
Psychologists and neuroscientists the world over know
the remarkable story of Phineas Gage. While using a
tamping iron to push an explosive charge into solid rock, 
Gage set off an uncontrolled explosion that drove the iron
into the left side of his cranium, damaging his ventro-
medial frontal cortex (VMFC; H. Damasio, Grabowski, 
Frank, Galaburda, & Damasio, 1994; Harlow, 1848). Al-
though accidents on the railroad construction sites of 19th
century America were probably common, this case is fa-
mous not only because Gage survived, but also because 
the changes in his personality following the accident were
so well documented (Harlow, 1848, 1868). Over the next
12 years until Gage’s death, John Harlow recorded the se-
vere changes in decision making and personality that fol-
lowed the accident (cf. Macmillan, 2002). These records 
pprovided the first evidence that a part of the frontal lobe is 
crucial for preferentially guiding our choices, but also for 
regulating our emotions and social interactions.

More recently, researchers have been able to further 
characterize the role of the VMFC in social interaction,
emotion, and decision making through work with human
ppatients and animals with damage similar to that suffered 
bby Gage (Bechara, Damasio, & Damasio, 2000; Murray & 
Izquierdo, 2007). From these studies, there has been con-
siderable interest in the contribution of the VMFC to deci-
sion making, especially the role of this area in mediating
the influence of emotion on decision making (Bechara,

Damasio, Damasio, & Anderson, 1994; Bechara et al., 
2000; Bechara, Damasio, Tranel, & Damasio, 1997). In 
their now seminal series of studies, Bechara and colleagues
showed that patients with VMFC damage fail to advan-
tageously alter their pattern of choices in a probabilistic 
game for monetary reward called the kIowa gambling task
(IGT; Bechara et al., 1994). Specifically, in comparison
with control subjects, patients with VMFC lesions con-
tinue to make risky instead of safe choices, even after they 
have incurred substantial losses. On the basis of additional 
experiments. it was proposed that patients’ disadvanta-
geous pattern of choices may be related to an inability to 
unconsciously use visceral sensations (somatic markers) 
to preferentially guide choices (Bechara et al., 1997).

 Although it is still acknowledged that VMFC patients
perform poorly on a range of decision-making tests (Ca-
mille et al., 2004; Wheeler & Fellows, 2008), there is now 
considerable debate concerning the precise role of somatic 
markers in the patients’ decision-making impairments. Dur-rr
ing the IGT, people with VMFC damage are able to report
which are the safe, as opposed to the risky, choices. Such a
finding indicates that an inability to unconsciously use so-

fmatic markers is not what drives patients’ atypical pattern of 
choices (Maia & McClelland, 2004). Instead, patients’ defi-

–cits could be related to an inability to flexibly alter stimulus–
reward associations (Fellows & Farah, 2003; Hornak et al., 
2004). This explanation is based on findings that VMFC pa-
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have focused on the possibility that damage to one part 
of the VMFC, the orbitofrontal cortex (OFC; Brodmann 
areas [BAs] 11, 13, and 14), leads to the changes in emo-
tion and social behavior. However, the OFC is only one
of three anatomically distinct regions that make up the 
VMFC in humans, the others being the anterior cingulate
cortex (ACC) and the frontal polar cortex (Öngür, Ferry,
& Price, 2003; Figure 1A). Much of our knowledge of 
the functions of the VMFC has come from humans with 
lesions centered on this region, but in nearly all of these
studies, lesions have included all three areas (Figure 1B).
It is important to understand that the term VMFC is not a 
precise one; it simply refers to tissue that is in the ventro-
medial part of the frontal lobe. The contribution of these 
other cortical areas within the VMFC to emotional and so-
cial behavior has, by contrast, been relatively overlooked.

There is still uncertainty surrounding the precise func-
tions of the frontal polar cortex (Ramnani & Owen, 2004); 
few animal models of this brain region are available, and 
there is a need for further research to determine its role in 
emotion, social behavior, and decision making. By con-
trast, more is known about the functions of the ventral 
ACC—in particular, rostral and ventral regions, such as
BAs 32 and 25, and ventral parts of BA 24 (Figure 1A).

tients perform poorly on reversal learning tasks that require
subjects to learn stimulus–reward associations and then,
subsequently, reverse them. Alternatively, patients’ poor per-rr
formance on the IGT may actually be due to underlying im-
pairments in the making of judgments under uncertainty and 
the processing of future unseen rewards (Fellows & Farah,
2007; Moretti, Dragone, & di Pellegrino, in press).

