactic that requires a great deal of focused attention) is pos-
itively correlated with insula volume (Giuliani et al.,
2011b). One study that compared distraction (a form of
attention selection) to reappraisal (Kanske et al., 2011),
found that distraction recruited the dorsal anterior insula
to a greater extent during regulation than did reappraisal
and that amygdala–insula connectivity during distraction
was associated with regulatory success. Paralleling these
results, but this time comparing suppression and reapprai-
sal, one study found that dorsal anterior insula activity
decreased during reappraisal, but showed increased activ-
ity during suppression (Goldin et al., 2008). However,
another study found no differences in insula activity when
regulating via reappraisal or expressive suppression
(Vrti�cka et al., 2011). Taken together, this suggests that
the dorsal anterior insulamay play a key role as a regulator
in nonreappraisal strategies but may be a noncontributor
during reappraisal.

One study that directly examined insula connectivity
and emotion regulation in the context of the ultimatum
game found that dorsal anterior insula activity when
receiving an unfair offer was correlated with explicit rat-
ings of anger, andwas exclusively activewhen reapprais-
ing moderately fair and unfair offers as compared to fair
offers (Grecucci et al., 2013). Using DCM, they found
that when using reappraisal during unfair offers, the infe-
rior frontal gyrus (IFG) and temporoparietal junction
(TPJ) modulated activity in the dorsal anterior insula.
This suggests that the dorsal anterior insula plays a key
role in interpersonal emotion regulation and ismodulated
by regions involved both in executive control (i.e., IFG)
and mentalizing (i.e., TPJ). Thus during at least one form
of social emotion regulation, the insula appears to play a
role in integrating information about the mental states of
others and their intentions with affective experience, in
order to inform behavior.

INSULA ACTIVITY AND REGULATION ACROSS THE

LIFE SPAN

In general, connectivity in the frontoparietal network (of
which the insula is a key player) declines later in life
(He et al., 2014), and decreases in insula volume show
interindividual variation in old age (Tisserand et al.,
2004; Raz et al., 2010). Older adults do, however, show
increased dorsal anterior insula activity to negative stim-
uli (angry faces) relative to younger adults, a pattern that
is reversed in the amygdala (Fischer et al., 2005).

Taken together, all of this information gives an
unclear picture of the insula’s role in regulation, both
in general and across the life span. While this can be
somewhat frustrating, it may speak to the many roles per-
formed by the insula and the complexity of its structure
and function across its multiple subnuclei.

REGIONS INVOLVED IN MODULATING
AFFECT

The regions outlined previously are those that are
involved in generating emotional states; however,
emotion generation and regulation are interconnected
processes (Gross and Barrett, 2011). Indeed, our
appraisals about a stimulus can both give rise to our
affective states and work to regulate them.While regions
like the amygdala and striatum signal the presence of an
affectively relevant stimulus, these representations are
flexible and can be modified based on an individual’s
goals and contextual cues. In the next section, we will
focus on the brain regions involved in dynamically
updating affective appraisals and exerting top-down con-
trol over automatic affective responses.

Anterior cingulate cortex

TheACC is involved inmonitoring performance and sig-
naling conflict between competing responses
(MacDonald et al., 2000). Together with the insula it
comprises the salience network and is involved in detect-
ing and responding to pain, both for the self and others
(Zaki et al., 2009; Menon and Uddin, 2010; Shackman
et al., 2011). Recent accounts of ACC function posit that
its primary role is computing the expected value of exert-
ing cognitive control, which supports detection of affec-
tively salient stimuli, and subsequently signaling to
lateral prefrontal regions the need to exert control over
responses to them (Shenhav et al., 2013).

As mentioned previously, the ACC has dense struc-
tural connections with the anterior insula. It also has
termination points in the amygdala’s basolateral and cen-
tral nuclei, which underscores its role as signaling the need
for vigilance and heightening of arousal (Zikopoulos et al.,
2017). Intriguingly, the ACC is also one of the primary
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sites for von Economo neurons, a type of neuron that
allows for quick signaling and is associatedwith enhanced
executive and socioaffective functioning; it is one of the
first areas to deterioriate in the early stages of frontotem-
poral dementia (Allman et al., 2010). Taken together, these
structural features speak to the ACC’s important role in
human cognition and its role in both affective and cogni-
tive control processes. In terms of functionality, the ACC
exhibits functional connectivity with both the insula and
lateral regions of the PFC (Shenhav et al., 2013), and
structural research has found that smaller dorsal ACC vol-
ume is related to difficulties regulating emotion (Giuliani
et al., 2011a). ACC connectivity changes markedly across
development, beginning as relatively diffuse in childhood
and becoming more focalized in adulthood (Kelly
et al., 2009).

