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The ability to regulate emotions is an important part of adaptive functioning in society.
Advances in cognitive and affective neuroscience and biological psychiatry have facilitated
examination of neural systems that may be important for emotion regulation. In this critical
review we first develop a neural model of emotion regulation that includes neural systems
implicated in different voluntary and automatic emotion regulatory subprocesses. We then use
this model as a theoretical framework to examine functional neural abnormalities in these
neural systems that may predispose to the development of a major psychiatric disorder
characterized by severe emotion dysregulation, bipolar disorder.
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Introduction

Advances in the fields of cognitive and affective
neuroscience and biological psychiatry have allowed
us to identify the neural systems underlying emotion
regulation and how abnormalities in these neural
systems may be associated with the presence of
symptoms of certain psychiatric disorders, particu-
larly symptoms of mood disorders. We previously
described a neural model of emotion perception and
regulation based on a critical review of animal,
human focal lesion and human neuroimaging stu-
dies.1 Here, the main focus was the development of a
theoretical framework for the study of functional
abnormalities in neural systems implicated in emo-
tional dysregulation in various psychiatric disorders,
including bipolar disorder (BD).

Since the publication of our neural model of
emotion perception and regulation there have been
several developments in the following research areas.
First, there has been an increasing focus in the field of
neuroimaging on the study of neural systems under-
lying emotion regulation in healthy, nonpsychiatric
populations and the application of findings from

these studies to the examination of psychiatric
populations. Second, the recent research agenda for
the Diagnostic and Statistical Manual of Mental
Disorders, Version V (DSM-V) has emphasized the
need to apply these basic and clinical neuroscience
research findings to develop a framework for identify-
ing biomarkers that reflect pathophysiological pro-
cesses to facilitate earlier and more accurate diagnosis
of psychiatric disorders.2–4 This is particularly rele-
vant to BD, a disorder that is frequently misdiagnosed
or diagnosed too late for early and successful
treatment.5,6 For mood disorders in general, and BD
in particular, these biomarkers could include func-
tional and/or structural abnormalities in neural
systems important for emotion regulation. In parallel
with these clinical advances have been an increasing
number of neuroimaging studies in BD that are
beginning to show specific abnormalities in the
structure and function of neural regions implicated
in emotion regulation in individuals with the dis-
order. Finally, there is emerging work in the field of
developmental affective neuroscience examining the
development of neural systems of emotion and
emotion regulation in youth with and without
psychiatric disorders. Here, there is increasing inter-
est in applying clinical neuroscience research find-
ings to the study of populations who are genetically at
risk of developing disorders such as BD, where the
goal is to identify neural abnormalities that reflect
high risk of future development of psychiatric
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disorder to target individuals for early, preventative
interventions.

Such advances in the field of affective neuroscience
and biological psychiatry have provided the motiva-
tion for the refinement of our original neural model,
specifically to expand upon neural systems impli-
cated in the different voluntary and automatic
component processes and subprocesses inherent to
emotion regulation and to develop a new neural
model of emotion regulation. We then use this as a
framework with which to examine findings from
existing studies to increase understanding of the
neural basis of emotion dysregulation in individuals
with BD and in youth at risk for subsequent develop-
ment of the disorder. There are two important longer-
term implications of this approach. First, this can
help facilitate identification of biomarkers reflecting
pathophysiological mechanisms of BD to aid diag-
nosis. Second, this approach can help identify
biomarkers reflecting abnormal neurodevelopmental
processes that may characterize individuals most at
risk of future development of BD.

The main goals of this review are therefore as
follows:

(1) Development of a new neural model of emotion
perception to focus on examination of the neural
systems implicated in the different voluntary and
automatic component processes and subprocesses
implicated in emotion regulation

(2) Employment of this new neural model as a
framework with which to examine the neural
basis of emotion dysregulation in BD

(3) Employment of this new neural model as a
framework to examine abnormalities in the devel-
opment of neural regions implicated in emotion
regulation that may be already present in youth at
risk for, and in youth with, BD, and that, in turn,
may represent biomarkers associated with the
development of the disorder.

Before introducing the components of our proposed
neural model of emotion regulation, we first provide
an overview of the anatomy of the prefrontal cortical
regions upon which we focus in our model, and
findings that have elucidated the functional connec-
tivity between these prefrontal cortical regions and
subcortical limbic regions implicated in emotion
processing.

Anatomy of prefrontal cortical neural regions
implicated in emotion regulation

The regions of the prefrontal cortex (PFC) that have
most consistently been implicated in cognitive
control processes, including decision-making and
emotion regulation, include the orbitofrontal cortex
(OFC), dorsomedial prefrontal cortex (MdPFC),
anterior cingulate gyrus (ACG), dorsolateral prefrontal
cortex (DLPFC) and ventrolateral prefrontal cortex
(VLPFC; for example see Krawczyk,7 and see follow-
ing section). These regions in primates comprise a

mixture of dysgranular, granular and agranular cor-
tical areas, including an internal granular layer IV.
Ventromedial areas of the PFC (that is, OFC, MdPFC
and ACG) develop relatively early, and are involved
especially in the control of emotional behaviors,
whereas lateral prefrontal cortical regions (that is,
DLPFC and VLPFC) develop late, and are principally
involved in higher executive functions.8 The OFC,
MdPFC and the ACG are large, heterogeneous cortical
regions that cover the medial wall and ventral surface
of the frontal cortex. The OFC, including Brodmann
areas (BAs) 11–14 and medial BA 47, MdPFC (BA 10/
32) and parts of the ACG, are regions of the PFC that
are the most densely connected with the amygdala
and other subcortical limbic and paralimbic regions.9

The lateral PFC can be divided into DLPFC, compris-
ing BAs 9 and 46,10 and VLPFC, comprising BAs 45
and 47.11 BA 44, caudal to BA 46, subserves cognitive
functions, in particular deductive reasoning and
language perception,12 which make it functionally
aligned with the DLPFC. The DLPFC is connected to
the OFC, and to a variety of subcortical neural
regions, including the thalamus, the dorsal striatum
(dorsal caudate nucleus), the hippocampus and
primary and secondary cortical association areas,
including posterior temporal, parietal and occipital
areas.13 There are also dense connections between
OFC, MdPFC, and the ACG and DLFPC and VLPFC9

that provide indirect connections between subcortical
regions implicated in processing emotional informa-
tion and lateral prefrontal regions implicated in
cognitive and higher-order executive processing.

The intrinsic cortico-cortical connections of the
OFC and the MdPFC can further be described as
reflecting two distinct networks.9 The ‘orbital pre-
frontal network’ involves multisensory inputs into the
OFC and MdPFC regions and as such provides
integration of sensory information, primarily informa-
tion of an affective value.9 The ‘medial prefrontal
network’ involves the integration of visceromotor
information. Both of these networks have connections
with subcortical limbic structures. In particular, the
orbital network has connections with the ventral
medial part of the basal nucleus of the amygdala
whereas the medial network has connections with the
ventral lateral part of the nucleus.9 There are also
distinct connections between these neural networks
and the striatum, thalamus, hypothalamus and brain-
stem.9 Although distinct, these networks have inter-
connections that allow convergence of sensorimotor
integration and visceromotor control in the proces-
sing of emotionally salient information, and thereby
facilitate the regulation of emotional behavior.

More recent work most relevant to the formulation
of our following neural model of voluntary and
automatic emotion regulation suggests that the pat-
tern of projections to and from the OFC and the
MdPFC and subcortical regions such as the amygdala
allows for the identification of specific ‘feedback’ and
focal ‘feedforward’ pathways. In particular, a recent
study by Ghashghaei et al.14 examining output and
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input patterns of connections between prefrontal
cortices and the amygdala in nonhuman primates
confirmed that caudal OFC and ACG areas have
strongest connections with the amygdala. Here, the
authors provided novel evidence for connections
from the amygdala to cortical layers I and II of these
PFC regions, which they interpreted as being im-
plicated in the focus of attention to motivationally
relevant stimuli. Furthermore, they provided evi-
dence for focal ‘feedforward’ projections from the
amygdala to the middle layers of caudal OFC and
ACG, which they interpreted as serving to provide
information about the emotional salience or signifi-
cance of external sensory stimuli, and potentially
contributing to the role of the OFC in the rapid
perception of reward contingencies.15 Input connec-
tions from cortical layer III (posterior OFC and areas
of the ACG) to the amygdala were also identified and
interpreted as involved in conveying information to
the amygdala about internalized emotions such as
jealousy, embarrassment and guilt. Finally, the
authors demonstrated connections between OFC and
lateral PFC, which may help mediate voluntary
emotion regulation processes, given that lateral PFC
regions have limited output to the amygdala (see
section below).

Prefrontal cortical–subcortical limbic functional
connectivity

Functional neuroimaging studies employing func-
tional connectivity analyses afford the possibility of
describing correlations between activities in different
neural regions during task performance. Research in
the field of affective neuroscience using functional
connectivity analyses is still in its infancy. Never-
theless, the few studies that have been conducted to
date have yielded findings that can inform under-
standing of the role of different prefrontal regions in
emotion regulation. One recent study16 employing
functional connectivity analyses to examine neural
activity in response to fearful and angry faces in
healthy adults yielded a path model that comprised
a system linking the amygdala to subgenual ACG
(BA25) to supragenual cingulate cortex (BA32) and
back to the amygdala. In addition, the model
indicated a significant information-processing path
from OFC to DLPFC (BA46), and also between the
amygdala and OFC. These findings support anatomi-
cal data demonstrating that the OFC is extensively
and reciprocally connected with the lateral and dorsal
regions of the PFC, and with the amygdala, and
support the hypothesis that the OFC may mediate
connections between higher-order dorsolateral pre-
frontal regions and subcortical limbic regions such as
the amygdala during emotion regulation.

