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Abstract

Studies in the field of social neuroscience have recently made use of computational models of
decision-making to provide new insights into how we learn about the self and others during social
interactions. Importantly, these studies have increasingly drawn attention to brain areas outside of
classical cortical "social brain" regions that may be critical for social processing. In particular, two
portions of the ventral anterior cingulate cortex (VACC), subgenual anterior cingulate cortex and
perigenual cingulate cortex, have been linked to social and self learning signals, respectively. Here
we discuss the emerging parallels between these studies. Uncovering the function of vACC during
social interactions could provide important new avenues to understand social decision-making in
health and disease.
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1 Ventral anterior cingulate cortex during social interactions

Studies in the field of social neuroscience have focused on the neural mechanisms of how
we understand and predict the actions, thoughts and feelings of other people (Joiner et al.,
2017; Lee and Seo, 2016; Ruff and Fehr, 2014). While subcortical structures may be crucial
for understanding valence-related aspects of the social environment such as recognizing
emotional facial expressions (Adolphs, 2009), it is often the cortical regions of the brain
that have been thought to underlie uniquely human social cognition and that have received
comparatively more interest (Saxe, 2006). In particular the cortical network comprising the
temporoparietal junction, precuneus and dorsomedial prefrontal cortex has been discussed
extensively because of its putative role in inferring of others’ mental states, often referred to
as ‘“Theory of mind’ (Frith and Frith, 2006; Gallagher and Frith, 2003; Saxe and Kanwisher,
2003; Schurz et al., 2014; Wittmann et al., 2018). The interest in this “social brain” network
also increased in light of its anatomical overlap with the brain’s default mode network (Mars
etal., 2012).
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More recently, however, it has become apparent that the medial prefrontal cortex (mPFC)
might not have a unitary function in social cognition, but instead that there are several
anatomical areas that comprise mPFC and that make dissociable contributions. Prominently,
in monkeys, lesions of the gyral part of anterior cingulate cortex (ACCg; areas 24a/b)
decrease interest in conspecifics (Rudebeck et al., 2006) and in humans ACCg signals

track information related to other people (Reviewed elsewhere, Apps et al., 2016, 2013;
Behrens et al., 2008; Lockwood, 2016; Wittmann et al., 2018). It has been proposed that
ACCg signals may reflect the motivational state of others (Apps et al., 2016; Lockwood,
2016) whereas the ACC sulcus dorsal to the gyrus may play a domain-general role in
coding motivation of both self and others (Apps et al., 2016; Wittmann et al., 2018).

In contrast to the ACCg and the above-mentioned dorsomedial parts of prefrontal cortex
(Schurz et al., 2014), recent studies shed light on the role of more ventral portions of anterior
cingulate cortex in social cognition, the perigenual anterior cingulate cortex (pgACC) and
the subgenual anterior cingulate cortex (sgACC) (Palomero-Gallagher et al., 2015). In this
mini-review, we highlight recent evidence for a role of sgACC and pgACC in how we learn
about the self and others in social interactions.

Both sgACC and pgACC are part of agranular frontal cortex, which has correspondences

in monkeys and also in rats (Wise, 2008). This is in contrast to granular dorsomedial areas
involved in mental state inference, which appear to have evolved more recently (Wise,
2008). PgACC lies anterior to the genu of the corpus callosum and is cytoarchitectonically
and functionally dissociable from sgACC, which occupies more ventral and posterior parts
of cortex (Neubert et al., 2015; Palomero-Gallagher et al., 2015; Vogt et al., 1995, 1987). As
expected from parts of cortex as close together as sgACC and pgACC, these areas have a
similar connectivity profile (Neubert et al., 2015). Comparatively, however, sgACC is more
strongly connected to many subcortical regions like the basal forebrain and hypothalamus
than the pgACC, which in turn has relatively stronger connections to dorsal parts of medial
and lateral frontal cortex (Neubert et al., 2015; Ongir et al., 1998; Price and Drevets, 2009).
PgACC can also be distinguished from the midcingulate cortex in terms of functional and
structural connectivity (Balsters et al., 2016b).

