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The prefrontal cortex (PFC) plays a critical role in the generation and regulation of emotion. However, we lack an
integrative framework for understanding how different emotion-related functions are organized across the entire expanse
of the PFC, as prior reviews have generally focused on specific emotional processes (e.g., decision making), or specific
anatomical regions (e.g., orbitofrontal cortex). Additionally, psychological theories and neuroscientific investigations
have proceeded largely independently due to the lack of a common framework. Here, we provide a comprehensive review
of functional neuroimaging, electrophysiological, lesion, and structural connectivity studies on the emotion-related
functions of eight subregions spanning the entire PFC. We introduce the appraisal-by-content model, which provides a
new framework for integrating the diverse range of empirical findings. Within this framework, appraisal serves as a
unifying principle for understanding the PFC’s role in emotion, while relative content-specialization serves as a
differentiating principle for understanding the role of each subregion. A synthesis of data from affective, social, and
cognitive neuroscience studies suggests that different PFC subregions are preferentially involved in assigning value to
specific types of inputs: exteroceptive sensations, episodic memories and imagined future events, viscero-sensory signals,
viscero-motor signals, actions, others' mental states (e.g., intentions), self-related information, and ongoing emotions. We
discuss the implications of this integrative framework for understanding emotion regulation, value-based decision making,
emotional salience, and refining theoretical models of emotion. This framework provides a unified understanding of how
emotional processes are organized across PFC subregions and generates new hypotheses about the mechanisms
underlying adaptive and maladaptive emotional functioning.

Keywords: Emotion; prefrontal cortex; value; appraisal; interoception; decision making; regulation; ventromedial;
orbitofrontal, cingulate.

Introduction

Life is filled with color through emotion—the happiness attractiveness), their gestures and actions, and

of a good first date, the fear instilled by reports about unobservable mental states (e.g., how intelligent and funny
climate change, and the sadness and compassion evoked they are), and also evaluate oneself (e.g. “I am making a
by news of Syrian refugees. Central to emotion is a suite great first impression”), and what one imagines might

of appraisal processes that evaluate the meaning of actual happen at the end of the date. Emotion is multifaceted,

or imagined events with respect to our well-being and involving many of such evaluative components, but also
survival. When on a first date, one might evaluate the embodied components including physiological changes
other person in terms of sensory features (e.g., (e.g., increased heart rate), subjective feelings (e.g.,
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excitement), and action tendencies (e.g., the urge to go in
for a kiss).

Uncovering the neurobiological basis of emotion
is essential for a complete understanding of the healthy
and unhealthy operation of emotional mechanisms.
Emotion influences, and is in turn influenced by, multiple
brain systems ranging from the brainstem to the prefrontal
cortex (PFC), as demonstrated by decades of
neuroscientific research using rodents, non-human
primates, and humans. Among these emotion-related brain
systems, the PFC is generally considered to be primarily
involved in elaborating upon and regulating the more basic
emotional processes occurring in subcortical and
brainstem regions (Barbas, 2000; Bechara & Damasio,
2005; Cunningham & Zelazo, 2007; Davidson, 2004;
Dixon & Christoff, 2014; Haber & Behrens, 2014; Lane et
al., 2015; McDannald et al., 2012; Ochsner & Gross,
2005; Ochsner & Gross, 2014; Rolls, 2004; Rudebeck &
Murray, 2014; Rushworth et al., 2011; Shackman et al.,
2011; Sharpe & Schoenbaum, 2016; Vogt, 2009b; Wager
et al., 2008; Wallis, 2007). In doing so, the PFC makes a
critical contribution to the organization and flexible
regulation of emotional responses and goal-directed
behavior. That the PFC plays a significant role in emotion
also becomes obvious when considering that dysfunction
of the PFC has been implicated in the etiology of nearly all
of the affective disorders, including depression (Drevets,
Savitz, & Trimble, 2008; Farb et al., 2010; Greicius et al.,
2007; Mayberg et al., 2005), anxiety (Bishop, Duncan,
Brett, & Lawrence, 2004; Chamberlain et al., 2008;
Davidson, 2002; Goldin et al., 2009), and bipolar disorder
(Blumberg et al., 2003; Blumberg et al., 2014; Frye et al.,
2007).

Despite this well appreciated importance of the
PFC in emotion and an ever expanding empirical

literature, we still lack a detailed, integrative framework
for understanding the specific contributions that the PFC
makes to emotion and how these contributions relate to
overall prefrontal functional and anatomical organization
at the subregional level. Here we provide a comprehensive
review of the neuroscientific literature on emotion-related
functions of the PFC, with specific emphasis on
anatomical precision. Our review expands upon prior work
in several important ways. First, we examine the
functional roles of eight subregions covering the entire
expanse of the PFC, thus providing a comprehensive
review of PFC functions in emotion. Second, we bring
together research findings from multiple fields (affective,
social, and cognitive neuroscience), and multiple
methodologies (neuroimaging, brain lesions, and
electrophysiological recordings). Third, we also take
advantage of psychological models of emotion to organize
and synthesize a broad range of neuroscientific findings.
The result is a new framework that offers an improved
understanding of the unity and diversity of the PFC's
emotion-related functions, with relevance to both healthy
and unhealthy emotional functioning.