Other studies, using emotion-labeling paradigms,
which are associated with voluntary control of
responses to emotional stimuli—‘thinking rather than
feeling about emotion’17—have also indicated that the
right VLPFC may have an inhibitory role upon the

amygdala, and that this may be mediated by the
OFC.17–20 These findings are paralleled by reports of
inverse patterns of activity in amygdala and OFC in
response to ambiguous emotional stimuli, surprised
facial expressions, depending upon whether these
stimuli were interpreted positively or negatively.21

More negative interpretations of surprised faces were
associated with greater signal changes in the right
ventral amygdala, although more positive interpreta-
tions, with greater signal changes in OFC. Another
study provided further evidence for functional inte-
gration of OFC, MdPFC and VLPFC in the response to
emotionally salient information. Here, functional
connectivity analyses of neural activity to positive
vs negative emotional sentence cues revealed a
positive correlation between ventral striatal, OFC
and MdPFC activity to positive sentences, and a
positive correlation between ventral amygdala,
MdPFC and VLPFC activities to negative sentences.
Findings in this study also revealed a negative
correlation between OFC, MdPFC and VLPFC activity
to negative sentences, however, suggesting differen-
tial roles of OFC and VLPFC in the response to
positive vs negative emotional stimuli.22

Functional connectivity findings have also indi-
cated a dorsal-rostral division in ACC modulation of
the thalamus–sensory cortex pathway in response to
emotionally salient stimuli, with the dorsal ACC
showing a positive modulation of this pathway, and
the rostral ACC, an inverse relationship.23 Findings
from this study also indicated an inverse interaction
between the dorsal and rostral ACC with the direct
thalamus–amygdala pathway, providing additional
evidence for roles of dynamic functional relationships
between thalamo-amygdala and cortical regions, and
for a functional differentiation ventral/dorsal prefron-
tal neural systems.

These findings therefore implicate different regions
of the PFC, including OFC, MdPFC, VLPFC and ACG,
and further suggest distinguishable roles of these
regions in the regulation of activity within subcortical
limbic regions in the response to emotionally salient
information. We next discuss specific neural models
of emotion regulation that have been informed by
these data.

Neural models of emotion regulation

Thompson24 proposed that ‘emotion regulation con-
sists of extrinsic and intrinsic processes responsible
for monitoring, evaluating, and modifying emotional
reactions, especially their intensive and temporal
features, to accomplish one’s goals’ (page 28). Gross
and Thompson25 later added that these processes may
be ‘automatic or controlled, conscious or uncon-
scious, and may have their effects at one or more
points in the emotion generative process’ (page 8).
Although other definitions of emotion regulation have
been proposed, this definition captures the complex
nature of emotion regulation, including the existence
of subprocesses that may be either voluntary or
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automatic. We highlight two previous models of
emotion processing that focused on neural regions
implicated in emotion regulation.

Phillips et al. model

In our previous model, we focused on neural regions
implicated in processes involved in emotion percep-
tion, including the regulation of affective state and
emotional behavior. Our review of the existing
animal, human lesion and human functional neuroi-
maging literature led us to propose a neural model
of emotion perception and regulation.1 We high-
lighted the role of a ventral neural system, including
amygdala, insula, ventral striatum (that is, ventral
caudate nucleus, putamen), ventral regions of the
ACG and ventral regions of the PFC, in particular,
ventromedial PFC/OFC, in the identification of
emotionally salient stimuli, and mediation of auto-
nomic responses to emotionally salient stimuli asso-
ciated with the generation of an emotional state. In
contrast, we highlighted the role of a dorsal neural
system, including the hippocampus and dorsal
regions of the ACG and PFC—brain regions that
support cognitive processes such as selective atten-
tion, planning, performance monitoring and volun-
tary regulation of emotional states. We proposed that
voluntary regulation of emotion is supported pre-
dominantly by the dorsal system. We also proposed,
however, that reciprocal functional relationships may
exist between the ventral and dorsal systems, which
may be mediated by the ventral medial region of the
PFC and which may support both voluntary and
automatic regulation of emotion.

Ochsner and Gross model

More recently, Ochsner and Gross26 proposed a neural
model of emotion regulation that focuses on the
interaction between bottom-up emotion appraisal and
top-down cognitive control processes centered on
subcortical affective appraisal systems (amygdala,
basal ganglia) and prefrontal cortical and cingulate
systems, respectively.26–28 Their model includes two
types of top-down appraisal systems. The first type
involves dorsomedial and dorsolateral prefrontal
cortical systems. These systems are implicated in
top-down description-based appraisal, allowing the
generation of mental representations of affective
states, as well as reappraisal to regulate emotion.
The second type involves ventral prefrontal cortical
systems. These systems are implicated in top-down
outcome-based appraisal, important for the learning
of associations between outcomes and preceding
choices or events to regulate emotion.

Commonalities and differences between these neural
models of emotion regulation

Both of the above models implicate top-down pro-
cesses in emotion regulation, and center top-down
emotion regulatory processes in dorsal prefrontal
cortical regions, and bottom-up emotion generation

in subcortical, limbic neural regions. There are some
differences, however, between the models.

One issue is the role of the ventral PFC, specifically
the OFC, in emotion regulation. In our previous
model, we argued for a role of OFC regions in the
generation of emotional states based upon evidence
from lesion analysis studies in humans, monkeys and
rodents and neuroimaging studies in humans during
normal and pathological emotional states.1,29,30 In
contrast, Ochsner and Gross highlighted the role of
this region in outcome-based appraisal as a process
important for emotion regulation. This is paralleled
by an increasing number of studies that point to the
OFC, in tandem with ventral striatal regions impli-
cated in expectancy or anticipation of emotionally
salient future events, in outcome-based learning.31,32

Another major issue is the number of different
subprocesses implicated in emotion regulation. In
addition to the separation of emotion regulation into
the two different types of appraisal described above,
Ochsner and Gross28 proposed a hypothetical con-
tinuum to organize different subprocesses involved in
the cognitive control of emotion. At one end of the
continuum is the exclusive use of attentional control,
including engagement or disengagement of attention
to emotional stimuli, and at the other end is the
exclusive use of cognitive change, including the
above top-down appraisal and reappraisal processes.
There is also a distinction between suppression and
cognitive appraisal and re-appraisal as two different
emotion regulatory strategies. Suppression, defined
as a response-focused emotion regulatory strategy,
involves the inhibition of ongoing emotion-expressive
behavior. Although suppression alters the behavioral
expression of emotion, it produces mixed physiolo-
gical effects (for example, decreased heart rate and
increased sympathetic activity).33–36 Reappraisal, de-
fined as an antecedent-focused strategy, involves the
attempt to alter the emotional meaning of originally
salient stimuli but it does not lead to increased
sympathetic arousal. It has therefore been argued that
reappraisal is a more effective strategy for the
regulation of negative affect.26,28,33,34,37 The extent to
which these subprocesses are subserved by different
neural systems remains unclear.

An important, but somewhat neglected issue is the
extent to which emotion regulation can be subdivided
into voluntary vs automatic component processes and
subprocesses. It could be argued that these different
subprocesses operate in parallel and possibly simul-
taneously with emotion appraisal and emotion gen-
eration processes and, as such, it may be deemed
futile to attempt to study voluntary and automatic
subprocesses as separate entities. If, however, we are
to begin to understand the mechanisms of emotion
regulation, the underlying neural systems, their
development and subsequently how they may be
altered in individuals with mood disorders, it will
be necessary to identify the different subprocesses
of emotion regulation and their corresponding
neural systems.38 Understanding automatic emotion
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regulatory subprocesses may be particularly relevant
to the study of emotion regulation development in
childhood and adolescence and to the study of
individuals with BD, in whom the inability to
regulate emotion and resulting behavioral distur-
bances occur frequently without insight or subjective
awareness.39 Although previous models,24,25 includ-
ing our own,1 alluded to the fact that emotion
regulation can occur either voluntarily or automati-
cally, to our knowledge there has been no integration
of these voluntary and automatic subprocesses into
one neural model of emotion regulation.

The above models of emotion regulation can be
integrated into a theoretical framework to include
different types of voluntary and automatic behavioral
and cognitive control subprocesses important for
emotion regulation. These include voluntary beha-
vioral control, attentional control and cognitive
change, and automatic behavioral control, attentional
control and cognitive change subprocesses (Table 1).
We, therefore, next briefly review findings from
animal studies and from human lesion and neuroima-
ging studies that can help to increase understanding
of the neural systems implicated in these voluntary vs
automatic emotion regulatory subprocesses. Our re-
view of the recent literature is not exhaustive but
focuses on examples of studies providing evidence for
the presence of specific subprocesses of voluntary
and automatic emotion regulation.