EMOTION REGULATION AND THE ACC

In terms of emotion regulation, some have suggested the
ACC plays a central role in monitoring regulatory perfor-
mance and exhibits increased activity during both up- and
downregulation of negative emotion via reappraisal
(Ochsner et al., 2004; Braunstein et al., 2017). Notably,
the ACC also plays a critical role in autonomic control
and interoception (Critchley, 2004), indicating that its role
in signaling the need for control based on a computation of
value may draw on body-state information to determine
value and may in turn trigger body-state changes to sup-
port subsequent attempts at control. As such, it is interest-
ing that one study found that dACCactivitywas positively
correlated with both pupil dilation and heart rate during
reappraisal and served as a marker of cognitive and phys-
iological effort (Urry et al., 2009). This account is consis-
tent with research focusing on more automatic forms of
emotion regulation. In one study using the affective go/
no-go, individuals showed increased ACC activity when
inhibiting automatic responses to affective stimuli (Hare
et al., 2005), and research using a variant of the affective
Stroop found that the rostral ACC exerted inhibitory con-
trol on the amygdala during task performance (Etkin et al.,
2006). This indicates that the ACC is one of the key con-
tributors to implementing emotion regulation—it is
involved in detecting conflict and signaling the need for
ongoing control, and it monitors performance through
the regulatory process.

ACC ACTIVITY AND REGULATION ACROSS THE

LIFE SPAN

Prior research has found that children and adolescents
engage the ACC to a greater extent than adults in tasks
that require cognitive control (Rivera et al., 2005), and

that adolescents exhibit increased ACC activity (relative
to adults) when viewing fearful faces/negative stimuli
(Blakemore, 2008). One study that examined attention
selection across development found that children show
increased activity relative to adolescents and young
adults in dACC during the affective Stroop task, due to
immature functional development and younger individ-
uals needing increased activity to get to the same level
of performance (Hwang et al., 2014).

Interestingly, the ACC appears to be the region most
associated with positivity bias in attention in aging
(Brassen et al., 2011), which is consistent with the
research that found that the ACC may be more involved
in the regulation of positive relative to negative emotion
(Seo et al., 2014). In addition, ACC–lateral prefrontal
connectivity during both distancing and positivizing
reappraisal is conserved across the life span and there
is evidence for increased conservation of gray matter
in the ACC relative to other prefrontal regions (Allard
and Kensinger, 2014a, b).

Dorsolateral PFC

The dorsolateral prefrontal cortex (dlPFC) is a hub for
executive control processes (Thompson-Schill et al.,
2005), and it is one of the regions most commonly
recruited during emotion regulation (Buhle et al.,
2014). Through connections to parietal control, sensori-
motor, temporal, and more medial regions of the PFC, it
plays a critical role in response preparation, goal mainte-
nance, and goal-directed cognition (Miller and Cohen,
2001; Badre and D’Esposito, 2007; Arnsten, 2009). Dur-
ing emotion regulation, it communicates with the
dmPFC/dACC to monitor conflict and signal the need
for behavioral change and can signal parietal control
regions to guide attention elsewhere, resulting in down-
regulation of amygdala activity (Mitchell, 2011).
Though we typically think of the dlPFC as an affect-
modulating region, it is also involved in the top-down
generation of affective states (e.g., experiencing affect
via mental simulation) (Otto et al., 2014).

While structural and functional changes occur
throughout the whole brain across the life span, it
is the lateral prefrontal regions that appear to
show the most age-related changes during childhood
(Somerville and Casey, 2010). Like the vlPFC, the
dlPFC experiences cortical thinning across develop-
ment, and it is one of the last brain regions to fully
mature (Gogtay et al., 2004). Its development is associ-
ated with increased ability to exercise cognitive control
and to engage in strategic thinking (Steinbeis et al.,
2012). While the dlPFC may be one of the last brain
regions to fully mature, it is also one of the first to begin
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to degrade in old age. The dorsolateral prefrontal and
hippocampal regions experience the most atrophy in
old age, and depletion of these more lateral brain
regions is consistent with reports of age-related decline
in executive functioning (Fjell et al., 2009).

EMOTION REGULATION AND THE dlPFC

Similar to its neighbor the vlPFC, the dlPFC plays a role in
regulation via reappraisal of both negative and positive
stimuli (Golkar et al., 2012) and during both up- and down-
regulation (Ochsner et al., 2012). It is believed to be part of
a “regulatory network” (along with the vlPFC and mPFC)
that shows heightened activity during regulation regardless
of the type of stimuli being regulated (Nelson et al., 2015).
Indeed, the dlPFC is not only involved in regulation toward
negative affective stimuli but is also involved in regulating
striatal activity during reappraisal of financial rewards
(Staudinger et al., 2011) and reappraising losses in a gam-
bling task (Sokol-Hessner et al., 2013). It was also involved
in regulation across multiple different strategies measured
in the same participants (detachment, reinterpretation,
expressive suppression, distraction) (D€orfel et al., 2014).