The present review is founded upon three core
ideas: (i) anatomical and functional connectivity
constrains function, and can be used to infer differences in
function across regions (Barbas, 2000; Beckmann,
Johansen-Berg, & Rushworth, 2009; Haber & Behrens,
2014; Passingham, Stephan, & Kotter, 2002; Passingham
& Wise, 2012; Rushworth, Behrens, Rudebeck, & Walton,
2007; Vogt, 2009b); (ii) it is critical to bridge
psychological theory and neuroscientific findings (Brosch
& Sander, 2013; Lewis, 2005; Poeppel, 2012); and (iii) a
global framework of PFC function should explicitly
specify both the unity and diversity of function across
subregions (Teuber, 1972).

Challenges in Understanding the Role of the PFC in Emotion

Theoretical Considerations

Due to the overwhelming complexity and wealth
of empirical findings, literature reviews and theories have
often focused on specific emotional process (e.g., threat;
decision making; pain) (Etkin, Egner, & Kalisch, 2011;
Rushworth et al., 2011; Vogt, 2005), or specific
anatomical regions (e.g., the orbitofrontal cortex) (Dixon

& Christoff, 2014; Kringelbach & Rolls, 2004; Rushworth
et al., 2007; Schoenbaum & Esber, 2010; Shackman et al.,
2011). Furthermore, there has been a relatively low degree
of integration across different areas of inquiry. Different
areas of emotion research have often become focused on
some prefrontal subregions, often to the exclusion of
others. For example, research on reward and decision
making has predominantly focused on the orbitofrontal
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and ventromedial prefrontal cortices, whereas research on
emotion regulation has predominantly focused on the
lateral PFC and the anterior mid-cingulate cortex (also
known as the dorsal anterior cingulate cortex). Each
research area has developed its own terminology and
distinct theoretical concepts, which has further contributed
to the lack of integration across fields. Finally, there has
been a surprising paucity of cross-talk between the
theoretical and neuroscientific emotion literatures (Brosch
& Sander, 2013). Generally speaking, neuroscience
research has not made use of the fine-grained taxonomies
and sophisticated psychological models of emotion that
have emerged from decades of theoretical/behavioral
research. Concepts from psychological models may help
in refining ideas about core emotional mechanisms, and
potentially offer a unifying framework for organizing and
integrating neuroscientific findings.

Anatomical Considerations

The PFC is a large expanse of brain tissue that can
be subdivided into multiple anatomically and functionally
distinct areas (Figure 1) (Barbas, 2000; Carmichael &
Price, 1996; Mackey & Petrides, 2010; Ongur, Ferry, &
Price, 2003; Petrides & Pandya, 1999, 2002; Vogt, 2009Db).
Advances in technology and the use of well-designed tasks

The Current Review

Here we provide a comprehensive review of how the PFC
contributes to emotion. We examine the distinct functions
of eight PFC subregions spanning the medial, ventral, and
lateral prefrontal surface (Figure 1). To discern potential
differences in relative functional specialization across
subregions, we review functional neuroimaging,
electrophysiological, lesion, and structural connectivity
findings for each subregion. To organize this large set of
findings, we introduce a novel theoretical framework—the
appraisal-by-content (ABC) model—which accounts for
both the commonalities and differences across different
PFC subregions. This model proposes that appraisal, the
process of evaluating the affective significance of an
event, can serve as a unifying functional principle that
governs the role of the entire PFC in emotion. The model
further suggests that different PFC subregions exhibit
relative specialization, or biases, to support appraisal of
different types of content. This relative specialization is

has enabled researchers identify cognitive processes
associated with neural activity in localized PFC zones.
While critical for advancing the field, this increased focus
on functional localization has made it difficult to build a
comprehensive and integrative perspective. Another
challenge is that we lack a standard (i.e., widely adopted)
parcellation scheme and corresponding nomenclature for
the PFC. As a result, there is considerable variability in
how different prefrontal subregions are defined and
labelled. In some cases, the same label has been used to
describe distinct and anatomically non-overlapping brain
regions. For example, the label “ventromedial prefrontal
cortex” (VMPFC) has been used across different fMRI
studies describe activations that may fall in area 14, area
25, area 32, or area 10 (see Figure 1) (e.g., Boorman,
Behrens, Woolrich, & Rushworth, 2009; Chib, Rangel,
Shimojo, & O'Doherty, 2009; Glascher, Hampton, &
O'Doherty, 2009; Hunt et al., 2012; Kim, Shimojo, &
O'Doherty, 2011; Smith et al., 2010; Strait, Blanchard, &
Hayden, 2014; Winecoff et al., 2013). This is problematic
considering that areas 10 and 14 emerged later in
mammalian evolution than areas 25 and 32, and are likely
to be functionally distinct (Passingham & Wise, 2012;
Wise, 2008). The lack of consistent and commonly
adopted nomenclature for prefrontal subregional
parcellation has made it difficult to work towards a
systematic account of PFC's role in emotion.

influenced by differences in the anatomical and functional
connectivity across regions. The proposed appraisal-by-
content model is informed by the theoretical and
neuroscientific literatures, and allows for a synthesis of a
wide range of empirical findings by translating diverse
anatomical and functional terminology into a single,
unified framework. The model, however, is not meant to
provide an exhaustive account of PFC function beyond its
role in emotion, nor to imply that emotional appraisal only
relies on the PFC. Rather, it aims to provide an
organizational structure for understanding the role of the
PFC in emotion.