Very recently, studies have begun to uncover the role of these two VACC regions in social
decision-making through the use of computational modelling during social interactions
(Diaconescu et al., 2017; Lockwood et al., 2016; Will et al., 2017; Wittmann et al., 2016).
Whilst several models of decision-making exist, one particularly influential model comes
from reinforcement/associative learning theory (RLT). At a basic level, RLT proposes that
two key signals drive learning, a prediction error that measures the discrepancy between
predicted and actual outcomes and an expected value signal that is updated by the prediction
error (Rescorla and Wagner, 1972; Sutton and Barto, 1998). These models have been shown
to be consistent with the firing rates of dopaminergic neurons in the midbrain (Schultz,
2013; Schultz et al., 1997) and several fMRI studies have shown prediction error and
expected value signals that covary with responses in cortical and subcortical brain areas
(see Chase et al., (2015) for a meta-analysis). RLT models have been used to study social
cognition (Ruff & Fehr, 2014), often during so called strategic games like an iterated
prisoners dilemma (Hampton, Bossaerts, & O’Doherty, 2008; Rilling, Sanfey, Aronson,
Nystrom, & Cohen, 2004). These models and tasks have provided important insights into
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the role of ACCqg for example in coding the changeability of other’s behaviour (Apps et
al., 2015; Behrens et al., 2008) and dorsomedial prefrontal cortex in coding other-directed
expectation violations (Suzuki et al., 2012).

Seo and colleagues used RLT in combination with a competitive interactive game to identify
cells in macaque medial frontal cortex that fire specifically when monkeys deviate from
reinforced choice patterns, which is desirable in their paradigm because it enables to monkey
to outplay the opponent (Seo et al., 2014). Often, the key interest of these types of studies

of social interaction lies in the human or animal’s ability for strategic reasoning given the
observable behaviour of another player (Devaine et al., 2014). Albeit of considerable interest
in itself, this focus on the strategic elements of social interactions cannot explain all aspects
of real-life interactions (Schilbach et al., 2013). Specifically, there has been a significant

and noteworthy absence of research on how we update our own thoughts and feelings about
ourselves based on our interactions with others; accurately updating our beliefs based on
interactions with others is critical for the formation of processes such as self-esteem and
self-monitoring. Moreover, there has been a relative absence of studies of the role of ventral,
compared to dorsal ACC and adjacent mPFC areas in social decision-making.

Will and colleagues recently applied reinforcement learning models to characterise the
neural mechanisms of self esteem (Will et al., 2017). They drew on principles from RLT to
provide a novel psychological and computational account of how self-esteem develops over
time, influenced by appraisals from others (Will et al., 2017). Participants received positive
and negative feedback from other people that was allegedly related to an online profile

of the participant set up before the study. Over time, participants learned to predict the
other’s evaluation of them. Every few trials, participants also rated how good they felt about
themselves. Will et al (2017) found that participants felt more positive about themselves if
they received positive feedback from others. Importantly, they felt this even more if that
positive feedback was unexpected. In other words, a social prediction error - the difference
between experienced and expected approval by others - shaped their self-esteem.

Will and colleagues were therefore able to relate self-esteem to the difference between
predicted and received social feedback. Social prediction errors drove learning about

others, but they also generated updates in one’s own self-esteem. Intriguingly two different
subdivisions of the anterior cingulate cortex tracked these social prediction errors and
updates in self-esteem, respectively. Whilst the sgACC and adjacent ventral striatum tracked
prediction errors in social feedback, activity in the pgACC reflected update signals (Figure
1).