A recent meta-analysis using activation likelihood
estimation, found that volitional emotion regulation pro-
cesses work as follows: first the vlPFC signals the need to
regulate, the dlPFCmaintains the regulation process, and
then modulates the amygdala and ACC (Kohn et al.,
2014). However, the direct connections from the dlPFC
to amygdala are sparse, so it is believed that the dlPFC
modulates amygdala activity through vmPFC, a region
critical for proactive control (Wheelock et al., 2014) or
by modulating activity in posterior cortical regions that
represent perceptual and semantic information and send
inputs to emotion triggering regions (Ochsner et al.,
2012). Differences in dlPFC reactivity to negative stim-
uli may also underlie individual differences in spontane-
ous regulation of negative emotion, as one study found
that individuals who gave lower negative affect ratings
when viewing and rating negative images exhibited
increased recruitment of the dlPFC (Silvers et al.,
2014b), and individuals who report higher trait reapprai-
sal show increased dlPFC activity when viewing
negative relative to positive stimuli (Vanderhasselt
et al., 2013a, b). Taken together, this suggests that, during
emotion regulation, the dlPFC is involved in exerting
top-down control, but also perhaps automatically in
generating reappraisals that can alter the current interpre-
tation of one’s affective state.

dlPFC ACTIVITY AND REGULATION ACROSS THE

LIFE SPAN

Children and adolescents show increased activity in
dlPFC compared to adults during negative emotion

regulation, suggesting that they may need to recruit more
cognitive resources in order to achieve the same regula-
tory results (Levesque et al., 2004; Geier and Luna,
2009). Similarly, although older adults show reduced
activity in the dlPFC during nonemotional working
memory tasks (Opitz et al., 2012), they show greater
dlPFC activity during reappraisal as compared to atten-
tion selection relative to younger adults (Allard and
Kensinger, 2014a, b). Intriguingly, the opposite is true
for regulation toward appetitive stimuli, at least in child-
hood and adolescence (Silvers et al., 2014b). Future
work should examine the nature of this interaction
between age and regulation across both negative and
positive stimuli and see if this reversal is also the case
for older adults.

Ventrolateral PFC

The vlPFC is one of the primary regions involved in cog-
nitive control and most commonly during emotion regu-
lation (Berkman and Lieberman, 2009). It is instrumental
in implementing goal-directed behavior and guiding
retrieval of relevant information from memory (Badre
et al., 2005; Badre and Wagner, 2007; Satpute et al.,
2014), and in the “top-down” generation of emotion
(Ochsner et al., 2009; Otto et al., 2014). It also plays a
key role in response inhibition through projections to
both the ACC and the insula (Lieberman et al., 2011;
Kohn et al., 2014). Through these connections, the
vlPFC regulates responses to stimuli that are emotionally
distracting and responds to signals from the ACC that
current affect is incompatible with desired affect
(Mitchell, 2011). The vlPFC has functional connections
to the anterior insula, medial PFC, and dorsal regions of
the lateral PFC (Menon and Uddin, 2010; Morawetz
et al., 2016; Silvers et al., 2017), underscoring its role
in response selection based on the detection of internal
states and influencing goal-directed cognition. Since it
has relatively few direct (i.e., physical) connections to
the amygdala, it is believed to modulate amygdala activ-
ity indirectly through OFC/mPFC (Mitchell, 2011).

EMOTION REGULATION AND THE vlPFC

Underscoring its key role in emotion regulation, the
vlPFC was one of only three brain regions (along with
SMA and anterior insula) that were found to be active
regardless of regulation strategy used (reappraisal, atten-
tion selection, response modification) in a meta-analysis
of emotion regulation studies (Morawetz et al., 2017).
However, it appears to be particularly critical for reap-
praisal that involves reinterpretation relative to other reg-
ulation strategies (e.g., detachment) (Ochsner et al.,
2009, 2012; D€orfel et al., 2014), which may be related

266 C. HELION ET AL.



to its role in semantic retrieval. In addition, it may play a
role in “spontaneous” regulation—that is, regulation pro-
cesses that occur without explicit direction. One study
that examined vlPFC and its role in downregulating emo-
tion following interpersonal conflict found that increased
vlPFC activity to one’s romantic partner’s negative facial
expression was predictive of better coping and well-
being following relationship conflict (Hooker et al.,
2010). When it comes to reappraisal, the vlPFC seems
to be a “jack of all trades,” and is involved in the reapprai-
sal of myriad stimuli, ranging from negative scenes, neg-
ative faces (i.e., angry and fearful), to appetitive stimuli
(Ochsner et al., 2012; Silvers et al., 2014b; Nelson
et al., 2015).