Voluntary subprocesses

Voluntary behavioral control (suppression)
A small number of human neuroimaging studies have
examined the neural correlates of voluntary behavior-
al control in response to emotional stimuli using
different methods to train volunteers to suppress
emotional expression. One such method is to train
volunteers to keep their face still while viewing film
clips such that another person watching their face
would not be able to detect the emotion being
experienced.33,36,40 Here, suppression of emotion-
expressive behavior, associated with reduced negative
emotion experience and behavior, was associated
with activity within bilateral dorsomedial PFC
(MdPFC), right dorsolateral PFC (DLPFC) and left
ventrolateral PFC (VLPFC). Greater, rather than
reduced, bilateral subcortical limbic (that is, amygda-
la, insula) activity accompanied voluntary suppres-
sion, however, suggesting that although suppression
may constitute an emotion regulation strategy, it may
not be the most beneficial as a therapeutic strategy.28

Another behavioral control method is to train
volunteers to view emotionally provoking stimuli as
‘detached observers’.41 Here, attempts to inhibit
sexual arousal in response to erotic film excerpts
were associated with greater right superior PFC/
DLPFC and right rostral ACG activity. Using a similar
approach, Levesque et al.42 showed that suppression
of sadness was related to greater activity in right
OFC and right DLPFC in healthy women. Positive

correlations were also demonstrated between self-
report ratings of sadness and activity in these regions.

In a recent study, Ohira et al.43 used positron
emission tomography (PET) to examine regional
cerebral blood flow changes in PFC that accompanied
autonomic nervous system responses associated with
emotion suppression (attempting to remain calm and
diminish any emotional response to emotionally
salient pictures). Suppression of emotional responses
was associated with greater activity within left
MdPFC, VLPFC, bilateral anteromedial and caudal
OFC, as well as left rostral-ventral ACG. Suppression
was also associated with increased amplitude of skin
conductance responses, which, in turn, was posi-
tively correlated with right OFC activity. In a further
study, suppression of neutral, negative and relation-
ship-related thoughts was associated with activity
within left dorsal ACG and MdPFC.44

Findings from the above studies indicate that
neural regions consistently implicated in voluntary
behavioral control of both positive41 and negative42

emotions include DLPFC and VLPFC, in particular,
right DLPFC and left VLPFC. These regions may
support processes involved in regulating inner states
to achieve desired outcomes.78 Other regions impli-
cated in voluntary behavioral control of emotional
behaviors include left/bilateral MdPFC, left rostral
ACG and right/bilateral OFC. Given that lateral
regions of the PFC share only sparse direct connec-
tions with subcortical limbic regions such as the
amygdala, it has been proposed that the modulation
of subcortical limbic regions by lateral and dorsal
regions of the PFC during voluntary behavioral
control of emotion may occur indirectly via OFC,79

which has extensive reciprocal anatomical connec-
tions with both lateral prefrontal cortical and sub-
cortical limbic structures,9,80 and has been implicated
in regulating autonomic nervous system responses
during emotion suppression.43

Voluntary attentional control
Included in voluntary attentional control are (1)
selective attention, to direct or redirect attention
toward goal-related stimuli, and (2) inhibition, to
distract from goal-irrelevant stimuli. For example,
using an affective Go/NoGo functional magnetic
resonance imaging (fMRI) paradigm, Goldstein
et al.45 examined the neural correlates of response
inhibition to emotional words in healthy adult
volunteers. The task involved responding to word
stimuli written in normal font (Go trials) and inhibit-
ing responses to words written in italics (NoGo trials).
The valence of these words was positive, negative or
neutral. Findings revealed a frontolimbic network
associated with a valence by response inhibition
interaction. Specifically, this network included pre-
frontal (right DLPFC, right dorsal ACG and bilateral
OFC), left subcortical (amygdala), bilateral paralimbic
(hippocampus/parahippocampus) and right parietal
cortical regions, particularly during inhibition of
responses to negative emotional stimuli.
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Table 1 Voluntary and automatic subprocesses of emotion regulation—examples of research studies

Components of
neural model

Examples
of research studies

Number of
subjects

Task Key contrast Method Relevant brain
regions

Voluntary subprocesses
Voluntary behavioral
control

Suppression
of emotion
expression

Goldin et al.40 17 (healthy
subjects)

Affect ratings after viewing
film clips and still pictures
(negative and neutral);
conditions: watch, suppress,
reappraise

Suppress > watch
negative

fMRI Amygdala
R VLPFC

Beauregard et al.41 10 (healthy
subjects)

Affect ratings after viewing
film clips (sexually arousing
and neutral); conditions:
normal reaction, attempted
inhibition

Sexual arousal minus
neutral in the attempted
inhibition condition

fMRI R DLPFC
R rostral ACG

Levesque et al.42 20 (healthy
women)

Affect ratings after viewing
film clips (sad and neutral);
conditions: normal reaction,
suppression

Sad minus neutral
in the
Suppression condition

fMRI R OFC
R DLPFC

Ohira et al.43 10 (healthy
subjects)

Affect ratings after viewing
pictures (negative, positive
and neutral); conditions:
attend, suppress

Suppress minus attend PET L MdPFC
VLPFC
Bi anteromedial
and caudal OFC
Rostral–ventral ACG

Gillath et al.44 20 (healthy
women)

Thought suppression
paradigm (negative,
neutral); conditions:
do not think, think, do not
think relationship, think
relationship

Do not think > think
Do not think
relationship > think
relationship
Do not think negative >
think negative

fMRI L dorsal ACG
L MdPFC

Voluntary attentional
control

Selective attention Goldstein et al.45 14 (healthy
subjects)

Emotional linguistic
go/NoGo task

Contrasts containing
Negative NoGo
condition

fMRI L amygdala
Bi hippocampus and
parahippocampus
R dorsal ACG
R DLPFC
Bi OFC

Overcoming
interference from
emotional distractors

Erk et al.46 12 (healthy
subjects)

Sternberg item recognition
paradigm with emotional
pictures as distractors

Valence by working
memory load

fMRI R amygdala
R DLPFC
L ventral striatum
L DLPFC

Inhibition
of emotional
motor response

Perlstein et al.47 10 (healthy
subjects)

Emotional working memory
task with emotional pictures
as cues and probes

Valence by working
memory load

fMRI R DLPFC
Medial OFC
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Table 1 Continued

Components of
neural model

Examples
of research studies

Number of
subjects

Task Key contrast Method Relevant brain
regions

Luo et al.48 14 (healthy
subjects)

Lexical decision-making task
with supraliminal and
subliminal emotional
distractors

Valence by visibility fMRI L DLPFC
R posterior parietal
cortex
R dorsal ACG

Voluntary cognitive
change

Reappraisal
expectancy
of forthcoming
events

Ochsner et al.49 15 (healthy
subjects)

Cognitive reappraisal task
(negative and neutral);
conditions: attend,
reappraise

Reappraise > attend fMRI R amygdala
L OFC
L DLPFC
L VLPFC
L MdPFC

Phan et al.50 14 (healthy
subjects)

Cognitive reappraisal task
(negative and neutral);
conditions: maintain,
suppress (reappraise)

Suppress
(reappraise) > maintain

fMRI L amygdala
R DLPFC
Bi dorsal ACG
Bi OFC

Banks et al.51 14 (healthy
subjects)

Cognitive reappraisal task
(negative, positive and
neutral); conditions:
maintain, reappraise

Reappraise > maintain fMRI L amygdala
Bi DLPFC
R MdPFC
R subgenual
ACG
Bi OFC

Urry et al.52 19 (healthy
subjects)

Cognitive reappraisal task
(negative and neutral);
conditions: increase,
decrease, attend

Decrease minus attend fMRI L amygdala
Bi MdPFC

Corlett et al.53 14 (healthy
subjects)

Contingency learning task All retrospective
revaluation events vs
control items

fMRI R lateral
PFC

Kalish et al.84 15 (healthy
subjects)

Anxiety Induction Task
(for warning of possible
electric painful stimuli);
conditions:
(1) anticipation vs no
anticipation and (2)
regulation vs no regulation

(Regulation > no
Regulation)Anxiety >
(Regulation > no
regulation)No Anxiety

fMRI R DLPFC

Automatic subprocesses
Automatic behavioral
control

Extinction Rosenkranz et al.54 Sample of rats Pavlovian conditioning—
in vivo

NA Intracellular
electrophysio-
logical recordings

Lateral nucleus of the
amygdala Infralimbic
cortex (posterior
subgenual ACG is the
equivalent in humans)
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Table 1 Continued

Components of
neural model

Examples
of research studies

Number of
subjects

Task Key contrast Method Relevant brain
regions

Behavioral regulation Vidal-Gonzalez
et al.55

76 rats Fear conditioning and
extinction

NA Microstimulation Basal amygdala
infralimbic cortex

Milad and Quirk56 Sample of rats Auditory fear conditioning NA Intracellular
electrophysio-
logical recordings
and microstimu-
lation

Infralimbic cortex

Morgan et al.57 Male Sprague–
Dawley rats

Classic fear-conditioning
paradigm with extinction
and reacquisition

NA Lesion study Infralimbic cortex

McGinty et al.58 Male Sprague–
Dawley rats

Pavlovian odor conditioning NA Intracellular
electrophysio-
logical recordings
and micro-
stimulation

Basolateral amygdala
Infralimbic cortex
Nucleus accumbens

Phelps et al.59 18 (healthy
subjects)

Simple discrimination,
partial reinforcement
paradigm

Conditioned stimulus
(CSþ ) minus absence
of conditioned
stimulus (CS�)

fMRI Bisubgenual
ACG
Bi MdPFC
Dorsal ACG

Gottfried & Dolan60 18 (healthy
subjects)

Olfactory aversive-conditioning
and extinction paradigm

Conditioning minus
extinction; extinction
minus conditioning

fMRI Amygdala OFC

Milad et al.61 14 (healthy
subjects)

Differential fear-conditioning
paradigm

Cortical thickness;
conditioned stimulus
(CSþ ) minus absence
of conditioned
stimulus (CS�)