Decisions, however, are also often made within a social
context or while an individual interacts with others. So-
cial factors may influence or bias an individual’s choices. 
Recently, attention has been focused on the role of the
VMFC and adjacent but more dorsomedial frontal regions 
during interpersonal exchanges, using paradigms such as
the trust and ultimatum games (King-Casas et al., 2005;
Koenigs & Tranel, 2007; Moretti et al., in press; Rilling 
et al., 2002; Sanfey, Rilling, Aronson, Nystrom, & Cohen,
2003; Tomlin et al., 2006). In these paradigms, subjects
not only have to make decisions, but also have to take into 
account the social consequences of those decisions for 
future dealings (Berg, Dickhaut, & McCabe, 1995).

Despite this new interest in the role of the VMFC in 
these types of interpersonal games, one outstanding issue
is which parts of this region are important for processing 
and evaluating social information. The majority of studies
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Figure 1. Anatomy and lesions of the ventromedial frontal cortex (VMFC). ( A) The anatomical
subdivisions of the VMFC from midline (top) and orbital (bottom) views. The different subregions 
of the OFC, Brodmann areas (BAs) 11, 13, and 14, are marked by the different shaded areas on a
normal human brain (see online version for figure in color). The constituent parts of the anterior
cingulate cortex (ACC), BAs 24, 32, and 25, are similarly represented by shaded areas on the midline
view. The frontal polar cortex (BA 10), the most rostral part of the frontal cortex, is marked on both 
midline and orbital views of the brain. (B) The extent of lesion overlap in a group of 13 patients 
with VMFC lesions tested by Bechara, Damasio, and colleagues. These patients with VMFC lesions
were impaired on a gambling task that assessed reinforcement-guided decision making. The darker
shading (red in online version) in the VMFC indicates the areas associated with the greatest amount
of lesion overlap across the 13 subjects. From “Emotion, Decision Making and the Orbitofrontal
Cortex,” by A. Bechara, H. Damasio, and A. R. Damasio, 2000, Cerebral Cortex, 10, p. 296. Copyright
2000 by Oxford University Press. Adapted with permission.
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seen in sociopaths and psychopaths, which is why E.V.R. 
and others with similar VMFC damage are sometimes
described as having acquired sociopathy (A.y R. Damasio 
et al., 1990; Saver & Damasio, 1991).

Since these seminal studies of E.V.R., further research 
has demonstrated that lesions centering on the VMFC cause 
other changes in the way social and emotional information
is processed. In a series of studies, Hornak, Rolls, and col-
leagues have reported that such patients have deficits in 
emotion-related learning and subjective emotional expe-
rience and are poor at interpreting facial or vocal expres-
sions (Hornak et al., 2003; Hornak, Rolls, & Wade, 1996;
Rolls, Hornak, Wade, & McGrath, 1994). Related results 
have been reported by other research groups working with 
similar patients (Beer, Heerey, Keltner, Scabini, & Knight,
2003; Heberlein, Padon, Gillihan, Farah, & Fellows, 2008). 
It has been argued that VMFC patients’ abnormal emotional
and social behavior may be the result of an inability to flex-
ibly assign reinforcement value and expectations to stimuli 
(Rolls, 1999). This hypothesis is based on the finding that
the same patients also often perform poorly on visual dis-
crimination reversal tasks, which require the modification 
of associations between stimuli and reinforcers (Fellows &
Farah, 2003; Hornak et al., 2003).

More subtle deficits in emotion and social behavior 
have also been reported in patients with VMFC lesions. 
The work of Beer, Knight, and colleagues has shown that
patients with VMFC lesions are less able to generate or 
recognize emotions with a self-conscious element, such 
as embarrassment (Beer et al., 2003). When these patients
were able to generate self-conscious emotions, they were
reported to be maladaptive and reinforcing of inappropri-
ate behavior. In a follow-up study, the researchers showed 
that the underlying impairment in the VMFC patients
might be an inability to monitor their own behavior (Beer,
John, Scabini, & Knight, 2006). This hypothesis might
also explain why people with damage to the VMFC have
often been reported to have an increased risk of violent 
and aggressive behavior (Grafman et al., 1996).