2 Social prediction error signals in subgenual anterior cingulate cortex

The findings of Will et al dovetail with other recent work that has also identified

prediction errors during social interactions in ventral portions of the medial prefrontal
cortex (Diaconescu et al., 2017; Lockwood et al., 2016). These studies highlight sJACC and
adjacent areas as critical. For example, Diaconescu and colleagues (2017) used a task where
participants had to track an advisor’s intentions over time, creating prediction errors when
the advice was better or worse than expected. They found that the sgACC (areas 25 and 24s,
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(Palomero-Gallagher et al., 2015)) signaled prediction errors related to expected uncertainty
about the advisor’s trustworthiness (Diaconescu et al., 2017). Another study focused on
prosocial learning, or how one’s own actions affected outcomes for other people (Lockwood
et al., 2016). They also identified social prediction error signals in SJACC (areas 25 and
24s, (Palomero-Gallagher et al., 2015)), but here these reflected whether the outcomes for
another person based on our actions were better or worse than expected. Intriguingly this
second study also found that sgACC signals were modulated by individual differences. In
particular, those who reported themselves to be higher in empathy had greater tracking

of social relative to self prediction errors in SgACC. Together these three new studies
(Diaconescu et al., 2017; Lockwood et al., 2016; Will et al., 2017) suggest an important role
for sgACC in social decision-making. Although several studies have linked sgACC function
to prosocial and moral behaviours (Moll et al., 2005; Moll and Schulkin, 2009; Wiech et al.,
2013; Zahn et al., 2009), only through the integration of computational fMRI have social
subgenual signals relevant for decision-making begun to be uncovered.

Whilst the location of activation in these three studies (Diaconescu et al., 2017; Lockwood et
al., 2016; Will et al., 2017) appears to be predominantly in the subgenual anterior cingulate
cortex, particularly in areas 25 and 24s (as characterised by Palomero-Gallagher et al.,
(2015) and see Figure 1 for overlap) it is also important to consider adjacent regions to
SgACC and the labels used to define this particular area. Posterior portions of the sJACC
with the septal-anterior hypothalamic area that is part of the basal forebrain (Zaborszky

et al., 2008) and can also extend into the ventral striatum (as in Will et al., 2017) and
orbitofrontal cortex (OFC). However, the extent to which these areas play a domain-general
or domain-specific role in social decision-making appears to differ (see Wittmann et al.,
(2018) for a review of ventral striatum and OFC in social behaviour). The ventral striatum
tracked prediction errors in both the Diaconescu et al., (2017) and the Lockwood et al.,
(2016), but in a way that is suggestive of a domain-general response to learning about the
unexpectedness of outcomes. For example, Lockwood et al., (2016) had a ‘no-one’ condition
where points were delivered but participants were told they would not be converted into
money either for themselves or another person. Whereas ventral striatum tracked outcomes
during self, prosocial and no one learning, sgJACC specifically responded in the prosocial
condition only. The OFC has also been linked to social cognition (Jones et al., 2011,
Rushworth et al., 2007) but again seems more domain general than the sgACC. For example,
Chang and colleagues (2013) recorded from OFC neurons in a reward-allocation task in
macaques and found that these neurons predominantly responded to rewards delivered to
oneself and not to others or no one. These findings support the idea that sgACC is relatively
domain specific for social processing in certain contexts, but this hypothesis would need to
be tested in further studies.

It should be noted that although the frame of reference in all three studies was related to

the self, as the person in the scanner was interacting with another from the self perspective,
there are perhaps interesting differences in the type of social PE signal in sgACC. In the
studies by Will et al., (2017) and Diaconescu et al., (2017) the PEs were ‘relational’, they
involved learning about others with clear consequences for the self, which impacted learning
about self and other. In contrast in the Lockwood et al (2016) study the PEs occurred when
learning about the outcomes for another person where the experimental outcomes for self
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were unaffected. It will be important for future studies to examine the commonality and
distinction between different types of social PE in sgACC.