Structural MRI;
fMRI

Dorsal ACG

Automatic attentional
control

Cognitive disengagement Armony and Dolan62 10 (healthy
subjects)

Fear-conditioning paradigm
and attention-orienting task

Conditioned stimulus
(CSþ ) minus absence
of conditioned stimulus
(CS�); incongruent
minus congruent

fMRI Left OFC

Repressive and avoidant
personality styles

Pourtois et al.63 15 (healthy
subjects)

Modified Dot-Probe task:
designed to assess covert spatial
selective attention modulated by
threatening stimuli

Fear valid > fear invalid fMRI Lateral OFC
Intraparietal sulcus

Whalen et al.64 10 (healthy
subjects)

Masked emotional facial
expressions block design
paradigm; conditions:
fearful, happy and fixation

Fearful face > happy
face

fMRI Amygdala

Blair et al.65 22 (healthy
subjects)

Affective Stroop with
emotional pictures;
conditions: negative,
positive and neutral

Task by emotion fMRI L rostral ACG
Bi DLPFC bilateral OFC
R MdPFC
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Table 1 Continued

Components of
neural model

Examples
of research studies

Number of
subjects

Task Key contrast Method Relevant brain
regions

Etkin et al.66 19 (healthy
subjects)

Emotion conflict resolution
paradigm (emotional facial
expressions with congruent
and incongruent emotional
words)

High conflict minus
low conflict

fMRI; functional
connectivity

Amygdala
Rostral ACG

Vuilleumier et al.67 12 (healthy
subjects)

Attention–emotion paradigm
(pair of emotional facial
expressions and houses)

(Attended fearful
face—attended neutral
face) > (unattended
fearful face—unattended
neutral face)

fMRI Amygdala
Fusiform cortex
Dorsal ACG

Pessoa et al.68 20 (healthy
subjects)

Block design attention–
emotion paradigm

Emotion by attentional
load

fMRI Amygdala
Posterior cingulated
MdPFC

Phillips et al.69 8 (healthy men) Emotional facial expressions
(fearful, disgust, neutral);
conditions: overt, covert

Overt vs covert
presentations of fear
Overt vs covert
presentations of disgust

fMRI Amygdala—overt fearful
facial expressions
Insula—overt disgust
facial expressions

Stein et al.16 83 (healthy
subjects)

Block design face-matching
paradigm

Emotional faces minus
control task

fMRI; functional
connectivity

Amygdala
Subgenual ACG
Lateral PFC
OFC
DLPFC

Williams et al.70 15 (healthy
subjects)

Emotional facial expressions
(fearful, neutral); conditions:
conscious, nonconscious

Conscious: fearful
minus neutral
Nonconscious: fearful
minus neutral

fMRI; functional
connectivity

Bi Amygdala
MdPFC
Dorsal ACG
Ventral ACG

Automatic cognitive
change

Covert appraisal
and reappraisal

Hunkin et al.71 8 (healthy subjects) Associative encoding
and single item encoding
paradigms

Associative encoding
of novel associations
vs associative encoding
of familiar associations

fMRI Parahippocampus

Covert response
(e.g., error) monitoring

van Veen and Carter72 12 (healthy
subjects)

Eriksen flanker paradigm Incorrect responses
vs correct responses

ERP; source
localization

Dorsal ACG

Covert learning that
serves to automatically
adjust behavior

Luks et al.73

Bechara et al.74 44 controls 7
subjects with
damage to OPFC

Iowa gambling task Advantageous decks
(CþD) minus
disadvantageous decks
(AþB)

Neuro-
psycho-
logical data

OFC

Ernst et al.75 20 (healthy
subjects)

Risk-taking task:
computerized gambling
card game

Risk-taking task minus
control task

PET Bi OFC

Fukui et al.76 19 (healthy
subjects)

Iowa gambling task Risky decisions minus
safe decisions

fMRI Bi MdPFC
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In another study, Erk et al.46 used an affective
working memory task. Here, healthy volunteers first
viewed a display of six capital letters followed by a
delay period, during which they viewed simulta-
neous presentations of a series of emotional pictures,
each paired with a single lower case letter. During
presentation of the latter, participants indicated
whether the single letter was part of the initial letter
set. Greater right DLPFC activity was associated with
reduced right amygdala activity during presentation
of negative emotional pictures, whereas greater left
DLPFC activity was associated with reduced left
ventral striatal activity during presentation of positive
emotional pictures. The involvement of specific
prefrontal regions in downregulating subcortical
activity to negative vs positive emotion stimuli is
consistent with previous findings using a different
version of an affective working memory task.47 More-
over, recent findings indicate that activity in left
DLPFC, right posterior parietal cortex and right dorsal
ACG is greater as a function of the emotional salience
and visibility of emotional information during a
lexical decision-making task.48

Findings from the above studies, therefore, indicate
that bilateral DLPFC, right dorsal ACG and right
parietal cortex are important in supporting voluntary
attentional control subprocesses. Again, it is possible
that modulation of subcortical limbic regional activity
by these lateral and dorsal regions of the PFC during
voluntary control of attention away from emotional
material may occur indirectly via the OFC. This latter
region has been demonstrated to be part of the neural
network recruited to support this voluntary emotion
regulatory subprocess.45

Voluntary cognitive change: reappraisal
One of the first studies to use fMRI to examine the
neural correlates of voluntary reappraisal processes
involved volunteers viewing negative and neutral
pictures while being instructed either to experience
the emotion that each picture elicited, or to reappraise
the emotional salience by reinterpretation of the
negative pictures so that they no longer elicited a
negative emotional response.49 Reappraisal was asso-
ciated with significantly greater activity in left
DLPFC, left VLPFC and left MdPFC. There was also
reduced activity in the right amygdala and left OFC.
Moreover, the magnitude of activity in left VLPFC was
negatively correlated with magnitude of activity
within left amygdala and left OFC.

Another study using a similar paradigm50 asked
trained subjects to either transform a depicted
scenario into a positive event or to rationalize the
content of an emotional picture. Downregulation of
negative emotions by the use of reappraisal strategies
recruited several prefrontal regions, including right
DLPFC, bilateral dorsal ACG and bilateral OFC.
Activity in these regions was associated with de-
creased activity in subcortical limbic regions, includ-
ing the left amygdala. In addition, activity in bilateral
dorsal ACG, bilateral DLPFC, right anterior insula andT
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bilateral VLPFC was inversely associated with the
intensity of negative affect. A recent study also
demonstrated that activity in left amygdala covaried
with activity in bilateral DLPFC, right MdPFC, the
right subgenual region of the ACG and bilateral OFC
during a reappraisal-based strategy to downregulate
negative affect.51 Moreover, the magnitude of amyg-
dala–OFC/MdPFC coupling predicted successful
emotion regulation. A further study52 demonstrated
an inverse functional coupling between bilateral OFC
and left amygdala during the employment of reap-
praisal strategies to downregulate negative affect.

Expectancy of forthcoming events and outcomes is
an additional type of reappraisal of environmental
stimuli, and may serve as an additional voluntary
cognitive control strategy for emotion regulation.
Animal studies81 have associated expectancy of
subsequent outcomes with activity in lateral PFC,
whereas human neuroimaging studies have shown
that mismatch between expected and actual outcomes
(prediction error) is associated with activity in right
lateral PFC.53,82 It has been also recently demonstrated
that prediction error-related activity in right lateral
PFC is reduced in schizophrenia.83

Together, the above findings suggest that reapprai-
sal of emotional stimuli to reduce negative affect is
associated with activity in a network of prefrontal
cortical regions, including bilateral DLPFC, bilateral
MdPFC and bilateral dorsal ACG (see Ochsner and
Gross26). A specific role of the right DLPFC in
reappraisal has also been proposed.84 Activity in this
lateral and medial prefrontal cortical network may, in
turn, be mediated by bilateral OFC and the right
subgenual ACG, as activity in these latter regions has
also been observed during reappraisal of emotional
information.51,52

Automatic subprocesses

Automatic behavioral control
Key subprocesses of automatic behavioral control
include extinction of previously acquired behavior
and inhibition of the stress response. Rodent studies
have demonstrated that the infralimbic cortex, a
region that shares extensive anatomical connections
with the amygdala,85,86 has a role in inhibiting activity
within the amygdala.54,55 The infralimbic cortex has
also been implicated in the extinction of previously
conditioned behaviors.56,57,87,88 A recent study in
rodents has indicated that projections from the
basolateral amygdala, which encodes affective infor-
mation, and the MdPFC converge within the ventral
striatum (nucleus accumbens; McGinty and Grace58),
suggesting that the basolateral amygdala may recruit
the MdPFC to drive specific sets of nucleus accum-
bens neurons and thereby influence behavioral
responses to conditioned cues. Thus, both infralimbic
cortex and MdPFC in rodents appear to be involved in
regulation of amygdala-driven behaviors.