Studies of human patients have been essential for the
gaining of the initial insight that the VMFC is critical for 
emotion and social behavior, and in addition, such work has 
provided clues concerning the mechanisms and processes
that are compromised in such patients. However, although
there have been some attempts to dissociate the functions
of the different subregions of the VMFC in humans (Hor-
nak et al., 2003), this is difficult, since the lesions, often 
caused by trauma or hemorrhages, do not respect anatomi-
cal boundaries. As Figure 1B shows, patients’ lesions often
include all aspects of the VMFC, with a focus on the me-
dial surface including caudal parts of the frontal polar cor-
tex, ventral ACC, and medial OFC (Bechara et al., 2000).
Despite this limitation, anatomical, neurophysiological, 
and neuropsychological studies in both humans and ani-
mals have begun to reveal some of the differences in the
contributions made by the OFC and ACC.

Connections of the OFC and ACC
The OFC and ACC are ideally situated for evaluating

the reinforcement significance of events, generating emo-

The possibility that damage to parts of the ACC may un-
derlie changes in social behavior following VMFC dam-
age has started to receive considerable attention. Human
imaging studies suggest a role for the ACC in social in-
teraction and valuation. A number of lesion studies in ma-
caques and rats have also recently provided evidence that
this part of the frontal lobe may be specialized for process-
ing social information in all mammals.

Here, we review both the previous work that has high-
lighted the role of the OFC in emotion and social behav-
ior and the more recent imaging and lesions studies that
have focused on the ACC. We will go on to suggest that the
OFC may be more specialized for processing emotional 
information as a consequence of its role in representing 
sensory information that is related to expectations of pri-
mary reinforcers, including both rewards and punishments.
OFC-dependent emotions are more directly or immedi-
ately related to reinforcement expectations and include 
responses to fearful objects. Conversely, the ACC, which
is interconnected, on the one hand, with autonomic centers 
and, on the other, with parts of the temporal lobe that are
specialized for the processing of biologically and socially
meaningful information, such as faces and vocalizations,
may play a distinct role in mediating more complex forms
of emotional and social behavior. Indeed, the ACC may be
especially important for interactions with others and decid-
ing the consequences of interacting with them.

Probing the Function of the VMFC: 
Human Lesion Studies

Since the case of Phineas Gage, other patients with 
similar neurological damage have been reported. One of 
the most extensively studied patients is known by the ini-
tials E.V.R. (A. R. Damasio, Tranel, & Damasio, 1990;
Eslinger & Damasio, 1985). E.V.R. sustained a bilateral 
frontal lesion of the VMFC as a result of surgery to re-
move a tumor. The damage to the VMFC centered on the
medial OFC, sometimes referred to as BA 14. The lesion
also included ventral parts of the ACC and parts of the
lateral OFC. Prior to the operation, E.V.R. was married and 
employed as an accountant. Postoperatively, although fac-
ulties such as intelligence and memory were unaffected,
he made a string of ultimately disastrous financial deci-
sions, and his marriage failed as a result of the striking 
changes in his personality (Eslinger & Damasio, 1985; 
Saver & Damasio, 1991).

The marked changes in personality observed in patient
E.V.R. have been linked to subtle changes in the way he pro-
cesses emotional and social information. In one of the first 
studies of E.V.R., A. R. Damasio and colleagues found that
the patient did not generate normal visceral responses to 
emotionally charged pictures (A. R. Damasio et al., 1990).
Usually, when people are shown such pictures, which might
include scenes of mutilation or distressing social situations,
they unconsciously show a change in their skin conduc-
tance. This change in skin conductance is thought to be an
unconscious measure of how emotionally or socially signif-ff
icant the picture is to the person. In patients such as E.V.R., 
no changes in skin conductance occur when they passively 
view such pictures. A similar pattern of responses is also
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network is often described as centered on the medial orb-
itofrontal cortex, but it includes parts of the ACC, includ-
ing BAs 32, 24, and 25. This network, it is hypothesized,
is specialized for modulating more complex emotional 
behavior, which might include social interactions, on the
basis of its connections to autonomic areas.