How do social computations in sgACC relate to sgACC’s involvement in non-social
processes? SQACC is closely connected to several areas involved in social cognition and
reward processing (Moll et al., 2005). As mentioned above, compared to pgACC and

other dorsal medial prefrontal areas, sgACC is more strongly connected to subcortical
regions such as the basal forebrain than most areas in dorsal parts of medial prefrontal
cortex (Beckmann et al., 2009; Moll et al., 2005; Palomero-Gallagher et al., 2015). These
subcortical areas have long been linked to bonding, autonomic arousal and emotional
responses (Moll et al., 2005; Rudebeck et al., 2014). Yet due to the difficulty in causing
focal lesions to sgACC (Rudebeck et al., 2014), a paucity of studies in non-human

animals have been conducted. One recent study showed that lesions to the sgACC lead

to disruptions in the maintenance of autonomic arousal associated with positive emotional
events (Rudebeck et al., 2014). From this perspective, social prediction errors in sJACC
might reflect the relevance of other people for one’s own emotional state triggering

changes in emotional arousal. On the other hand, studies of hon-social decision-making
have identified sgJACC (area 25, (Palomero-Gallagher et al., 2015), Figure 1) responses

to hierarchical prediction errors during sensory associative learning (Iglesias et al., 2013)
linking this area to stimulus-outcome learning at levels of abstraction, perhaps similar to the
type of abstract computations involved in real-life social interactions (Ruff and Fehr, 2014;
Schilbach et al., 2013). However, sgACC is not traditionally characterised as part of the
social brain, namely, areas that are preferentially recruited during social-cognitive processes.

3 Self-efficacy related computations in perigenual anterior cingulate

cortex

If the sgACC computes prediction errors in social contexts what function distinguishes it
from the pgACC? The most pertinent difference between sgACC and pgACC might be their
frame of reference. Initial evidence suggests that whilst the sgACC might track information
relevant to an other-centred frame of reference, the pgACC might compute information in

a self-centred frame (Ruff and Fehr, 2014). In early investigations, for example, Kelley and
colleagues found pgACC to be selectively active when judging whether adjectives describe
oneself or not (Kelley et al., 2002). This was not the case when making attribute judgements
related to other people.

More specifically, however, recent studies have discovered self-referential signals in
pgACC that relate to what might be described as self-efficacy. Self-efficacy is a classical
psychological concept that refers to the subjective belief that one will succeed in upcoming
endeavours and overcome challenges (Bandura, 1977). Self-efficacy can have different
sources. One way to increase self-efficacy is through positive feedback from other people.
A role of pgACC in mediating this is in line with the finding from Will et al’s (2017)

that pgACC computes updates in self-esteem based on how positively oneself is evaluated
by other people (Will et al., 2017). PgACC indexes how approval by other people affects
how good we feel about ourselves and our self-esteem is particularly boosted if we receive
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positive feedback from people that have evaluated us negatively in the past. Note that
self-efficacy and self-esteem, although related, are clearly different psychological constructs
(approximate correlation r = 0.8; Chen et al., (2004)) with distinct associations to being
valued by others. While self-efficacy is more related to motivational variables and the belief
to succeed in specific situations, self-esteem is rather related to emotional variables and a
general self-worth.

A second source of self-efficacy is previous experience with a given task. If we have
performed well in the past, we expect that we will also succeed in the future. A recent

study investigated how humans learn about their past performance over the course of many
trials (Wittmann et al., 2016). On every trial, subjects performed a short reaction-time based
task and received parametric performance feedback for their own and another person’s
performance. Subjects were therefore able to build up a representation of their own ability
in the task over time. Using trial-by-trial self-ratings, subjects indicated their expectation

of how well they would perform on subsequent trials of the task. The authors found that
subjects based their expectation of future success on their history of past performance. This
was reflected in the BOLD signal in pgACC, that scaled with how good one’s own task
performance was in the past; higher levels of past performance were accompanied by higher
BOLD activity in pgACC. In addition, the relationship between pgACC signal and past
performance history was strongest in subjects who relied most on their past performance
when predicting their future performance. This suggests that pgACC carries memory traces
of past performance and that these guide expectations about how likely we are to succeed in
future tasks. In contrast to dorsomedial prefrontal cortex, pgACC activity reflected relatively
little information about the social context and the performance of other players, although it
is important to note that pgACC activity occurred while the subjects were also concerned
with tracking the performance of others in parallel.