In the following sections, we begin by briefly
reviewing key concepts from psychological models of
emotion, and outline the proposed appraisal-by-content
model. We then describe the nomenclature and PFC
parcellation that our model adopts. Then, we review
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empirical findings regarding the patterns of functional perspective on several topics: emotion regulation; value-

contributions and anatomical connectivity associated with based decision making; dissociating salience detection
eight PFC subregions: lateral orbitofrontal cortex; medial from subjective feelings and action tendencies; and how
orbitofrontal cortex; subgenual anterior cingulate cortex; we can use neuroscientific findings to refine theoretical
pregenual anterior cingulate cortex; anterior mid-cingulate models of emotion. Finally, we highlight methodological
cortex; rostromedial prefrontal cortex; dorsomedial and theoretical issues that will be important to address in
prefrontal cortex; and lateral prefrontal cortex. We then future research.

use the present integrative framework to offer a novel
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Theoretical Framework
Theoretical Approaches to Emotion

Decades of theoretical and behavioral research
have produced fine-grained taxonomies and sophisticated
psychological models of emotion. Yet this rich history has
not been well integrated into neuroscientific investigations
of emotion. Many psychological theories of emotion
emphasize that an emotional episode involves multiple
distinct, yet interacting components: (i) appraisal
mechanisms that evaluate the significance of an event for
an individual's survival and well-being; (ii) changes in
peripheral physiology (e.g., cardiovascular, respiratory,
hormonal); (iii) action tendencies; and (iv) subjective
feeling states that influence attention and decision making
(Barrett, Mesquita, Ochsner, & Gross, 2007; Damasio,
2003; Frijda, 1987; Gross, 1998; Keltner & Gross, 1999;
Lewis, 2005; Moors, Ellsworth, Scherer, & Frijda, 2013;
Russell, 2003; Scherer, 2001, 2005). Appraisal is at the
heart of these models. It specifies whether something is
good or bad for me, informed by prior experience and
current context (Arnold, 1960; Barrett et al., 2007; Barrett,
Wilson-Mendenhall, & Barsalou, 2014; Brosch & Sander,
2013; Cunningham & Zelazo, 2007; Ellsworth & Scherer,
2003; Lazarus & Smith, 1988; Moors et al., 2013; Scherer,
2001; Smith & Ellsworth, 1985; Tracy & Robins, 2004).
Appraisal is highly similar to the concept of “valuation”
that is often used in the neuroscientific literature (Gross,
2015; Ochsner & Gross, 2014; Rangel, Camerer, &
Montague, 2008). The theoretical concept of appraisal is
particularly useful because it has been decomposed into
multiple distinct dimensions. We summarize some of the
major dimensions that are of relevance for understanding
the brain regions considered here.

Goal-relevance appraisal. This appraisal
dimension reflects an evaluation of the
environment—obijects, people, and places—based on their
implications for one's current goals and needs (Brosch &
Sander, 2013; Ellsworth & Scherer, 2003; Scherer, 2001).
Because goals continuously change, brain mechanisms
that evaluate goal-relevance must be flexible and provide
real-time updates regarding the value of stimuli with
respect to those goals. In the context of emotion theory,
goal-relevance refers to a variety of hierarchically
organized goals and needs, from survival to the desire to
attend a concert. Objects and events are assigned value

commensurate with their position within the individual's
hierarchy at a given moment in time.

Appraisal of intentionality. This appraisal
dimension reflects the extent to which others' intentions
have implications for hindering or facilitating one's goals
(Brosch & Sander, 2013; Ellsworth & Scherer, 2003;
Lazarus & Smith, 1988; Scherer, 2001). The same action
may have different emotional consequences based on the
intentions behind it. Discerning others' intentions requires
information about their current mental states. This ability,
often referred to as mentalizing, requires stepping out of
one's own perspective, and recognizing that others have
independent and unique thoughts, beliefs, and desires that
govern their behavior (Gallagher & Frith, 2003). Others'
mental states can be inferred based on a variety of
information including observable cues (e.g., facial
expression) and personality traits.

Self-evaluation based on social norms. Humans'
highly developed capacity for self-awareness allows for
the construction of a self-image (the idea of “me”)
consisting of particular attributes and goals, and that exists
within a temporally extended personal narrative (Markus,
1977). In order to maintain social standing and bonds with
others, individuals often evaluate themselves as good or
bad based on the alignment or discrepancy between their
actions and social norms (Ellsworth & Scherer, 2003).
Self-evaluations may be triggered by stored knowledge
about social values, or by direct feedback from others, and
often lead to complex emotions such as pride and
embarrassment that are believed to promote socially
valued behaviors and discourage socially inappropriate
behavior (Scherer, 2001; Tracy & Robins, 2004).