OFC and Decision Making
It is now generally accepted that the OFC is specialized 

for high-level aspects of reinforcement-guided behavior 
and decision making (Murray, O’Doherty, & Schoenbaum, 
2007; Roberts, 2006; Schoenbaum & Roesch, 2005; Wal-
lis, 2007). Numerous studies have shown that this part of 
the frontal lobe is involved in stimulus–reward associa-
tions, representing the expected value of different options 
and abstract rules. All of these processes are essential for 
optimal decision making but also, potentially, for guiding 
normal emotional responses to sensory stimuli.

Lesion studies in macaques were some of the first to 
suggest a role for the OFC in stimulus–reward associa-
tions (Iversen & Mishkin, 1970; McEnaney & Butter, 
1969). Specifically, destruction of the OFC does not dis-
rupt the formation of stimulus–reward associations but 
affects the ability of macaques to flexibly reassign value
to previously unrewarded stimuli (Izquierdo, Suda, & 
Murray, 2004). More recently, reinforcement devaluation 
studies have further emphasized the role of the OFC in
altering reinforcement or outcome expectancies associ-
ated with stimuli (Baxter, Parker, Lindner, Izquierdo, 
& Murray, 2000; Izquierdo et al., 2004). Reports from 
human lesion and neuroimaging work have confirmed 
and extended these findings. Patients with damage to the
frontal lobe that includes the OFC are less able to flex-
ibly alter stimulus–reward associations (Fellows & Farah, 
2003; Hornak et al., 2004). Haemodynamic responses in
the OFC have been reported to correlate with the expected 
value associated with different gustatory, visual, olfactory, 
and somatosensory stimuli (for a review, see O’Doherty, 
2007).

Complementing results from ablation and neuroimag-
ing studies, recordings from macaque OFC neurons show 
that cells in this area encode the value of expected reward 
or punishment associated with different visual stimuli 
(Roesch & Olson, 2004, 2005; Schultz, Tremblay, & Hol-
lerman, 2000; Wallis & Miller, 2003). Building on these 
findings, a recent study by Padoa-Schioppa and Assad 
(2006) has revealed that when a macaque chooses between 
two options, neurons in the OFC represent the economic 
value of the potential rewards associated with each. In the 
study, macaques chose between two stimuli that were as-
sociated with different amounts of two types of juice, one 
for which they had a preference and one for which they 
did not. By systematically varying the amount of each
juice associated with each option, the authors were able 
to determine the point at which the animals were equally
likely to choose either option, known as the indifference 
point. The indifference point reflected the macaques’ rela-
tive valuation of one of the types of juice, in comparison
with the other. Padoa-Schioppa and Assad showed that 
the activity of cells in the OFC very closely matched the 

tional responses, and guiding social interactions (Carmi-
chael & Price, 1996; Öngür, An, & Price, 1998). In ma-
caques, the OFC and ACC are interconnected with brain
structures implicated in the processing of reinforcement-
related information, such as the amygdala and ventral 
striatum (Carmichael & Price, 1995a; Haber, Kim, Mailly, 
& Calzavara, 2006). There are, however, marked differ-
ences in the patterns of other connections (Carmichael & 
Price, 1995a; Van Hoesen, Morecraft, & Vogt, 1993). The 
OFC receives information from nearly all the different
sensory modalities. Visual information reaches the OFC
from the inferior temporal and perirhinal cortex, and ol-
factory, taste, and somatic sensory information is received 
by distinct parts of the OFC (Carmichael & Price, 1995a, 
1995b; Kondo, Saleem, & Price, 2005; Saleem, Kondo, & 
Price, 2008). Sensory projections to the ACC, by contrast,
are sparse or even absent (Carmichael & Price, 1995b).
Diffusion weighted imaging tractography studies suggest
that a similar disparity in sensory connections is also ap-
parent in the human brain (Croxson et al., 2005).