Functional neuroimaging studies in humans im-
plicate bilateral regions of the subgenual region of the

ACG, together with bilateral MdPFC and dorsal ACG
in fear extinction.59 The posterior subgenual ACG has
been identified as the human equivalent of the rat
infralimbic cortex.86,89 Other findings highlight the
role of bilateral OFC in extinction learning,60,61 and a
role for the right OFC in extinction learning more than
aversive conditioning.60

The infralimbic cortex has been also implicated,
however, in the encoding of the predictive value of
emotionally salient stimuli in rodents through close
interconnections with the basolateral amygdala,9,90

whereas the OFC has been associated with the
mediation of anxious temperament in nonhuman
primates.91 In humans, the left OFC has been
implicated in aversive conditioning and, in more
lateral left OFC, the representation of the value of
stimulus-outcome contingencies.60 The generation of
sad mood92 and depression,93 monitoring of internal
states in individuals with attachment-avoidant per-
sonality styles44 have all been associated with greater
activity in left or bilateral subgenual ACG, whereas
improvement in depression after pharmacotherapy94

and deep-brain stimulation93 have been associated
with decreases in activity within right and left
subgenual ACG, respectively. One study, for example,
demonstrated in individuals with attachment-avoi-
dant personality styles relative to individuals with
nonavoidant personality styles reduced deactivation
of bilateral subgenual ACG during attempted volun-
tary suppression of emotionally neutral, negative and/
or relationship-related thoughts.44 The authors inter-
preted these findings as evidence of a failure of top-
down control to decrease monitoring of internal states
(mediated by bilateral subgenual ACG) in individuals
with avoidant personality styles. These findings
therefore suggest, in humans, roles of bilateral OFC
and subgenual ACG in the automatic regulation of
emotional behavior that may be intrinsically linked
with the roles of these structures in the encoding of
emotional salience.

Automatic attentional control
To examine neural systems implicated in automatic
attentional control of emotion processing, studies
have employed paradigms that implicitly direct
attention toward or away from emotional material.
One such example is the dot probe task.95 Here, a
faster response to a probe that appears at the same
location of a previously presented emotional stimulus
relative to the response to a probe at the opposite
location is interpreted as an automatic attentional
bias toward the emotional stimulus. Recent findings
implicate the left OFC in automatic disengagement of
attention away from emotional stimuli (for example,
fearful faces) during this type of paradigm.62,63

Another example is the emotional Stroop task.
Here, individuals attend to a nonemotional stimulus
feature (for example, color or number of stimuli) at
the expense of the emotional content of the stimulus.
Performance of this task has been associated with
activity in left rostral ACG, specifically, greater
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activity in this region to negative emotional relative to
neutral stimuli during early stages of task perfor-
mance, although decreased activity in this region
overall.64 The authors noted here that susceptibility
artifacts may have resulted in signal dropout in more
ventral regions of the PFC, such as the OFC. More
recent findings confirm the role of the left rostral
ACG, in addition to a wider network of bilateral
DLPFC, bilateral OFC and right MdPFC, in perfor-
mance of incongruent and congruent trials of an
emotional counting Stroop paradigm.65 This study
also demonstrated a role of the right MdPFC in
performance of negative and positive incongruent
trials. A modified emotional Stroop paradigm has also
been developed.66 Here, the task was to identify the
expression and ignore the emotion word label
displayed by either congruent or incongruent facial
expression–emotion label stimuli. Incongruent stimu-
li were further subdivided into implicitly high
conflict resolution trials, where incongruent stimuli
were preceded by incongruent stimuli, and implicitly
low conflict resolution trials, where incongruent
stimuli were preceded by congruent stimuli. Facial
expression identification during the high conflict
resolution, but not low conflict resolution, trials was
associated with left rostral ACG, further highlighting
a role for this region in the implicit resolution of
emotional conflict.

A further type of paradigm involves redirection of
attention away from facial expressions using coin-
cidentally presented spatial cues and/or cognitive
task performance. In one study,67 the task involved
direction of attention toward fearful facial expression
pairs, or away from these pairs and toward nonface
pairs during a ‘same-different’ task within-pair label-
ing task. Here, the caudal region of the ACG was
activated when fearful faces were task relevant and
that the rostral region of the ACG was activated when
the fearful faces were task irrelevant. These findings
were interpreted as evidence for a role of the rostral
ACG in the direction of attention away from emo-
tional stimuli by inhibiting processing of emotional
information.

Other studies have examined the extent to which
the magnitude of amygdala activity to facial expres-
sions is, in fact, dependent on available attentional
resources by either systematically manipulating the
attentional load of a coincidentally presented visuos-
patial task68,96 or by presentation of facial expressions
covertly, that is, below the level of subjective
awareness.69,70,97,98 Findings from the former study68

indicated that increasing the attentional load required
to perform a coincidentally presented visuospatial
task was associated with reduced amygdala activity.
Findings from the latter group of studies provide
conflicting data of preserved97,98 but also absent69

amygdala activity to covert presentations of facial
expressions. Functional connectivity analyses have
furthermore suggested that covert processing of
threat-related facial expressions may be associated
with a positive feedforward subcortical pathway to

the amygdala, whereas awareness of these facial
expressions was associated with negative connectiv-
ity within both cortical and subcortical pathways to
the amygdala.70 Reentrant feedback between the
amygdala and cortical and subcortical regions may
be necessary, therefore, for awareness of threat.70

Together, these studies suggest that processing emo-
tionally salient stimuli per se may require a certain
level of automatic or covertly directed attention,
associated with amygdala activity, whereas automatic
redirection of attention away from emotion stimuli is
dependent upon rostral ACG.

Automatic cognitive change
Subprocesses included within automatic cognitive
change comprise appraisal and reappraisal, monitor-
ing of behavior and rule learning that all occur
without subjective awareness. Implicit appraisal of
novel contexts, covert error monitoring and covert
risk learning paradigms, such as gambling tasks, are
all examples of paradigms that are, therefore, appro-
priate paradigms for the examination of neural
regions underlying automatic emotion regulation.
Regarding the first of these subprocesses, implicit
appraisal and reappraisal, Gray and McNaughton99

described a septo-hippocampal system, centered
upon the hippocampus and septum, with the capacity
to act as a general-purpose comparator to appraise
potential conflict between different goal-directed
behaviors, to facilitate exploratory rather than defen-
sive patterns of behavior and to allow resolution of
goal conflict. The parahippocampal gyrus, which has
direct connections with the hippocampus and amyg-
dala,100 has also been associated with implicit
appraisal and reappraisal processes: for example,
with novel face detection in humans (right parahip-
pocampus101), and with the encoding of novel
associations occurring without subjective awareness
of the novelty of these associations (left parahippo-
campus71). A recent functional connectivity study in
humans has provided, furthermore, evidence of
strong connections between the amygdala and the
parahippocampus (including the hippocampus16).

Covert error monitoring and covert risk
learning paradigms, such as gambling tasks are
paradigms relevant for examination of neural regions
underlying the second and third types of subpro-
cesses described above that are involved in automatic
emotion regulation: behavior monitoring and rule
learning occurring without subjective awareness.
Error monitoring has been linked with midline dorsal
ACG.72,102 More specifically, a role for dorsal ACG has
been postulated that involves the monitoring of
conflict as an index of task difficulty, and associated
autonomic activity, during action or strategy selec-
tion.102 Informed preparation for conflict processing,
furthermore, has been linked with decreased ACG
activity.73 The dorsal ACG has also been associated
with the mediation of fear expression,61 in further
support of the role of this structure in the mediation
of autonomic activity.
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Performance of gambling tasks has been most
consistently associated with bilateral OFC in human
lesion studies,74,103 and in neuroimaging studies,75

highlighting a role of the OFC in outcome-based
appraisal. Recent neuroimaging findings also impli-
cate bilateral (left more than right) MdPFC in the
implicit learning of successful strategies during
gambling task performance,76,77 however, that may
relate to a potential role for this region in switching of
attention between internally generated thoughts and
external stimuli104 and the use of internal signals
generated by the OFC to select goal-directed
responses.77

Together, these findings implicate bilateral hippo-
campus and parahippocampus, midline dorsal ACG
and bilateral OFC and MdPFC in automatic cognitive
change subprocesses relevant to automatic emotion
regulation. The connections between hippocampus
and parahippocampus with OFC and ACG through
the subiculum and entorhinal cortex9,90 make it
plausible that these regions may function as a neural
network during automatic emotion regulation.

Summary and integration: a new neural model of
emotion regulation
Findings from human neuroimaging studies indicate
roles of several prefrontal cortical regions in sub-
processes associated with voluntary emotion regula-
tion, including voluntary behavioral control,
attention redirection and cognitive change. Dorsal
prefrontal cortical regions, including bilateral DLPFC,
bilateral MdPFC and bilateral dorsal ACG, have been
most consistently linked with these subprocesses.
The right DLPFC may be implicated in particular with
voluntary cognitive change, that is, reappraisal.
Activity in these regions may be mediated by bilateral
ventromedial prefrontal cortical regions such as the
OFC that have direct connections with subcortical
neural regions underlying the identification and
initial processing of emotional material. By contrast,
lesion studies in humans and experimental animals
and human neuroimaging studies highlight bilateral
subgenual ACG, bilateral OFC, left rostral ACG and
bilateral MdPFC, midline dorsal ACG, and contribut-
ing roles of the hippocampus and parahippocampus,
in the different subprocesses associated with auto-
matic emotion regulation.

In our original neural model of emotion processing,
we highlighted that two systems in PFC may be
implicated in emotion regulation: a lateral prefrontal
cortical system (including, for example, DLPFC and
VLPFC) that is neocortical in origin and operates by a
feedback mechanism, and a medial prefrontal cortical
system (including, for example, OFC subgenual ACG,
rostral ACG and MdPFC) that is paleocortical in
origin and operates by a feedforward mechanism.105

Our overview of the more recent literature suggests
that the former neural system may be involved in
voluntary subprocesses, whereas the latter neural
system may subserve automatic subprocesses. The
MdPFC in particular may use feedforward inputs

from the OFC, as signals of internal states, to select
appropriate behaviors during automatic cognitive
change paradigms. These two neural systems may be
activated concurrently during regulation of emotional
states and behaviors that are initially generated
by orienting and emotion perceptual processes
in amygdala, ventral striatum and thalamus
(Figures 1a and b).