In terms of connectivity during emotion regulation,
changes in vlPFC activity during reappraisal were corre-
lated with reported changes in emotional experience, and
this relationship between vlPFC activity and regulatory
success was mediated by two indirect and independent
pathways: (1) through amygdala/insula (leading to less
success) and (2) the ventral striatum (leading to increased
success) (Wager et al., 2008). One study that used DCM
to assess effective connectivity during reappraisal found
that, while the dlPFC is active during the initial stages of
reappraisal in order to maintain regulation goals in work-
ing memory and initially shows positive coupling with
the vlPFC, once the vlPFC has selected the chosen
appraisal, the vlPFC then exerts an inhibitory effect on
the dlPFC, which is no longer needed once the appraisal
has been selected (Morawetz et al., 2016). Thus, like its
neighbor the dlPFC, the vlPFC plays a flexible and
important role in emotion regulation, specifically by gen-
erating appraisals to shape the meaning of affective stim-
uli and selecting the appropriate response in order to
achieve one’s regulatory goals.

vlPFC ACTIVITY AND REGULATION ACROSS THE

LIFE SPAN

There is a positive correlation with age and vlPFC activ-
ity during response inhibition toward affective faces
during early development (Shafritz et al., 2006), suggest-
ing that younger individuals may have more difficulty
utilizing this region during regulation. It seems that the
capacity for lateral prefrontal (i.e., vlPFC and dlPFC)
regions to regulate emotion is rooted in childhood expe-
rience, as adults who experienced poverty during child-
hood show decreased vlPFC activity during reappraisal
relative to individuals who did not (Kim et al., 2013).
As part of the normal maturational process, lateral pre-
frontal areas undergo cortical thinning from childhood
into early adulthood, and thinning of both the dlPFC
and vlPFC is associated with increased use of reappraisal
in adolescents (though curiously only in females)

(Vijayakumar et al., 2014). However, when it comes to
cortical thinning, too much can be a problem in older
age, as both the ventral and dorsal regions of the PFC
undergo severe cortical thinning in the aging brain
(Fjell, 2010), which may be related to older adults acti-
vating the vlPFC less than younger adults when reducing
responses to negative emotions. However, this degrada-
tion of the vlPFCmay be compensated for—while youn-
ger adults show stronger ACC-vlPFC/dlPFC activity
during reappraisal, older adults instead show stronger
acc-vmPFC/OFC connectivity (Allard and Kensinger,
2014a, 2014b), which is consistent with other work
showing that older adults recruit the vlPFC less than
younger adults during regulation (Winecoff et al.,
2011; Opitz et al., 2012), without having significant
problems regulating emotion. Further, this vlPFC deficit
in old age may be specific to regulating responses to neg-
ative stimuli, as one study found that the vlPFC is
recruited more during processing and reflecting upon
positive images in older adults, as compared to young
adults (Ritchey et al., 2011). Taken together, this sug-
gests that the vlPFC is sensitive to early affective inputs
and may be of particular importance during emotion
regulation in childhood and young adulthood, while
being less important for regulation in older adults.

Dorsomedial prefrontal cortex

The dmPFC is a region that acts as a conduit between
cognitive control areas and affect-triggering regions
and that plays a role in both generating and regulating
emotion (Kober et al., 2008). Similar to the dlPFC, it
has dense connections to sensorimotor areas and ACC,
and is involved in goal-directed behavior—it works
together with the dlPFC in reversal learning, cost/benefit
calculation, and together with the ACC signals conflict to
the dlPFC and vlPFC (Mitchell, 2011). Like the vmPFC
(see the following), it is part of the default mode network
and plays a key role in the detection and awareness of
one’s own emotional state and the emotional states of
others (Ochsner et al., 2004; Lindquist et al., 2012).