Instead, the ACC in macaques is densely intercon-
nected with subcortical structures that control autonomic
and visceral responses, such as the hypothalamus, periaq-
ueductal gray matter, and distinct parts of the amygdala 
(Öngür, An, & Price, 1998). Again, tractography studies 
suggest a similar pattern of connections in the human
brain (Johansen-Berg et al., 2008). One of the few sensory 
projections to reach the ACC in macaques comes from 
auditory areas in the temporal lobe. Both auditory asso-
ciation cortex and polymodal areas in the ventrolateral
and superior temporal cortex, respectively, project to dis-
tinct parts of the ACC (Barbas, Ghashghaei, Dombrowski, 
& Rempel-Clower, 1999; Galaburda & Pandya, 1983; 
Kondo, Saleem, & Price, 2003; Saleem et al., 2008; Selt-
zer & Pandya, 1978; Van Hoesen et al., 1993). Anatomi-
cal and physiological studies have shown that these parts 
of the temporal lobe not only process complex auditory
information, but also are intimately involved in integrat-
ing dynamic, highly processed visual and auditory infor-
mation, such as species-specific vocalizations and facial
expressions (Bruce, Desimone, & Gross, 1981; Ghazan-
far, Maier, Hoffman, & Logothetis, 2005; Poremba et al.,
2004). Although we often tend to think of higher order 
auditory processing in the service of language, there is 
good evidence that the vocalizations of macaques serve
as indexical cues as to the caller’s size, identity, and social
status (Ghazanfar et al., 2007), and similar mechanisms 
are present in the human brain (Belin, 2006). By contrast,
the OFC receives relatively few connections from these 
auditory association areas, and those parts of the OFC that 
do are densely interconnected with parts of the ACC (Sa-
leem et al., 2008).

On the basis of this striking difference in connectiv-
ity, Price and colleagues have suggested that two distinct
functional networks exist in the orbital and medial pre-
frontal cortex (Carmichael & Price, 1996). They propose
that one network, most closely associated with the OFC, is
principally specialized for identifying and evaluating pri-
mary rewards and punishers by virtue of its connections to 
sensory areas (Price, 2005; Saleem et al., 2008). The other 
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fearful they are of the snake. Normal control macaques
show an innate fear of snakes, retrieving the piece of food 
only after relatively long latencies, if at all. Macaques with 
damage to the OFC, by contrast, are less fearful of snakes,
reliably retrieving the piece of food (Izquierdo, Suda, &
Murray, 2005). The same macaques with OFC damage
that have short latencies to retrieve the food are also more
aggressive to unfamiliar humans, in comparison with un-
operated control animals (Izquierdo et al., 2005). More
ethological tests looking at the effects of OFC lesions on 
social interaction between macaques have similarly shown
that destruction of this frontal area leads to a more aggres-
sive pattern of behavior (Machado & Bachevalier, 2006).
These same animals are, like patients with VMFC lesions,
impaired at visual discrimination reversal learning tasks 
(Izquierdo et al., 2004; Machado & Bachevalier, 2007).

The important similarity between the impairments of 
OFC-lesioned animals and human patients with VMFC 
lesions underscores the important contribution of the OFC
to the emotional disturbances of VMFC patients. In addi-
tion, the close association between emotional impairment 
and impairment in the ability to flexibly learn stimulus–
reinforcement associations after OFC lesions has led to the
argument that the latter inability may underlie the former 
(Rolls, 1999). According to this view, if an animal or per-
son with an OFC lesion is unable to predict the reinforce-
ment consequence of a stimulus, the normal emotional 
response to the stimulus will be lacking too.

Even studies of rats with OFC damage have reported a 
similar pattern of emotional behavior. Following either as-
piration or electrolytic lesions of the OFC, rats are more ag-
gressive in tests of social interaction (de Bruin,Van Oyen, &
Van de Poll, 1983; Kolb, 1974). Recently, a study suggested 
that the increased aggressive behavior in rats following 
OFC lesions may be the result of altered reward processing
(Rudebeck et al., 2007). Consistent with previous reports 
(de Bruin et al., 1983; Kolb, 1974), excitotoxic lesions of 
the OFC produced a mild but significant increase in the
aggressive behavior of the rats (Rudebeck et al., 2007). 
The same rats were also tested on a series of anxiety and 
decision-making tests. Damage to the OFC was associated 
with decreased anxiety-related behavior, but only in a test
involving food rewards (Rudebeck et al., 2007). On a delay-
based decision-making task, in which they had to choose
between two options on the basis of the costs and benefits 
associated with each, rats with OFC lesions also showed 
impairments in reward encoding (Rudebeck, Walton,
Smyth, Bannerman, & Rushworth, 2006). Taken together, 
these findings are of interest because, first, they provide 
evidence for potential functional homologies across species
and, second, they suggest that increased risk of aggressive
and violent behavior in human patients following VMFC
lesions may, to some extent, be contingent on damage to 
the OFC alone.