Implications for understanding the pathophysiology
and neurodevelopment of bipolar disorder
We previously emphasized the importance of our
earlier neural model of emotion perception and
regulation as a framework for understanding patho-
physiological mechanisms underlying major psychia-
tric disorders, in particular, mood disorders such as
BD.29 Using our new neural model of emotion
regulation as the framework, we now examine the
extent to which recent neuroimaging studies inform
understanding of pathophysiological processes that
lead to the development of BD. We first examine
findings from structural and functional neuroimaging
studies in adult BD. Informed by current under-
standing of the normal development of neural regions
implicated in the different emotion regulatory sub-
processes, we then review findings from existing
neuroimaging studies of pediatric bipolar and bipolar
at-risk populations that point to abnormal develop-
ment of these neural regions in BD.

Adult bipolar disorder

Structural neuroimaging studies. There is a growing
literature from volumetric structural neuroimaging
studies indicating greater amygdala volumes in adult
BD106,107 relative to age-matched healthy volunteers.
More importantly, for the study of neural regions
implicated in emotion regulation, studies have
reported reduced volume and gray matter (GM)
density in a variety of different prefrontal cortical
regions in BD relative to healthy adults, but no
consistent lateralization of these findings.

Findings include, for example, reduced GM volume
and/or density in left or bilateral ACG and subgenual
ACG108–112 and left, right or bilateral DLPFC, MdPFC
and VLPFC,111,113–115 although there are some reports
of greater bilateral VLPFC and dorsal ACG GM
volume in adult BD116 or no significant abnormalities
in PFC volumes.117 Recent findings also indicate GM
volume reductions in left VLPFC in medicated adult
BD compared with healthy individuals,118 although
not in first-episode BD.119 Genetic risk for BD has
been specifically associated with GM deficits in right
ACG, including subgenual, rostral and more dorsal
components, and ventral striatum,120 and a recent
report provides evidence of an early neurodevelop-
mental abnormality in bilateral ACG in adult BD.121

The pattern of volumetric abnormalities in BD
resembles that of the changes in dendritic arboriza-
tion during stress. Dendritic branching of pyramidal
cells increases in some amygdala nuclei, but decreases
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in the medial PFC and hippocampus, in response to
repeated stress in rodents.122–124 These findings raise
the possibilities that impaired emotion regulation
may contribute to the volumetric abnormalities found

in these structures in BD, by permitting stress
responses that are exaggerated in magnitude or
duration, or by interfering with the modulation or
resetting of stress-induced dendritic remodeling.123

Figure 1 Neural model of emotion regulation illustrating neural systems implicated in voluntary and automatic
subprocesses of emotion regulation. (a) Feedforward pathway: medial prefrontal cortical system, including the OFC,
subgenual ACG, rostral ACG, hippocampus and parahippocampus and MdPFC. (b) Feedback pathway: lateral prefrontal
cortical system, including DLPFC and VLPFC. DLPFC, dorsolateral prefrontal cortex; MdPFC, dorsomedial prefrontal cortex;
ACG, anterior cingulate gyrus; VLPFC, ventrolateral prefrontal cortex; OFC, orbital frontal cortex; hipp/parahip,
hippocampus-parahippocampus region.
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Such changes could in turn further exacerbate the
emotion dysregulation associated with BD, as in
rodents the dendritic atrophy arising in the medial
PFC during repeated stress was associated with
impaired modulation (that is, extinction) of behavi-
oral responses to fear-conditioned stimuli.125

In parallel, there are reports of reduced white
matter density and volume in bilateral regions
corresponding to subcortical white matter tracts
connecting OFC, thalamus and striatal regions im-
plicated in emotion processing in adult BD,112,126 and
reduced120 white matter volume in left OFC. Other
findings suggest more widespread127 or no white
matter abnormalities114,128 in adult BD. These data
thus appear compatible with evidence from post-
mortem studies indicating that BD subjects show
abnormally decreased myelin staining in the deep
white matter of the DLPFC129 and reduced expression
of oligodendroglia-related genes in multiple PFC
regions (reviewed in Sokolov130).

Diffusion tensor imaging studies that allow mea-
surement of the structural integrity of specific white
matter tracts have reported reduced integrity of white
matter tracts in bilateral OFC in adult BD.131,132 Recent
findings indicate abnormalities specifically in left
OFC and bilateral dorsal PFC. Here, studies have
reported a greater number of reconstructed white
matter fibers between left subgenual ACG and
amygdala133 and decreased integrity of bilateral white
matter tracts in dorsal prefrontal cortical regions129,134

in adult BD.
Together, these findings point to structural abnorm-

alities in BD in gray and white matter and in white
matter tracts in left OFC, implicated in automatic
emotion regulation, and in a variety of different
lateral and dorsal prefrontal cortical regions impli-
cated in voluntary emotion regulation.

Functional neuroimaging studies. Functional neuro-
imaging studies have consistently demon-
strated greater subcortical limbic activity (including
amygdala, ventral striatum and hippocampus) to
emotional stimuli in adult BD relative to healthy
individuals during mania,135,136 depression137 and
even when euthymic.138–140 Findings in BD
remission and depression also include reduced
blood flow in bilateral MdPFC during sad mood
induction relative to baseline,141 and reduced
activity in bilateral regions of MdPFC, DLPFC and
ACG during a modified word-based memory task
designed to implicitly evoke affective change in
euthymic adults with BD.142 While these studies
suggest functional impairments in prefrontal cortical
neural regions implicated in both voluntary and
automatic emotion regulation, they did not focus on
examination of neural activity during paradigms
measuring emotion regulation per se.

Another approach for neuroimaging studies of BD,
therefore, has been to examine neural activity during
cognitive control paradigms with nonemotional
stimuli. Some studies have employed voluntary

attentional control paradigms, including executive
function (for example, working memory; word
generation), sustained attention (for example, contin-
uous performance task) or response inhibition (for
example, Go/NoGo) tasks. The majority of these
studies show intact task performance but either
reduced right DLPFC and right dorsal ACG,143,144 or
greater bilateral medial and lateral145 prefrontal
cortical activities in remitted BD vs healthy adults.
Findings also show reduced DLPFC, and subgenual
ACG metabolism in BD depression;146 and reduced
activity in right OFC and right VLPFC,147,148 and
also in right hippocampus and left dorsal ACG,147 in
BD mania.

Other studies have employed automatic attentional
control paradigms, such as the nonemotional Stroop
color-word or counting task. Findings from these
studies show reduced activity in remitted BD relative
to healthy adults during these paradigms in left-sided
regions, including OFC/VLPFC and MdPFC149,150 and
right-sided regions, including MdPFC151 and dorsal
ACG, but also increased activity in right DLPFC.152

Other studies show reduced left OFC activity,149 or no
functional abnormalities in PFC,153 in BD depression;
and reduced left OFC activity during BD mania149

relative to healthy volunteers. The majority of these
studies show intact, although some show impaired,154

task performance in BD adults.
Together, these studies suggest functional abnorm-

alities in adult BD, including both greater and
reduced activity relative to healthy individuals, in
lateral and dorsal PFC regions implicated in volun-
tary emotion regulation during voluntary attentional
control paradigms, and, largely, reduced activity in
OFC and MdPFC implicated in automatic, emotion
regulation during automatic attentional control
paradigms. These studies did not, however, specifi-
cally examine activity in these neural regions during
performance of voluntary and automatic emotion
regulation paradigms. We next examine findings from
the few studies that have employed such paradigms to
help determine the extent to which emotion dysre-
gulation in BD may be associated with functional
abnormalities in neural regions underlying voluntary,
vs neural regions underlying automatic, emotion
regulation.

Voluntary emotion regulation paradigms. One recent
study employed an affective Go/NoGo paradigm to
examine neural activity during voluntary attentional
control of emotion in BD remission.140 Here, despite
intact task performance, euthymic BD adults
demonstrated abnormally increased activity in
bilateral OFC and left dorsal ACG, in addition to
increased activity in different subcortical limbic
regions implicated in emotion processing, when
inhibiting responses to emotional relative to neutral
distractors. Another study employing a similar
paradigm showed greater activity to sad relative to
neutral distracters in right DLPFC and VLPFC, and
greater activity to happy distracters in bilateral
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DLPFC, MdPFC and left subgenual ACG in manic BD
vs healthy adults.155 One study156 used functional
connectivity analysis to examine neural activity in
manic BD adults using emotion labeling of facial
expressions, a task previously associated with
voluntary control of responses to emotional
stimuli—‘thinking rather than feeling’ about
emotion—and with greater VLPFC and reduced
subcortical limbic activity than gender labeling of
facial expression.17 Findings indicated that manic BD
adults had significantly reduced right VLPFC
regulation of the left amygdala response during the
task that parallel previous reports of decreased
VLPFC activity in BD adults relative to healthy
adults during the above-described voluntary
attentional control paradigms.147,149,150,155

Automatic emotion regulation paradigms. Two
studies employing an emotional Stroop paradigm
demonstrated decreased left OFC activity in
euthymic BD adults,157,158 which was associated
with slower task performance.158 Another study
demonstrated decreased left MdPFC (BA10), and
right VLPFC activity, although no performance
deficit, in manic BD adults during risky decision-
making—a gambling paradigm dependent upon
automatic cognitive change as a strategy to
maximize reward and minimize loss.159