Other appraisal dimensions. Beyond the
traditional theoretical literature, reinforcement learning
models suggest that there may be a specific appraisal
mechanism that evaluates action plans based on the
outcomes they are expected to yield (Sutton & Barto,
1998). Thus, rather than have action selection result
indirectly from the valuation of objects and events,
adaptive actions are learned directly based on their
association with valenced outcomes. There may also be
specific appraisals related to physiological arousal. Barrett
and Simons (2015) proposed a predictive coding model of
body states suggesting that there is a mechanism that
generates predictions about the upcoming requirements of
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the body, and that this triggers changes in physiological
arousal in anticipation of the actions that are likely to be
executed in a given situation (Barrett & Simmons, 2015).
In this way, the body is prepared to rapidly execute any
required actions to cope with an emotionally significant
event. This prediction can be conceptualized in terms of an
appraisal mechanism that assigns value to endocrine and
autonomic signals. In particular, this appraisal mechanism
may involve the strengthening and weakening of
associations between specific configurations of bodily
activation and contextual cues based on experienced
outcomes. Finally, Ochsner and Gross (2014) have
proposed that the initiation of emotion regulation can be
framed in terms of a second-order appraisal system that
evaluates the emotions generated by first-order appraisal
mechanisms (e.g., a negative evaluation of anger will
initiate regulatory strategies that alter the emotion; see also
Gross, 2015). The notion of appraisal thereby provides a
unifying framework for understanding the nature of
emotion generation and regulation.

Appraisal as a Unifying Principle of PFC Function in
Emotion

We suggest that appraisal can be seen as a
unifying principle of PFC function. The term appraisal is
useful because it provides a bridge to the theoretical
emotion literature, and allows us to integrate findings that
have used different terminology and concepts. We use this
term synonymously with valuation and evaluation. In line
with recent perspectives, we suggest that both emotion
generation and emotion regulation can be understood in
terms of appraisals at various levels of complexity (Gross,
2015; Ochsner & Gross, 2014). The suggestion that every
PFC subregion participates in appraisal is consistent with
evidence that value signals are observed across the entire
PFC (Bartra, McGuire, & Kable, 2013; Clithero & Rangel,
2013; Dixon & Christoff, 2014; Vickery, Chun, & Lee,
2011). This is not to say that the PFC as a whole is
selectively involved in appraisal; on the contrary, it is
known contribute to other functions outside of emotional
contexts. Furthermore, appraisal depends on many regions
beyond the PFC, and occurs at multiple levels of
complexity, from simple associations between perceptual
inputs and physiological and action-related outputs to
high-level conceptual appraisals that include a variety of
contextual information (Barrett et al., 2014; Cunningham
& Zelazo, 2007; Ochsner & Gross, 2014; Scherer, 2001).
The PFC may be primarily involved in the latter type of

appraisals, but heavily interacts with subcortical and
brainstem regions that support other types of appraisals.

Appraisal-By-Content Specialization as a
Differentiating Principle of PFC Function in Emotion

We propose that while the overall unifying
function of PFC in emotion is that of assigning value
(appraisal), what distinguishes different PFC subregions is
a relative functional specialization for carrying out
appraisal on specific types of inputs (or contents).
Although different brain regions work together within
functional networks to support complex functions
(Buckner, Krienen, & Yeo, 2013; Bullmore & Sporns,
2009; Fox & Raichle, 2007; Medaglia, Lynall, & Bassett,
2015; Petersen & Sporns, 2015), some brain regions are
better suited to perform certain functions than others—a
phenomenon reflected in the concept of functional
specialization (Aron, Robbins, & Poldrack, 2004;
Beckmann et al., 2009; Epstein & Kanwisher, 1998;
Fedorenko, Duncan, & Kanwisher, 2012; Gilbert et al.,
2006; Kanwisher, 2010; Kanwisher, McDermott, & Chun,
1997; Poldrack et al., 1999; Ungerleider & Haxby, 1994;
Zeki et al., 1991). Each brain region has a unique
anatomical connectivity fingerprint and therefore access to
different types of information, and this may promote an
intrinsic bias to perform a specific function (Barbas, 2000;
Beckmann et al., 2009; Haber & Behrens, 2014;
Passingham et al., 2002; Passingham & Wise, 2012).
Consistent with this, there is a long history of brain lesion
studies revealing distinct cognitive and emotional deficits
depending on the source of brain damage (Bechara,
Damasio, Tranel, & Anderson, 1998; Stuss & Alexander,
2007; Stuss & Knight, 2002; Szczepanski & Knight,
2014). Moreover, different brain regions emerged at
different points in mammalian evolution (e.g., the
pregenual cingulate cortex is evolutionarily older than the
adjacent rostromedial prefrontal cortex), suggesting
variations in functional contribution (Passingham & Wise,
2012; Wise, 2008).