Human ACC and Social Interaction
Damage to the ACC in patients with VMFC lesions

often destroys parts of BAs 32 and 25 and, probably, some 
portions of ventral area 24a (Figure 1B). As after an OFC
lesion, changes in emotion and social behavior have also 

macaques’ relative valuation of the potential options that
were available. OFC neurons also encoded the value of 
the option that the macaques ultimately selected. Choice-
related activity in the OFC suggests that these neurons 
encoded the subjective utility or economic value of the 
reward to the animal.

Neuroimaging studies in humans have similarly sug-
gested a role for the OFC in economic choice (Arana et al.,
2003; Montague & Berns, 2002; Plassmann, O’Doherty,
& Rangel, 2007). Changes in the BOLD response in the
OFC have been reported to vary as a function of the value
and magnitude of abstract rewards (such as money) and 
punishment (loss of money) (Knutson, Fong, Adams, Var-
ner, & Hommer, 2001; O’Doherty, Kringelbach, Rolls, 
Hornak, & Andrews, 2001). Furthermore, abstract reward 
and punishment were associated with activations in distinct 
parts of the OFC. Whereas reward or receipt of money was 
associated with increased activity in the medial OFC, pun-
ishment or loss of money was associated with increased 
activity in the lateral OFC (O’Doherty et al., 2001). A 
similar medial–lateral dissociation has also been reported 
during tasks in which participants had to choose between 
different options on the basis of the costs and benefits 
associated with each (McClure, Ericson, Laibson, Loe-
wenstein, & Cohen, 2007; McClure, Laibson, Loewen-
stein, & Cohen, 2004; Tanaka et al., 2004). Activations 
in the more medial OFC were reported when the subjects
chose options associated with low cost and immediate
reward, whereas the lateral OFC was more active when 
the subjects chose options associated with higher costs 
and delayed reward (McClure et al., 2007; McClure et al.,
2004; Tanaka et al., 2004). Although these reports provide
evidence that there may be a medial–lateral functional dis-
sociation within the OFC, an important avenue for future 
research will be to determine whether other processes are
carried out by discrete parts of the OFC.

OFC and Emotion
The OFC’s role in emotion is as well established as its

contribution to reward-guided behavior and decision mak-
ing. A central role for the OFC in regulating emotion is 
based on the finding that marked changes in emotion follow 
damage to the VMFC in humans. However, as the previous
sections have suggested, studies in humans cannot rule out
the possibility that some of the patients’ strange emotional 
and social behavior is the result of damage to other parts of 
the VMFC, and not just to the OFC alone. Instead, some of 
the best evidence for a role of the OFC in emotion has come 
from studies of animals with circumscribed lesions.

The majority of investigations of the role of the OFC 
in emotion have relied on the fact that macaques have an
innate natural fear of snakes and perceive unfamiliar hu-
mans as threatening (Butter, Snyder, & McDonald, 1970; 
Mineka, Keir, & Price, 1980). Macaques’ fear of snakes 
is most commonly assessed using variants of a task devel-
oped by Mineka and colleagues (Mineka et al., 1980). In
the task, the macaques’ fear of snakes is assessed by plac-
ing a piece of food valuable to the animals near a toy snake.
The macaques are then given the opportunity to retrieve 
the piece of food, and their latency to do so indexes how 
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Imaging studies have also shown that the ACC is im-
portant when subjects perform tasks that require coopera-
tion with another person, such as the prisoners’ dilemma
game (Rilling et al., 2002) and the trust game (King-Casas 
et al., 2005). In both of these paradigms, the best choice 
for the subject depends on the choices that the other player 
makes. There is, therefore, similarly an implicit need to 
form an impression of the other player and the choices that 
he or she is likely to make. Activations in the ACC dur-
ing the trust game are agent specific, with different areas
being activated depending on whether the subject him- or 
herself makes a move or the other player makes a move
that is then observed (Tomlin et al., 2006). Activations in
the ACC are prominent when subjects think that another 
player or agent makes a move or decision. Furthermore, 
as in the experiments performed by Gallagher and Frith 
and colleagues, when subjects interact with partners they
know to be just computers, these activations are not seen, 
suggesting that they reflect the interpersonal nature of the
task (Gallagher et al., 2002; Rilling, Sanfey, Aronson, Ny-
strom, & Cohen, 2004; Tomlin et al., 2006).