EMOTION REGULATION AND THE dmPFC

In terms of emotion regulation, the dmPFC is recruited
across various forms of regulation (e.g., reappraisal,
distraction, suppression), and plays a key role in affective
elaboration (Buhle et al., 2014; D€orfel et al., 2014), likely
because of its role in “mentalizing”—i.e., thinking about
mental states, including affective ones (Zaki and
Ochsner, 2012). As such, it is not surprising that it is
involved in the regulation of both positive and negative
emotion (Seo et al., 2014), and is more active during reg-
ulation to social (relative to nonsocial) stimuli (Vrti�cka
et al., 2011). The dmPFC acts as a positive mediator
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during reappraisal and is one of the regions that—when
paired with increased activity in the vlPFC—increases
regulatory success (Wager et al., 2008). Like the dlPFC,
it is associated with individual differences in responses to
negative stimuli, such that increased activity during
viewing is associated with lower negative affect ratings
(Silvers et al., 2014b). This is consistent with recent
research showing that the dmPFC is critical for
“endogenous” control, that is, choosing to act rather than
being instructed to do so (K€uhn et al., 2013); in contrast
to the vlPFC, the dmPFCmay play a stronger role during
upregulation of emotion relative to downregulation
(Ochsner et al., 2012).

The dmPFC plays a regulatory role during both reap-
praisal and distraction and shows increased amygdala
connectivity during the implementation of both strate-
gies (Banks et al., 2007). Negative reciprocal dmPFC-
amygdala connectivity is correlated with chronic usage
of reappraisal (Drabant et al., 2009), and the region
may play a central role when regulating responses toward
unpredictable negative stimuli (Wheelock et al., 2014). It
is also one of the regions that is the most malleable to
receiving neurofeedback via rt-fMRI, as neurofeedback
increases amygdala-dmPFC connectivity during emo-
tion regulation (Li et al., 2016) and the region shows
enhanced connectivity with the left amygdala when
receiving neurofeedback during the upregulation of pos-
itive emotion (Zotev et al., 2013). Taken together, this
indicates that once an emotion has been identified, the
dmPFC is involved in flexibly shaping the intensity of
that emotion based on an individual’s regulatory goals.

dmPFC ACTIVITY AND REGULATION ACROSS THE

LIFE SPAN

The dmPFC plays an increasingly key role in the upregu-
lation of positive emotion via its connections to the ven-
tral striatum from childhood into early adulthood (Silvers
et al., 2014b). It also appears to be preserved both in
structure and in this regulatory role across the adult life
span, as it is involved in emotion regulation toward pos-
itive images in both older and younger adults (Winecoff
et al., 2011) and both age groups show increased ACC-
dmPFC connectivity during reappraisal (Allard and
Kensinger, 2014a, 2014b).

Ventromedial prefrontal cortex

The vmPFC seems to be critically involved in coding the
affective value of stimuli within the current situational
and temporal context (Ochsner and Gross, 2014;
Braunstein et al., 2017). This function is supported by
its dense reciprocal connections with amygdala
(Ghashghaei et al., 2007) and its connections with other

subcortical (e.g., hippocampus) and posterior cortical
regions that encode situation and historical information
about a stimulus and how it is being experienced in rela-
tionship to other stimuli (Ochsner and Gross, 2014;
Braunstein et al., 2017). Given these connectivity pat-
terns, it is not surprising that it plays a key role in fear
extinction (Phelps et al., 2004; Schiller and Delgado,
2010), which involves determining how the value of a
stimulus has changed over time in relation to expected
but omitted negative outcomes, in implementing forms
of controlled regulation that depend on making choices
about the value of stimuli with respect to changing task
goals (Hutcherson et al., 2012), in coding prediction
errors and supporting feedback-learning (Mitchell,
2011), in judging the relatedness of stimulus to the self
(Kober et al., 2008) and in inferring the mental states
of others (Ochsner et al., 2004; Bruneau et al., 2012).
Interestingly, one study showed that individuals who
were more successful at downregulating their amygdala
via reappraisal showed inverse coupling of amygdala and
vmPFC, and the strength of this coupling was predictive
of cortisol levels longitudinally (Urry et al., 2006). Cog-
nitive depletion can weaken this vmPFC-amygdala con-
nectivity, leading to heightened affective reactivity
(Wagner and Heatherton, 2013).

EMOTION REGULATION AND THE vmPFC

When it comes to emotion regulation, the vmPFC is
believed to play a role in deriving affective meaning,
through its connections to subcortical (e.g., amygdala)
and temporal (e.g., hippocampal) regions (Roy et al.,
2012). Activity in vmPFC tends to be inversely corre-
lated with amygdala activity during emotion regulation
(Kober et al., 2008), and the activity in the vmPFC is
modulated via top-down inputs from the dlPFC, rostral
dorsal ACC, and dmPFC, which then regulates amygdala
activity (Hartley and Phelps, 2010; Roy et al., 2012).
Taken together, this suggests that the vmPFC may play
an important role in regulating affect. In addition to being
involved in amygdala regulation, it serves a regulatory
role for the ventral striatum—one study that investigated
the emotion regulation in financial decision-making
found increased vmPFC activity when regulating
responses to losses (Sokol-Hessner et al., 2013), and it
is involved in tracking positive emotion and serves as
a valuation region (Winecoff et al., 2013).