In understanding the role of the pgACC in self and social decision-making it is also
important to consider that pgACC is also often identified in non-social studies of
value-guided decision-making. For example, pgACC reflects subjective value in delayed
discounting experiments (Kable and Glimcher, 2007) where subjects have to trade-off the
expectation of reward against a given timespan that they would have to wait before the
reward is actually paid out. Similarly, pg ACC also computes subjective value in some
studies of self-control that require subjects to evaluate food items varying vary along the
dimensions of tastiness (reward component) and healthiness (cost component) (Hare et al.,
2011; Maier et al., 2015). Such a pattern of pgACC activity might reflect a general role in
cost-benefit decision-making (Amemori and Graybiel, 2012) that is not specific to social

or self-related processing during social interactions in particular. However, it is noteworthy
that, first, subjective value and self-control in the aforementioned studies often partly depend
on the current course of action, i.e. on estimates of one’s upcoming actions, such as the
ability to wait for future reward or to inhibit unhealthy food choices and that, second,

more ventromedial prefrontal cortex carries representations of choice values that seem more
pertinent to binary choice tasks than the value representations pgACC (Rushworth, Noonan,
Boorman, Walton, & Behrens, 2011).
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4 Implications for atypical social decision-making

More broadly, these new studies could have important clinical implications. Atypical social
decision-making is commonly reported in several disorders including conduct disorder,
psychopathy, autism and frontotemporal dementia (Anderson and Kiehl, 2012; Henry et

al., 2016; Lockwood, 2016). Yet, very seldom have computational models been used to
understand the neuroanatomical areas that are implicated. There is initial evidence that
social prediction error signalling may be disrupted in those with autism spectrum disorder
(Balsters et al., 2016a) and in social anxiety disorder (Koban et al., 2017). In addition, some
studies have suggested different contributions of sgACC and pgACC to mood disorders such
as depression (Drevets et al., 1997; Mayberg, 1997). The recent work reviewed here points
to the utility of using computational models along with self and caregiver report to provide
new avenues to understand the neuroanatomy implicated in these disorders.

In terms of defining and diagnosing psychiatric and neurological conditions, there has
been an increased focus on a transdiagnostic characterisation of different disorders

that capture similar symptoms in different conditions (Huys et al., 2016; Montague

etal., 2012). The study by Will et al (2017) utilises this relatively new approach

to understanding associations between the brain and clinical conditions. They combine
parameters from their computational model of self-esteem and self-report questionnaires
of several symptoms including depression and anxiety. This allows them to identify an
interpersonal vulnerability dimension across different conditions that modulated functional
connectivity from medial prefrontal areas. Moving forward, this approach of harnessing
well characterized frameworks of reinforcement and associative learning, along with
transdiagnostic descriptions of psychiatric symptoms, promises to uncover new insights into
clinically relevant psychological and neural mechanisms.

5 Summary

Overall, this article highlights an important emerging role for the ventral anterior cingulate
cortex in social decision-making. Whereas the subgenual anterior cingulate cortex appears
to track prediction errors during social interactions, the perigenual anterior cingulate
cortex may reflect one’s own estimates of future success. Moving forward, the application
of computational frameworks of decision-making, close attention to neuroanatomy and
learning models could provide a powerful way to understand disorders of social decision-
making as well as how social decisions are made in everyday life.
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Figure 1. Self and social signalsin perigenual anterior cingulate cortex (pgACC) and subgenual
anterior cingulate cortex (sJACC).

Table of studies that have identified responses in ventral anterior cingulate cortex

during functional magnetic resonance imaging in humans using computational models of
reinforcement learning. The anatomical locations from the peak co-ordinate in these studies
are represented on the medial surface.
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