The ACC and Psychological Disorders
A role for the different parts of the ACC in regulating

social behavior has also been suggested from imaging 
studies of clinical populations. Frontotemporal dementia
(FTD) is a disorder associated with degeneration of the
frontal cortex (Neary, Snowden, Northen, & Goulding, 
1988). Patients presenting with FTD often fall into one
of two categories: those with impairments in executive
function and those with severe alterations in social be-
havior (Neary, Snowden, & Mann, 2000). Voxel-based 
morphometry studies of patients with FTD suggest that
different social changes exhibited by these people, apathy
and disinhibition, are contingent on tissue loss in BA 32 
and BA 25, respectively (Rosen et al., 2005). Degenera-
tion of the cortex in the region of BA 32 was associated 
with apathy. By contrast, behavioral disinhibition was cor-
related with the degree of tissue loss in BA 25.

Structural and functional abnormalities in BA 25 have 
also been reported in patients with major depression. In 
an elegant series of studies, Drevets and colleagues first 
showed that patients with major depression had reduced 
metabolic activity in the subgenual ACC (Drevets et al., 
1997). Voxel-based morphometry and postmortem analy-
sis revealed that the volume of the subgenual ACC in the
brains of these patients was reduced and that the reduction 
was due to decreased levels of glial cells within rostral and 
ventral parts of BA 24 (Öngür, Drevets, & Price, 1998). In-
triguingly, this work has led to the development of a treat-
ment for patients with major depression, which uses stimu-
lating electrodes targeting the white matter near BA 24 to 
modulate activity in this area (Mayberg et al., 2005).

On the basis of the preceding discussion, it is tempting
to speculate that damage or dysfunction within the ACC 
may underlie all disorders in which normal patterns of so-
cial interaction are affected. One such disorder that affects
social behavior is autism. People diagnosed with autism
often have normal and even, sometimes, better than normal 
cognitive abilities but show severe deficits in social inter-

been reported following damage to, or dysfunction within,
the ACC in humans (Cummings, 1993; Rosen et al.,
2005). Destruction of the ACC is associated with apathy 
and, in some extreme cases, akinetic mutism, although it
should be noted that akinetic mutism is also associated 
with damage to other parts of the brain (Cummings, 1993;
Grafman et al., 1996; Laplane, Degos, Baulac, & Gray,
1981). Although not emphasized at the time, the findings
from one of the previously mentioned studies in humans
by Hornak and colleagues (Hornak et al., 2003) suggest
that the social changes seen after VMFC lesion may, to 
some extent, be contingent on damage to the ACC. The
authors reported that in comparison with even bilateral 
OFC lesions, those patients with lesions encroaching into
the ACC—in particular, BA 32—were associated with the
most extreme changes in recognizing and evaluating so-
cial cues (Hornak et al., 2003).

Neuroimaging studies have complemented and ex-
tended these findings. Although the majority of lesion
studies have focused on simple measures of emotional re-
sponsiveness or on questionnaires for social responsive-
ness (Hornak et al., 2003; Hornak et al., 1996), imaging
studies have sometimes used more complex paradigms 
that examine the interactions between individuals. Using
interpersonal paradigms, it has been possible to establish
which areas of the brain are important when subjects in-
teract, or think that they are interacting, with other people 
or responsive agents (Amodio & Frith, 2006; C. D. Frith &
U. Frith, 1999). For example, in one study, subjects played 
rock, paper, scissors, a game in which there are just three
responses to choose but the best response depends on what
the opponent also chooses (Gallagher, Jack, Roepstorff, & 
Frith, 2002). Subjects therefore attempt both to ensure that
their own intentions are not revealed to their opponent and 
to second-guess the choice that their opponent is likely 
to make. Parts of BA 32 were active when the subjects 
thought that they were playing against another person, 
but less activity was recorded when the subjects thought
that they were playing against a computer program, even
though a similar response generation algorithm was used 
in both conditions (Gallagher et al., 2002). A number of 
studies have described activations in the ACC during social
interactions or tasks that require subjects to evaluate social
information (Amodio & Frith, 2006; Somerville, Heather-
ton, & Kelley, 2006). Activations in the ACC and the adja-
cent dorsomedial frontal cortex have been reported when
subjects have to encode and retrieve social information,
as well as when they receive social feedback from other 
people (Mitchell, Macrae, & Banaji, 2004; Ochsner et al.,
2005; Somerville et al., 2006). In one study, subjects were
shown pictures of several individuals and were required 
either to form an impression of the people in the images 
or to remember the order of the images. Medial frontal 
and ACC activity was greater in the former case, and it 
was predictive of subsequent recall of social information
in a memory test (Mitchell et al., 2004). Intriguingly, the
location of activity in medial frontal areas during social 
judgments is related to the degree to which the person 
being judged is perceived as being similar or dissimilar to
oneself (Mitchell, Macrae, & Banaji, 2006).
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ferent images of conspecifics. The male macaques in the 
study valued the opportunity, or gave up the juice reward, 
to see images of dominant male macaques and the perinea
of female macaques. By contrast, they did not value the
opportunity to view pictures of subordinate macaques and, 
in some cases, would choose to view these pictures only if 
they were paid extra juice reward.