While this would seem to suggest that vmPFC plays a
critical role in emotion regulation, this is not always the
case. Some studies observe decreased vmPFC activity
during regulation (Kanske et al., 2011), and a recent
meta-analysis found no evidence for consistent involve-
ment of the vmPFC during reappraisal (Buhle et al.,
2014). It’s possible that the vmPFC may be chronically
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active during both the generation and regulation of affec-
tive states during reappraisal, which may account for the
lack of a consistent role during the regulation process.
Finally, like the dlPFC, vmPFC activity is associated
with individual differences in the spontaneous regulation
of affect (Silvers et al., 2014b). Regardless of its exact
role in emotion regulation, it clearly plays a critical role
in affective valuation, as it receives inputs from both the
amygdala and ventral striatum, computes information
about value, and signals tomore lateral prefrontal regions
to engage in goal-directed cognition (Ochsner et al.,
2012; Braunstein et al., 2017).

vmPFC ACTIVITY AND REGULATION ACROSS THE

LIFE SPAN

Regulatory connectivity between the vmPFC and amyg-
dala develops during late childhood (Gee et al., 2013),
but can be accelerated by experiencing early life stress
during infancy (Tottenham et al., 2011). Once this asso-
ciation has been established, it persists throughout the
life span—in older adults the amygdala and vmPFC
are relatively well-preserved relative to the degradation
seen in more lateral prefrontal regions (Fjell et al.,
2009). In addition, both older and younger adults show
increased functional connectivity between ACC and
vmPFC during reappraisal (Allard and Kensinger,
2014a, b)—which suggests that the region may be
involved in implementing the reappraisal strategy
selected by more lateral prefrontal regions across the
life span.

WHERE DO WE GO FROM HERE?

As evidenced by the research presented here, emotion
regulation is a complex ability that depends on the con-
certed actions of multiple processes that in turn depend
upon networks of brain regions. In the following para-
graphs, we briefly outline what we think should be the
future focuses of emotion regulation research, how these
can inform our current theoretical models, and how to
apply these recommendations to studying emotion regu-
lation across the life span.

Increasing ecological validity through
experience sampling

In recent years, there has been a push to combine neuro-
imaging measures of emotion regulation with more eco-
logically valid behavioral measurements of emotion
generation and regulation. One way this has begun to
be addressed is through combining experience sampling
methods with neuroimaging. For example, ecological
momentary assessment (EMA) (Shiffman et al., 2008)
can be used to study thoughts, behaviors and emotions

as they occur in daily life across the adult life span
(Carstensen et al., 2000), and there has been a recent
increase in the applications of EMA methods, particu-
larly as a tool to measure emotion regulation behavior.
EMA enjoys advantages over other lab-based methods
because it is ecologically valid and is not subject to the
memory biases typical of recall-based experimental
designs. By asking people about situations they are
actively regulating throughout the day, experimenters
have learned that perceived situational controllability
interacts with regulatory strategy in such a way that
people with high well-being use reappraisal more
in situations they perceive as lower in controllability
and less in situations they perceive as higher in control-
lability (Haines et al., 2016). Time-series analyses of
EMA responses have also found that for healthy individ-
uals, the use of suppressionmay be followed by increases
in negative affect and decreases in positive affect,
whereas reappraisal and social sharing, as regulatory
strategies, may be associated with subsequent increases
in positive affect (Brans et al., 2013). Additionally, fMRI
activity in lab-based tasks has been shown to predict
daily life functioning (Falk et al., 2015; Heller et al.,
2015). However, the combination of EMA with fMRI
measures of brain activity during emotion regulation
tasks remains, to our knowledge, an unexplored area
of research with the potential to add a great deal to our
understanding of brain mechanisms of regulation in
and outside of the lab.