We propose that each prefrontal subregion is
characterized by a relative specialization to assess the
value of specific types of inputs. Critically, we favor the
idea of relative rather than absolute functional
specialization. That is, we suggest that each PFC
subregion is preferentially involved in evaluating specific
inputs—a relative bias that emerges due to the combined
constraints of anatomical and functional connectivity.
These biases emerge flexibly when certain task demands
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need to be met (e.g., during emotional appraisal) but may
not be present in other contexts (e.g., during visuospatial
reasoning). In the case of injury, neighboring regions may
be able to compensate, to some extent, through plasticity
in structural pathways or functional interactions. The idea
of relative rather than absolute functional specialization is
consistent with evidence of adaptive tuning of single
neurons in the PFC (Duncan, 2001; Miller, 2000; Miller &
Cohen, 2001), and previous theorizing of subregional
specialization in lateral PFC outside of emotion (Christoff
& Keramatian, 2007; Christoff, Keramatian, et al., 2009).
A combination of relative functional specialization and
adaptive neural coding may provide an ideal balance that
supports structured neural responses that exploit statistical
regularities in external and internal events, but also the
capacity to flexibly adjust to changes in the environment.
Lesion work is consistent with the idea that PFC
organization may reflect a combination of domain-general
and domain-specific processing (Szczepanski & Knight,
2014). Similarly, work on other PFC-related processes
such as executive functions have also emphasized the idea
of “separable but related functions that share some
underlying commonality” (Miyake et al., 2000, p. 88).
Thus, while our review addresses differences in function

across PFC subregions, our discussion should not be
interpreted as implying the existence of a modular
architecture. Instead, the function of each region should be
understood as a relative and highly flexible functional
specialization.

Finally, PFC subregions may be necessary but not
sufficient for the different types of appraisals reviewed
here. Many brain structures outside the PFC are known to
contribute to each of the appraisals we describe. Indeed,
regions are structurally and functionally embedded within
networks, and are subject to unique “fingerprint-like”
interactions (Passingham et al., 2002; Pessoa, 2014). Thus,
the findings reviewed here need to be interpreted within a
network context (Barrett & Satpute, 2013; Pessoa, 2014).
Furthermore, we do not claim that PFC subregions are
selective for the described appraisals. In other words, it
would be invalid to draw reverse inferences from
activations in specific prefrontal subregions to specific
types of emotional appraisal. Prefrontal subregions are
likely involved in multiple other functions outside of
appraisal. Thus rather than identify the core function of
prefrontal subregions, the purpose of the review is to
discern the principles of PFC organization and its specific
contributions to emotion.

Functional-Anatomical Parcellation of the PFC

The brain can be parcellated at various scales, however, it
is critical to use a scheme that matches the level of
resolution of functional differences observed in the
neuroscientific literature. In the current review, we
parcellate the PFC into eight subregions based on data
from invasive tracer studies in macaque monkeys, non-
invasive fiber tracking (i.e., diffusion tensor imaging),
functional connectivity patterns in humans, and functional
considerations. The regional distinctions made here are
very similar to other recent efforts (Etkin et al., 2011;
Morecraft et al., 2012; Price & Drevets, 2010; Ullsperger,
Danielmeier, & Jocham, 2014; Vogt, 2009¢). However,
the current review is unique in covering the functions of
all subregions.

Orbitofrontal Cortex

The ventral surface of the frontal lobe is known as
the orbitofrontal cortex (OFC), and is composed of four
main architectonic areas (caudal-central area 13, lateral

area 47/12, rostral area 11, and medial area 14) (Mackey
& Petrides, 2010; Ongur & Price, 2000; Wallis, 2012).
These areas can be grouped into two major functional
regions based on patterns of anatomical connections
(Carmichael & Price, 1996; Ongur & Price, 2000), and
functional coactivation patterns (Zald et al., 2014): (1) the
lateral OFC which encompasses architectonic areas 13,
47/12, and most of area 11; and (2) the medial OFC, which
encompasses area 14 and the medial aspect of area 11. The
medial orbital sulcus provides a boundary between these
functional zones. Although the OFC contains multiple
different architectonically distinct subregions, reviews and
meta-analyses frequently divide OFC into medial and
lateral territories (Cavada et al., 2000; Elliott, Dolan, &
Frith, 2000; Kringelbach & Rolls, 2004; Rudebeck &
Murray, 2011a; Rushworth et al., 2011; Zald et al., 2014).
This division of the OFC in two regions is ideal for the
level of resolution of current neuroscientific findings,
however, greater specificity reflecting the known
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anatomical divisions of the OFC may be possible in the
future.