Summary. There are inconsistent findings regarding
function in lateral and dorsal prefrontal cortical
regions implicated in voluntary emotion regulation
in adult BD. For example, findings from studies
employing voluntary attentional control paradigms
per se demonstrate patterns of reduced but also
increased activity in different bilateral lateral and
dorsal prefrontal cortical regions in BD vs healthy
adults. Findings from studies employing voluntary
emotion regulation paradigms, however, indicate
greater activity in BD than healthy adults bilaterally
in these lateral and dorsal prefrontal cortical regions,
together with greater activity in bilateral ventromedial
prefrontal cortical regions implicated in automatic
emotion regulation, which may mediate the voluntary
emotion regulatory roles of the previous lateral and
dorsal prefrontal cortical regions during voluntary
emotion regulation. Structural findings indicate
reductions in GM volume and density in lateral and
dorsal prefrontal cortical regions implicated in
voluntary emotion regulation, although there are
inconsistent findings of increased GM volume or no
abnormalities in these regions, in adult BD. The role
of lateral prefrontal cortical regions in voluntary
emotion regulation in adult BD therefore remains
unclear. It is possible that increased activity in lateral
prefrontal cortical regions during voluntary
attentional control and voluntary emotion regulation
paradigms may reflect inefficient utilization of these
regions during cognitive control tasks in BD relative
to healthy adults that has been previously proposed
in adults with schizophrenia.160

There are more consistent findings regarding
functional and structural changes in neural
regions implicated in automatic emotion regula-
tion in adult BD. Studies employing automatic
attentional control paradigms show reduced
activity predominantly in left-sided ventromedial
PFC in BD relative to healthy adults. Studies
employing automatic emotion regulation paradigms
also show reduced activity predominantly within
left-sided ventromedial prefrontal cortical regions
implicated in automatic emotion regulation,
both during remission and mania, in BD relative
to healthy adults. These functional neuroimaging
findings are paralleled by structural neuroimaging
findings showing GM structural changes in left
OFC, and abnormal integrity and number of
white matter fibers connecting left OFC and
subcortical limbic regions implicated in emotion
processing, in adult BD. Interestingly, increased
recruitment of DLPFC in BD vs healthy adults
has been reported during an automatic attentional
control paradigm. This suggests the employment
of more effortful, voluntary, rather than automatic,
regulatory control systems during performance
of otherwise automatic control tasks in adult
BD. Further studies are required to examine
functional connectivity between ventromedial and
medial prefrontal cortical systems implicated in
automatic, vs lateral and dorsal prefrontal cortical
systems implicated in voluntary, emotion regulation
in adult BD.

The combination of these functional and structural
neural abnormalities, which appear to be decreases in
activity and GM volume or density reductions
predominantly within left-sided ventromedial pre-
frontal cortical regions implicated in automatic emo-
tion regulation, may underlie the mood instability of
adult BD (Figure 2). The significance of the laterality
of these findings remains unclear, but may suggest
a role for the left hemisphere, previously linked
with perception of positive emotion163 in the
pathophysiology of BD. These findings indicate that
further insights into the neural basis of mood
dysregulation in BD will come especially from studies
that employ paradigms that measure functional
integrity of neural regions during performance of
automatic emotion regulation paradigms. A key focus
of these future studies will be to identify persistent
and mood-state-dependent functional and, poten-
tially, structural abnormalities in these neural regions
in adult BD to dissociate neural abnormalities
reflecting pathophysiological mechanisms of BD vs
neural abnormalities that may be secondary to
depression or mania. Moreover, future studies should
focus on examination of the relationship between
functional and structural abnormalities in these
neural regions in adult BD, and the extent to which
specific symptom domains, including comorbid
anxiety and substance abuse disorders, are associated
with distinguishable patterns of abnormality in these
neural regions.

Neural model of emotion regulation
ML Phillips et al

848

Molecular Psychiatry



Normal development of neural systems of emotion
regulation
To better understand how abnormalities in the neural
systems of emotion regulation may contribute to the
neurodevelopment of BD, we first briefly review
findings from studies focusing on the normal devel-
opment of neural regions implicated in emotion
regulation.

During childhood and adolescence, there are
important maturational changes that occur in brain
structure. Cross-sectional164–166 and longitudinal167

studies have shown increases in white matter
volumes, which are thought to reflect increasing
myelination in childhood and adolescence. Maturational

increases in white matter are assumed to be present
globally, with specific increases shown in frontal,
parietal and occipital cortices.166 The overall growth
pattern of GM in the telencephalon is more hetero-
geneous.168 The general pattern reflects decreases in
GM from early childhood to post-adolescence but this
effect is nonlinear, likely reflecting selective pruning
of neuronal connections.164,165,169 Regional analyses
have shown that GM volumes peak at about 12 years
of age in frontal and parietal cortical regions followed
by a decline in post-adolescence thus yielding a net
decrease.167

Furthermore, there is evidence of developmental
changes in GM volume in subcortical structures

Figure 2 Neural model of emotion regulation illustrating possible functional and structural abnormalities in neural systems
implicated in voluntary and automatic subprocesses of emotion regulation in adult bipolar disorder. These abnormalities,
which appear to be predominantly within the left-sided ventromedial prefrontal cortical regions implicated in automatic
emotion regulation, may underlie the mood instability of adult bipolar disorder (BD). For example, functional neuroimaging
studies have demonstrated greater subcortical limbic activity (including amygdala, ventral striatum and hippocampus)
to emotional stimuli in adult BD relative to healthy individuals during mania,136,147 depression137 and when euthy-
mic.139,140,161,162 Studies employing automatic attentional control paradigms show reduced activity predominantly in left-
sided ventromedial PFC in BD relative to healthy adults.149,150 Studies employing automatic emotion regulation paradigms
also show reduced activity predominantly within left-sided ventromedial prefrontal cortical regions implicated in automatic
emotion regulation, both during remission and mania in BD relative to healthy adults.157,159 Structural neuroimaging findings
show gray matter structural changes in left OFC, and abnormal integrity and number of white matter fibers connecting left
OFC and subcortical limbic regions implicated in emotion processing, in adult BD.112,120,126,131–133 There are more
inconsistent findings regarding the roles of lateral and dorsal prefrontal cortical regions implicated in voluntary emotion
regulation in adult BD. For example, findings from studies employing voluntary attentional control paradigms per se
demonstrate patterns of reduced,143,144 although also increased,145,152 activity in different bilateral lateral and dorsal
prefrontal cortical regions in BD vs healthy adults, whereas findings from studies employing voluntary emotion regulation
paradigms indicate greater activity in BD than healthy adults bilaterally in these lateral and dorsal prefrontal cortical regions,
together with greater activity in bilateral ventromedial prefrontal cortical regions implicated in automatic emotion
regulation.140,155 The latter may mediate the voluntary emotion regulatory roles of the previous lateral and dorsal prefrontal
cortical regions during voluntary emotion regulation.14 DLPFC, dorsolateral prefrontal cortex; MdPFC, dorsomedial
prefrontal cortex; ACG, anterior cingulate gyrus; VLPFC, ventrolateral prefrontal cortex; OFC, orbital frontal cortex;
hipp/parahip, hippocampus-parahippocampus region.
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implicated in processing emotional information. For
example, in a study with 4- to 18-year olds, Giedd
et al.170 showed that amygdala volume significantly
increased with age, but only in men, whereas
hippocampal volume significantly increased with
age, but only in women.

Recent research has also revealed important ma-
turational changes in brain function throughout
childhood and adolescence, particularly in regions
involved in the voluntary regulation of emotion. For
example, several studies have reported greater activ-
ity with age in brain regions known to support
cognitive control processes.171,172 Some studies, how-
ever, demonstrated changes that were specific to
adolescence. One study examined neural activity
during voluntary response suppression in 8- to 30-
year olds using an anti-saccade task.173 In this study,
adolescents had difficulty achieving adult levels of
performance and compensated by engaging more
frontostriatal circuitry compared with adults. These
findings suggest that developmental changes in
cognitive control processes in adolescence are asso-
ciated with a more efficient and functionally inte-
grated use of neural circuitry supporting these
processes.174 These studies, however, involved none-
motional stimuli.

Developmental changes in processing and regulat-
ing emotion may be associated with a refinement or
increased efficiency in prefrontal–subcortical connec-
tions from childhood through adolescence.175 For
instance, recent research suggests that explicit pro-
cessing of emotional faces continues to develop from
early childhood through adolescence.176–178 Neural
systems implicated in voluntary emotion regulation
may not be fully mature until adulthood. For
instance, in a study examining neural activity during
voluntary reappraisal in 8- and 10-year-old girls,
Levesque et al.179 found that in contrast to adult
women young girls recruited a greater number of
prefrontal regions, possibly reflecting immaturity of
prefrontal–limbic connections in childhood. During
passive viewing of fearful faces, Monk et al.180

demonstrated that adolescents showed greater activ-
ity in right amygdala, bilateral OFC and ACG relative
to adults, suggesting that when attention is uncon-
strained, adolescents may be more sensitive to
emotionally salient stimuli.

Although research in the normal development of
neural systems of emotion regulation (voluntary and
automatic) remains in its infancy, evidence is emer-
ging suggesting that adolescence may be a key period
for the development of these neural systems.181–186 For
example, there is evidence indicating important
developmental changes during adolescence in neural
systems involved in reward processing,187 response
inhibition in the context of emotional stimuli,188

response conflict monitoring189–191 and risk tak-
ing.192,193 The impact of puberty upon the develop-
ment of neural systems of emotion regulation remains
to be fully examined.181,182,194 For example, recent
studies indicate puberty-specific changes in brain

structure195 and function,181,196 particularly in neural
regions implicated in emotion processing and regula-
tion (for example, amygdala, hippocampus).