New ways of measuring affective behavior

In addition to improving behavioral measurement out-
side of the lab, there has also been an uptick in using
unobtrusive behavioral measures such as eye tracking
and pupil dilation to study emotion regulation within
the lab. These more implicit measures aim to minimize
demand effects while allowing for a potentially more
direct pipeline into physiological responses elicited
by affective stimuli and its subsequent regulation.
While the use of psychophysiological methods to study
emotion is not new (see, e.g., Norman et al., 2014), they
have been used to answer new types of questions. For
instance, they have offered new insights about how
individuals at different developmental stages spontane-
ously regulate their emotions, finding that older adults
spent more time looking at happy faces and less time
looking at fearful and angry faces relative to younger
adults (Isaacowitz et al., 2006), whereas adolescents
exhibit more pupil dilation—a marker of increased
attention and cognitive processing—for negative than
positive social stimuli relative to younger children
(Silk et al., 2012).
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Emotion regulation training and choice

Most of the research thus far has given participants
instructions on what strategies to use and when they
should be implemented within an experimental setting.
While this has given insight into the neural and behav-
ioral architecture of different forms of emotion regula-
tion, it remains unclear to what extent these different
strategies are used spontaneously in day-to-day behavior,
if choosing to implement a certain strategy versus being
directed to implement it changes its efficacy, and if
receiving regulation training impacts emotion regulation
practices outside of the lab. A few studies have focused
on these questions directly and have yielded promising
results. When individuals are given a choice in what kind
of regulation to implement, they tend to prefer distraction
for high-intensity negative images and to choose reap-
praisal for low-intensity negative images (Sheppes
et al., 2014), and recent work examining regulation
choice found that PFC-amygdala activity during an ini-
tial viewing of negative images predicts the subsequent
choice to regulate (Dor�e et al., 2017b).

Previous research has found that reappraisal training
can have lasting effects, as when individuals show
decreased amygdala activity to images that have been
reappraised multiple times as compared to images that
have been reappraised only once (Denny et al., 2015).
One study that focused directly on reappraisal training
over the long term found that distancing reappraisal
may be particularly effective, in that individuals who
practiced distancing (as compared to reinterpretation
and control groups) reported reduced stress and were less
reactive to negative stimuli (Denny et al., 2015). In addi-
tion, it seems that training basic nonaffective cognitive
control skills can impact emotion regulation ability.
One study (Cohen et al., 2016) trained individuals over
the course of 2 weeks on a nonaffective Flanker task,
designed to increase cognitive control and flexibility.
The researchers found that individuals who had received
Flanker training showed less affective interference dur-
ing an image-viewing task, and increased amygdala–
prefrontal connectivity. Taken together, this suggests that
receiving regulation training may have a positive impact
on psychologic well-being.

When discussing emotion regulation training, we
would be remiss if we did not mention the advances
made in recent years in studying the neural bases of
mindfulness and compassion-based meditation training
on emotion regulation. Mindfulness and meditation
techniques frequently rely on attention selection and
cognitive reappraisal working together in order to reg-
ulate emotion. One study that examined Focused Atten-
tion (FA) meditation—in which individuals actively
attend to a certain stimulus (e.g., breathing), and bring

the focus back to the stimulus whenever attention
wanders—found that FA led to increased activity in
dlPFC and parietal control areas, and decreased amyg-
dala activity (Brefczynski-Lewis et al., 2007; Lutz et al.,
2008). Another study found that engaging in mindful-
ness practices increased prefrontal activity and
decreased amygdala and hippocampal activity when
viewing negative images, and that individuals that were
high in trait mindfulness needed to recruit prefrontal
and insula regions less when expecting to view negative
stimuli (Lutz et al., 2013). Follow-up research found that
cognitive reappraisal and mindfulness recruit similar
prefrontal circuitry (Opialla et al., 2014). Interestingly, a
study that directly compared mindfulness with suppres-
sion found that while both downregulated amygdala
activity, the former tended to recruit medial regions of
the PFC, whereas the latter tended to recruit dlPFC.
Finally, one study contrasted reappraisal with
compassion-based regulation, which asks people to focus
on and attend to the mental and emotional states of others
(Engen and Singer, 2014). This study found that both
compassion and reappraisal regulated emotion, but that
compassion was more successful than reappraisal when
upregulating positive emotion, and reappraisal was more
successful than compassion when downregulating nega-
tive emotion. Not surprisingly, compassion regulation
led to more activity in large swathes of the mPFC,
including regions involved in self and social awareness.

It takes (at least) two: The social regulation of
emotion

The majority of emotion regulation research to date has
focused on intrapersonal regulation or regulating emo-
tion at the individual level. However, this does not ade-
quately reflect the real world, in which both our emotions
and their regulation are meaningfully impacted by the
actions of others (Lakey and Orehek, 2011; Aldao,
2013; Reeck et al., 2016). Recent research has begun
to address this gap in the literature, finding that regulat-
ing others’ emotions can benefit the self (Inagaki and
Eisenberger, 2012; Dor�e et al., 2017b) and that taking
another person’s perspective can modulate both behav-
ioral measures and neural correlates of emotion
(Gilead et al., 2016). In addition, there is a growing body
of research that has focused on the neural bases of social
support and close attachment on emotion regulation
(Beckes and Coan, 2012), finding that both actual inter-
action with a romantic partner (Coan et al., 2006) and
passive viewing of a romantic partner’s face
(Eisenberger et al., 2011) reduces brain activity in
regions implicated in stress and arousal (e.g., anterior
insula, dACC) when experiencing physical pain. The
social regulation of emotion may be of particular import