Medial Prefrontal Cortex

The rostromedial prefrontal cortex (RMPFC)
corresponds to the medial part of frontopolar area 10. A
rough approximation of the dorsal/ventral boundary
separating RMPFC from the medial OFC isz=-10in
MNI space (Mackey & Petrides, 2014; Sallet et al., 2013).
It is critical to separate the medial OFC from the RMPFC
because of well-established functional differences. For
example, meta-analyses have shown that tasks involving
explicit self-reflection are associated with activation that is
restricted to the RMPFC and does not extend into the
medial OFC (Denny, Kober, Wager, & Ochsner, 2012;
Murray, Schaer, & Debbane, 2012; van der Meer,
Costafreda, Aleman, & David, 2010). The dorsomedial
prefrontal cortex (DMPFC) corresponds to areas 9 and 8B
on the medial wall (Petrides & Pandya, 1999) and is
located between the RMPFC and the pre-supplementary
motor area (pre-SMA,; area 6). Recent functional
connectivity-based parcellations suggest that DMPFC and
RMPFC belong to distinct functional networks, and a
rough approximation of the dorsal/ventral border between
these regions is z = 20 in MNI space (Andrews-Hanna,
Reidler, Sepulcre, et al., 2010; Sallet et al., 2013; Yeo et
al., 2011). A rough approximation of the anterior/posterior
border separating DMPFC and pre-SMA is y = 25 in MNI
space (see Figure 4 in Sallet et al. 2013).

Cingulate Cortex

Vogt and colleagues have outlined an exquisitely
detailed parcellation scheme and nomenclature for the
cingulate cortex (Vogt, 2009c; Vogt, Vogt, Farber, &
Bush, 2005). The subgenual anterior cingulate cortex
(sgACC) is a small region situated below the genu of the
corpus callosum, and is mainly comprised of architectonic
area 25, but also includes a small portion of areas 24 and
32. The pregenual anterior cingulate cortex (pgACC; areas

24 and 32) is located rostral to, and slightly above and
below, the genu of the corpus callosum. Roughly
speaking, the cingulate cortex lying rostral toy = 30 in
MNI space is the pgACC. This region is distinguished
from adjacent cingulate regions by virtue of strong
functional connectivity with default network (Yeo et al.,
2011). The mid-cingulate cortex (MCC) occupies most of
the cortex sitting dorsal to the corpus callosum, and can be
divided into anterior (aMCC; areas a24' and a32") and
posterior (0PMCC; area p24') sectors, with their
approximate border being the vertical plane that passes
through the anterior commissure. Because the pMCC is
mainly a motor region and not directly involved in
emotion, it was not included in the current review. The
aMCC is often referred to in the literature as the dorsal
anterior cingulate cortex; however, recent evidence has
conclusively demonstrated that this part of the cingulate
cortex can be distinguished from the anterior cingulate
cortex based on cytoarchitecture and connectivity, and
hence, should be referred to with a distinct name (Vogt,
2009c; Vogt et al., 2005).

Lateral PFC

The lateral PFC contains numerous anatomically
distinct subregions (Petrides & Pandya, 1999, 2002, 2007).
At the broadest level, the lateral PFC can be divided into
dorsolateral (DLPFC), ventrolateral (VLPFC), and
rostrolateral (RLPFC) sectors. Furthermore, anatomical
connectivity and functional activation patterns also
suggest a rostro-caudal (anterior-posterior) organization
(Badre, 2008; Badre & D'Esposito, 2009; Christoff &
Gabrieli, 2000; Christoff & Keramatian, 2007; Koechlin &
Summerfield, 2007; Petrides, 2005). In the current review,
we consider the lateral PFC as a whole, given that its role
in emotional valuation processes are only beginning to be
investigated (Dixon & Christoff, 2014). However, in the
section entitled: Relationship to Other Models of PFC
Organization we touch upon potential functional
distinctions along the rostro-caudal axis.
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Figure 1. Functional-Anatomic Parcellation of the PFC. (A) Current PFC parcellation. sgJACC, subgenual anterior cingulate cortex;
pgACC, pregenual anterior cingulate cortex; aMCC, anterior mid-cingulate cortex; IOFC, lateral orbitofrontal cortex; mOFC, medial
orbitofrontal cortex; RMPFC, rostromedial prefrontal cortex; DMPFC, dorsomedial prefrontal cortex; RLPFC, rostrolateral prefrontal
cortex; VLPFC, ventrolateral prefrontal cortex; DLPFC, dorsolateral prefrontal cortex. (B) Our parcellation is similar to other recent
work. Parcellation of the cingulate cortex and medial PFC from Ullsperger et al. (2014). (C). Parcellation of lateral PFC from Badre
(2008) showing dorsal/ventral and rostro-caudal gradients. (D) Parcellation of the OFC into lateral (yellow) and medial (red)
subregions based on anatomical connectivity from Price and Drevets (2010).