Pediatric bipolar disorder and high-risk populations
We next examine findings from the few structural and
functional neuroimaging studies that have examined
key neural regions underlying voluntary and auto-
matic emotion regulation in pediatric BD and in-
dividuals at high risk for developing BD.

Structural neuroimaging studies. These have
revealed structural alterations in both cortical197 and
subcortical161,198–200 regions. Studies in adolescent
and first-episode BD198,199 as well as one longi-
tudinal study of adolescents161 demonstrate
smaller amygdalae and smaller200,201 or normal-sized
hippocampi198,199 in adolescent BD, which differ
from the above findings of enlarged amygdalae in
adults.

Although earlier studies failed to detect any
differences in PFC volumes in pediatric BD, a recent
study using a more sensitive voxel-based morpho-
metric automated technique showed abnormally
decreased GM volume in left DLPFC. With less
stringent statistical thresholds, results also revealed
decreased left amygdala and left nucleus accumbens
volumes in BD children and adolescents.197 Other
recent findings indicate decreased bilateral OFC in
BD adolescents.202 Given the discrepant findings
between BD children and adolescents and BD adults
in key areas such as the amygdala, further study must
be done to determine possible differences in PFC
volumes of those with early vs late onset and/or
diagnosis, to characterize the effects of chronic mood
stabilizer treatment on regional brain structure, and to
track change over development within the context of
possible compensatory mechanisms (including early
treatment).

There are very few structural studies of individuals
at risk for BD. A review of structural neuroimaging
studies in individuals at risk for BD reported
structural abnormalities in amygdala, striatum,
hippocampus and subgenual ACG that were proposed
as potential ‘candidate neuroanatomical’ risk markers
for BD (see Hajek et al.203). A recent study, however,
has shown, in children who became diagnosed with
BD, increased GM over the left temporal cortex and
decreased GM bilaterally in the ACG (including the
subgenual ACG), which was observed most strikingly
after the illness onset.204 This neurodevelopmental
trajectory was observed also in children who had a
diagnosis of multidimensional impairment (atypical
psychosis), who did not convert to a diagnosis of BD.
The authors suggested that this pattern of cortical
development may reflect affective dysregulation
(lability) in general. More recently, we found abnor-
mally increased left hippocampal/parahippocampal
GM volume in healthy offspring of parents diagnosed
with BD.205 Moreover, this increase in GM volume in
the BD offspring group was significantly positively
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correlated with pubertal stage (but not age). Given
that these offspring of BD parents were healthy at the
time of the study, it is possible that these differences
in GM volume may reflect protective markers for BD.
Longitudinal follow-up studies are required to relate
these structural findings in BD at-risk individuals at
high familial risk for BD to future clinical outcome.

Functional neuroimaging studies. BD children and
adolescents demonstrate deficits in executive
function206 and emotion processing,207 and impaired
social cognition and response flexibility.208 As with
adult BD, it has been proposed, therefore, that
pediatric BD may be associated with functional
abnormalities in neural systems supporting emotion
regulation processes.209,210 There are several findings
that support this. First, there is evidence indicating
that children with BD exhibit deficits in response-
reversal learning, suggesting altered functioning of
neural systems implicated in automatic cognitive
change subprocesses.206,211 Euthymic BD adolescents
also show greater activity within subcortical limbic
regions associated with emotion processing rather
than prefrontal cortical regions such as OFC, rostral
and dorsal ACG and MdPFC implicated in automatic
attentional control during nonemotional Stroop task
performance.212 In these BD adolescents, there was
also no age-related increase in bilateral OFC activity
demonstrated by age-matched healthy adolescents
during the task.212 Abnormal increases in activity in
bilateral DLPFC as well as subcortical limbic regions
during voluntary attentional control (a working
memory task) have also been shown in children and
adolescents with BD.213

Regarding emotion-processing tasks, when atten-
tion is directed toward the emotional aspect of a
stimulus, BD children and adolescents show abnor-
mally increased left amygdala activity to neutral
faces.207 Furthermore, functional connectivity ana-
lyses have recently revealed that compared with age-
matched controls BD children and adolescents show
less functional connectivity between left amygdala
and a network of neural regions implicated in
processing faces and emotional stimuli, including
right posterior cingulate/precuneus and right fusiform
gyrus/parahippocampal gyrus.214 These findings sug-
gest that functional abnormalities in neural systems
supporting emotion processing may underlie the
pathophysiology of pediatric BD.207,209 Further stu-
dies are required, specifically studies employing
voluntary and automatic emotion regulation para-
digms, to elucidate the functional abnormalities in
neural systems underlying emotion regulation in
pediatric and adolescent BD.

There is a paucity of functional neuroimaging
studies in individuals at high risk of BD. One recent
neuroimaging study using PET contrasted neural
activity during sad mood induction in adult BD and
their healthy siblings.141 Here, healthy siblings
relative to their affected probands showed greater
activity in left MdPFC, a region activated in healthy

individuals during paradigms involving automatic
cognitive change. These differences in neural activity
were interpreted as a potential resiliency marker for
BD, given that the adult siblings were free of
psychopathology. To our knowledge, there are no
current published data examining the functioning of
neural systems involved in emotion regulation in
offspring of individuals with BD.

Summary. Findings from existing studies suggest
structural abnormalities in dorsal and ventral
prefrontal cortices and functional abnormalities
within prefrontal cortical regions implicated in
voluntary and automatic emotion regulatory
subprocesses in pediatric BD. Clearly, there is a
need for further studies to examine the extent to
which both children and adolescents with, and those
at risk for, BD have abnormal development of different
prefrontal cortical regions implicated in automatic
and voluntary emotion regulation using experimental
paradigms that focus on these different emotion
regulatory subprocesses.

Conclusion: understanding the pathophysiology
and neurodevelopment of bipolar disorder

We have described a new neural model of emotion
regulation that includes voluntary and automatic
regulatory subprocesses, centered in different regions
of PFC, hippocampus and parahippocampus. We
have then used this model as a theoretical framework
to examine functional neural abnormalities in these
neural systems that may predispose to the develop-
ment of BD, a major psychiatric disorder character-
ized by severe emotion dysregulation. The most
consistent findings in adult BD are those of studies
employing automatic attentional control and auto-
matic emotion regulation paradigms. These findings
indicate abnormally reduced activity in, predomi-
nantly, left-sided OFC and MdPFC during automatic
attentional control and automatic emotion regulation
paradigms in adult BD. Data further suggest structural
abnormalities in dorsal and ventral prefrontal cor-
tices, including left-sided abnormalities in the integ-
rity of white matter tracts in OFC, in adult BD.
Together, these findings point to left-sided abnormal-
ities in prefrontal cortical regions implicated in
automatic regulation in adult BD but further study is
required to elucidate the nature of these abnormalities
in emotion regulatory neural systems, and the extent
to which persistent vs mood-state-dependent abnorm-
alities in these neural systems can be dissociated
in BD.

In pediatric BD, findings indicate functional
abnormalities in bilateral prefrontal cortical regions
and left amygdala during attentional control and
emotion-processing tasks, respectively. These find-
ings are paralleled by structural abnormalities in
bilateral OFC and left amygdala. There is additional,
emerging evidence of structural abnormalities in the
left hippocampus/parahippocampus, implicated in
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automatic emotion regulation, in children and adoles-
cents at risk of BD vs age-matched healthy volunteers.
Further studies are needed in pediatric BD and at risk
for BD population to establish the nature and
laterality of the structural and functional abnormal-
ities in PFC regions subserving voluntary and auto-
matic emotion regulation subprocesses. This new
neural model of emotion regulation is, therefore, a
valuable framework with which to examine the
neurodevelopment of BD, and to help identify
biomarkers that represent risk for the disorder,
through childhood, adolescence and adulthood.

Limitations and future directions

Although our review of the literature includes a large
number of animal and human neuroimaging studies,
it does not represent a complete and extensive review
of the literature on the topic of neural systems of
voluntary and automatic emotion regulation and
related research in BD. Rather, our critical review
focuses upon studies that have examined neural
regions and systems underlying different subpro-
cesses of voluntary and automatic emotion regulation
and the extent to which these neural regions,
particularly those implicated in automatic emotion
regulation, are altered in BD and possibly contribute
to the pathophysiology of the disorder. There is a
need for more studies in adult and pediatric BD to
elucidate the nature of abnormalities in these neural
systems. There is, in parallel, a need for studies in
individuals at risk for BD, particularly offspring of
BD adults, to elucidate the neurodevelopmental
trajectories that may contribute to the onset of BD in
youth or young adults.
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Glossary of terms

Anterior cingulate gyrus (ACG)

Subgenual ACG: Brodmann areas (BAs) 25 posteriorly
and 24 anteriorly

Rostral ACG: Brodmann area 24

Dorsal ACG: Brodmann areas 24, 32

Orbital frontal cortex (OFC): Brodmann areas 11–14
and medial 47

Dorsomedial prefrontal cortex (MdPFC): Brodmann
areas 10/32

Dorsolateral prefrontal cortex (DLPFC): Brodmann
areas 9, 44, 46

Ventrolateral prefrontal cortex (VLPFC): Brodmann
areas 45, 47
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