270 C. HELION ET AL.



in studying emotion regulation across development, as
children often rely on both implicit and explicit signals
from primary caregivers when learning how to react to
new affect-eliciting situations. It is also important to study
social regulation in older adults, a population faced with
increasing health concerns. In difficult times, older adults
often rely on their caregivers for emotional support, which
can become especially taxing on the caregivers.

Individual differences in emotion
regulation goals

In addition to an increased interest in studying interper-
sonal emotion regulation, there also has also been interest
in studying how individual differences impact emotion
regulation goals and efficacy. In particular, there has been
a push to consider demographics as key contextual
features of emotion regulation (Aldao, 2013). Individ-
uals learn how to experience and regulate emotions from
others, and different cultural scripts can lead to marked
differences in the generation and regulation of specific
emotions (Gross and Barrett, 2011). An individual’s cul-
tural background can have a meaningful impact on the
emotions that are desirable and undesirable (Tsai,
2007), and how effective different strategies will be in
terms of creating a desired affective state. Recent
research on how emotion regulation goals differ as a
function of one’s cultural background found that individ-
uals from Asian cultures are less likely to engage in
hedonic emotion regulation (upregulating positive
emotion and downregulating negative emotion) than
European Americans (Miyamoto et al., 2014), and that
this difference is reflected in the increased tendency
for European Americans to savor positive emotion
(Miyamoto and Ma, 2011; Ma et al., 2017). In addition,
the negative consequences associated with suppression
are moderated by one’s cultural background, in that they
are stronger for individuals from Western cultures and
weaker for individuals from East-Asian cultures
(Butler et al., 2007). It seems plausible that this type of
difference could be the case for individuals that come
from the same culture but grew up in different genera-
tions with different norms in terms of communicating
and expressing emotion.

Multivariate approaches to emotion
regulation

In recent years, there has been increased interest in using
multivariate methods to study both emotion and its
regulation. These methods include multivoxel pattern
analysis (MVPA), representational similarity analysis,
and machine learning. In general, the goal of these ana-
lyses is to get a better sense of how information is repre-
sented in the brain and to use observed brain states to

make better inferences about what participants are
experiencing. One study that used MVPA and emotion
regulation found evidence for a reappraisal network that
includes vlPFC, dlPFC, and parietal control regions,
which show similar neural patterns for reappraisal across
both static (i.e., negative images) and dynamic (i.e.,
video) stimuli (Morawetz et al., 2016). In terms of
machine learning, Chang et al. (2015), identified a net-
work of regions that together create a neural
“signature” for experienced affect and can predict
explicit ratings of negative emotion, termed the Picture
Induced Negative Emotion Signature (PINES). Recent
work examining social regulation of emotion through
perspective taking used the neural signature identified
in the PINES research and found that this network was
sensitive to mental simulation and could be modulated
based on regulatory goals (Gilead et al., 2016). We
believe that these methods are a promising step forward
and will yield new insights on the processes involved in
emotion regulation in the coming years.

CONCLUSION

In the show Star Trek: The Next Generation, a robot
named Data develops feelings for a fellow crewmate.
In a show of devotion, he develops a new subroutine
in order to guide him in the process of falling in love
and connecting with another person emotionally. Unfor-
tunately for Data, he finds that a program built only on
logic cannot withstand the vagaries of love, and the
relationship ends. While this perhaps seems like a prob-
lem that would only befall a robot, we too create routines
and programs for how to manage our own and others’
emotions, with varying degrees of success. Emotion reg-
ulation is complex—it involves learning and applying
multiple strategies, with networks of brain regions work-
ing together, and how one goes about it canmeaningfully
change across the life span. At times, the programs that
we have created to manage our emotions seem to work
beautifully—we get the second marshmallow, success-
fully hold back our tears, or suppress our laughter at
an inappropriate moment. But other times, like Data,
our program is insufficient, and we cannot quite handle
the affective situation that we have gotten ourselves into.
The research discussed earlier has begun to lay out the
space for emotion regulation—we have a better under-
standing of both the programs that are applied for
emotion regulation and their components—but, this is
only the beginning. By taking a converging-methods
approach that examines emotion generation and its
regulation at multiple levels of analysis and at different
points in the life span, we will be better able to under-
stand and predict when emotions will give to rise to
our best or bring out our worst.
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