Inclusion Criteria

The goal of the present review is to provide a search for the most relevant literature; (ii) we focused on
comprehensive and integrative review of empirical findings that replicated across multiple methodologies
findings on emotion pertaining to the entire PFC. The (fMRI, electrophysiology, lesion) and across different
scope of this goal renders an exhaustive review of species (humans, non-human primates, and rodents); and
empirical findings impossible. In order to be as (iii) we integrated findings from multiple fields that have
comprehensive and unbiased as possible in selecting traditionally remained segregated (affective, social, and
literature for review, we adopted the following approach: cognitive neuroscience, anatomical connectivity, and

(i) we used highly cited authoritative review papers and network neuroscience). We used 67 review papers and
meta-analyses covering each PFC subregion to guide our meta-analyses to guide our literature search (Table 1).
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Table 1. Review papers and meta-analyses that guided literature selection for the current review

Authors Type of Region(s) of focus  Topic

manuscript
Morrison & Salzman Review IOFC Value of sensory input
(2011)
Padoa-Schioppa (2011) Review/Model IOFC Value-based decision making
Rolls (2004) Review IOFC, mOFC Stimulus-reinforcement learning
Rudebeck & Murray Review IOFC, mOFC Sensory values and comparisons
(2011)
Wallis (2007) Review IOFC Value learning and decision making
Schoenbaum & Esber Review IOFC Outcome expectancies
(2010)
Sharpe & Schoenbaum Review IOFC Comparing OFC and amygdala
(2016) functions
Levy & Glimcher (2012)  Review/Model mOFC Value-based decision making
Bartra et al. (2013) Meta-analysis mOFC, RMPFC, Value-based decision making

pgACC, sgACC

Clithero & Rangel (2014) Meta-analysis mOFC, RMPFC, Value-based decision making
pgACC, sgACC

Bechara & Damasio Review/Model mOFC Somatic marker theory
(2005)
Zald et al. (2014) Meta-analysis mOFC, IOFC Coactivation patterns
Domhoff & Fox (2015) Review/meta- mOFC Dreaming
analysis

Etkin et al. (2011) Review mOFC, aMCC Threat expression vs regulation
Barrett and Simons (2015) Review/Model SsgACC Interoception and prediction
Vogt & Derbyshire (2009) Review SgACC, pgACC Visceral circuits
Vogt (2005) Review SgACC, pgACC, Pain

aMCC
Vogt (2009c¢) Review SgACC, pgACC, Physiological arousal, feelings,

aMCC action values
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Lane et al. (2015) Review pgACC Subjective feelings, alexithymia
Lee & Siegle (2012) Meta-analysis pgACC, IOFC Stimulus evaluation, subjective
feelings
Shackman et al. (2011) Review/ Meta- aMCC Adaptive control of defensive actions
analysis/Model

Rushworth et al. (2007) Review aMCC, IOFC Stimulus and action values

Rushworth et al. (2012) Review aMCC, IOFC Decision making, foraging

Botvinick et al. (2001) Review/Model aMCC Conflict monitoring

Ridderinkhof et al. (2004) Review/Meta- aMCC Performance monitoring

analysis

Alexander, & Brown, Model aMCC Action-outcome learning

(2011)

Ullsperger et al. (2014) Review aMCC, lateral PFC, Performance monitoring
IOFC, mOFC

Devinsky et al. (1995) Review aMCC, pgACC, Pain, action, visceral processing
SgACC,

Holroyd & Coles (2002) Model aMCC Error processing, reinforcement

learning

Picard & Strick (1996) Review aMCC Motor functions

Gallagher & Frith (2003)  Review DMPFC Mentalizing

Mar (2011) Meta-analysis DMPFC Mentalizing

Van Overwalle & Baetens Meta-analysis DMPFC Mentalizing

(2009)

Saxe (2006) Review DMPFC Mentalizing

Wagner et al. (2012) Review DMPFC, RMPFC Reflection on self and other

Murray et al. (2012) Meta-analysis RMPFC Reflection on self and other

Van der Meer et al (2010) Meta-analysis RMPFC Self-reflection

Amodio & Frith (2006) Review/Model RMPFC, aMCC, Monitoring self, actions, outcomes
mOFC

Denny et al. (2012) Meta-analysis RMPFC Reflection on self and other

Buckner et al. (2008)

Review

RMPFC, pgACC,
MOFC

Default network

Christoff et al. (in press) Review/Maodel RMPFC, mOFC Default network, spontaneous
thought
Schmitz & Johnson Review RMPFC, mOFC Self-reflection, emotion

(2007)
Ochsner et al 2012

Review/Meta-

lateral PFC, aMCC,

Emotion regulation

analysis DMPFC
Ochsner & Gross (2014) Review/Maodel lateral PFC, aMCC, Emotion regulation and valuation
mOFC

Etkin et al. (2015)

Review/Model

lateral PFC, aMCC

Reinforcement learning and emotion
regulation
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Buhle et al. (2013)

Dixon & Christoff (2014)

Dixon (2015)
Buckholtz (2015)
Badre & D'Esposito
(2009)

Christoff & Gabrieli

Koechlin & Summerfield

(2007)

Watanabe & Sakagami

(2007)
Pessoa (2008)
Wager et al. (2008)

Petrides (2005)

Brosch & Sander (2013)

Christoff, 2012

De la Vega et al. (2016)

Dixon et al. (2014b)

Fox et al. (2015)

Lindquist et al. (2016)

Passingham & Wise
(2012)

Rushworth et al. (2011)

Shulman et al. (1997)

Meta-analysis
Review
Review/Model
Review/Model
Review/Model
Review/Meta-
analysis
Review/Model
Review

Review
Meta-analysis

Review
Review

Review

Meta-analysis
Review/Maodel

Meta-analysis
Meta-analysis
Review/Maodel
Review

Meta-analysis

Review

lateral PFC, aMCC
lateral PFC
lateral PFC
lateral PFC
lateral PFC

lateral PFC
lateral PFC
lateral PFC

lateral PFC

lateral PFC, aMCC,
DMPFC

lateral PFC
DMPFC, IOFC,
lateral PFC
RMPFC, pgACC,
mOFC

aMCC, pgACC
RMPFC, pgACC,
mOFC

RMPFC, pgACC,
lateral PFC
pgACC, mOFC
All regions

lateral PFC, IOFC,
MPFC

lateral PFC, IOFC,
mOFC, aMCC
RMPFC, pgACC,
mOFC

Emotion regulation

Value learning and decision making
Value-based emotion regulation
Model-based decision making
Rostro-caudal organization

Rostro-caudal organization
Rostro-caudal organization
Emotion-cognition interactions

Emotion-cognition interactions
Emotion regulation

Rostro-caudal organization
Various appraisals

Default network, internally directed
processing

Pain, cognitive control, social
Internal vs external processing

Mind wandering

Positive and negative affect
Cognition and emotion
Value-based decision making
Default network, task-induced

deactivations
Stimulus and action values

12

Haber & Behrens (2014) IOFC, aMCC
Note: IOFC, lateral orbitofrontal cortex; mOFC, medial orbitofrontal cortex; RMPFC, rostromedial prefrontal cortex;
DMPFC, dorsomedial prefrontal cortex; sgACC, subgenual anterior cingulate cortex; pgACC, pregenual anterior
cingulate cortex; aMCC, anterior mid-cingulate cortex.
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Review of Neuroscientific Evidence for Relative Functional Specialization

The Lateral Orbitofrontal Cortex: Appraisal of
Exteroceptive Sensations

Psychological models of emotion suggest that
there is a dedicated appraisal mechanism that assesses the
goal-relevance of objects/events (Brosch & Sander, 2013;
Ellsworth & Scherer, 2003; Sander, Grafman, & Zalla,
2003; Scherer, 2001). Considerable evidence suggests that
lateral orbitofrontal cortex (OFC) function aligns with this
appraisal dimension. This region is specifically involved
in the appraisal of exteroceptive sensations, that is,
sensory information arising from the external
environment, based on current context and goals (Figure
2A). This function has been variably referred to as
stimulus-reinforcement learning, evaluating the subjective
value of stimuli, or signalling outcome expectancies
(Padoa-Schioppa, 2011; Padoa-Schioppa & Assad, 2006;
Rolls, 2004; Rudebeck & Murray, 2014; Schoenbaum &
Esber, 2010; Wallis, 2007; Walton et al., 2010). By
correlating brain activation with subjective evaluations of
stimulus valence or the objective magnitude of reward
outcomes, functional neuroimaging and
electrophysiological studies have shown that lateral OFC
activation reflects the value of food items (Howard,
Gottfried, Tobler, & Kahnt, 2015; Kringelbach,
O'Doherty, Rolls, & Andrews, 2003; Padoa-Schioppa &
Assad, 2006; Stalnaker et al., 2014), odours (Anderson et
al., 2003; Gottfried, O'Doherty, & Dolan, 2003), auditory
stimuli (Frey, Kostopoulos, & Petrides, 2000),
somatosensory stimulation (Rolls et al., 2003), and
visually presented images of scenes and other individuals
(e.g., erotic images) (Chikazoe, Lee, Kriegeskorte, &
Anderson, 2014; Sescousse, Redoute, & Dreher, 2010;
Watson & Platt, 2012; Wright et al., 2008). Furthermore,
the lateral OFC contains face-responsive neurons (Rolls,
2004), and is sensitive to changes in facial expression that
signal reward (e.g., smile) or punishment (e.g., angry
expression) (Kringelbach & Rolls, 2003). Thus, the lateral
OFC signals the value of stimuli across a variety of
sensory modalities. Furthermore, monkey lateral OFC
neurons encode the reward magnitude of visual stimuli
with a median latency of 60 ms following cue presentation
(Bouret & Richmond, 2010), consistent with a role in the
rapid valuation of external sensory objects.

A wealth of neuroimaging studies in humans and
neurophysiological recordings in rodents and monkeys

have further demonstrated that the lateral OFC is involved
in learning associations between arbitrary visual cues and
rewarding or aversive outcomes (e.g., learning the
relationship between a restaurant sign and the quality of
the food inside) (Azzi, Sirigu, & Duhamel, 2012; Bouret
& Richmond, 2010; Gottfried et al., 2003; Kennerley,
Dahmubed, Lara, & Wallis, 2009; Morrison & Salzman,
2009; Noonan, Mars, & Rushworth, 2011; Padoa-
Schioppa & Assad, 2006; Raghuraman & Padoa-Schioppa,
2014; Roesch & Olson, 2004; Schoenbaum, Chiba, &