Building on these intriguing results, Rudebeck and 
colleagues conducted a similar set of experiments that
measured the social or emotional value that macaques as-
signed to videos of other macaques (Rudebeck, Buckley,
et al., 2006). The value of the different video stimuli was 
assessed by measuring how long it took the macaques to 
retrieve a food reward placed near the video monitor. The
macaques’ latencies to retrieve the food rewards provided 
an index of the value of obtaining further information
about the stimulus before reaching; the latency reflects the 
monkeys’ relative valuation of the stimulus in contrast to 
the incentive value of the food. Among normal macaques, 
there was broad agreement as to which stimuli were more
interesting or valuable (Figure 3A). Consistent with the
results in Deaner et al. (2005), macaques were slower to 
retrieve food rewards when videos of either socially domi-
nant macaques or female perinea were presented. As in 
the previous studies, longer retrieval latencies were also 
seen when moving toy snakes were presented. In addition 
to control animals, however, Rudebeck and colleagues as-
sessed the performance of two groups of monkeys with 
different frontal lesions. One group had OFC lesions, 
whereas the other had lesions restricted to the ACC gyrus
that included BA 32 and anterior parts of BA 24. As had 
been seen in other studies, macaques with OFC lesions
exhibited a reduction in emotional responsiveness to the
toy snakes (Izquierdo et al., 2005). The greatest and most
consistent reductions in valuation assigned to social in-
formation, however, followed ACC gyrus lesions. The
reaching latencies of macaques with ACC gyrus lesions 
were not modulated by the identities of the conspecific 
individuals they were shown (Figure 3A). The same ACC
gyrus-lesioned macaques also performed the visual dis-
crimination reversal learning task used to assess stimulus 
reinforcement association without impairment. Therefore, 
unlike after OFC lesions, changes in social valuation that
follow ACC gyrus lesions cannot be linked to an inabil-
ity to flexibly alter stimulus reinforcement associations 
(Rudebeck, Buckley, et al., 2006).

It has previously been observed that macaques spend 
less time in proximity with one another after larger ACC 
lesions that include the ACC gyrus (Hadland, Rushworth, 
Gaffan, & Passingham, 2003). The results obtained by 
Rudebeck and colleagues suggest that this may be a conse-
quence of a lowered valuation of information pertaining to
other individuals. Other aspects of social behavior, facial
gestures such as lip smacking and vocalizations such as 
contact calls, made when animals lack sight of one another,
are also reduced after lesions that include the ACC gyrus
(Hadland et al., 2003; Rudebeck, Buckley, et al., 2006).

Another important question is whether a part of the 
ACC in all mammals, and not just primates, is essential
for processing social information. Areas of the human

action (American Psychiatric Association, 2000; U. Frith, 
2001). Imaging studies in children, adolescents, and adults
have reported that these deficits in social behavior may be 
associated with abnormalities in the ACC in autistic indi-
viduals (Castelli, Frith, Happé, & Frith, 2002; Chiu et al., 
2008; Ohnishi et al., 2000). Using SPECT imaging tech-
niques, Ohnishi and colleagues first showed that, as com-
pared with control subjects, children with autism showed 
abnormal regional cerebral blood flow in the prefrontal 
and temporal cortices (Ohnishi et al., 2000). Second, when
these changes were correlated with the severity of each 
autistic child’s symptoms, deficits in social interaction and 
communication were closely associated with decreased 
blood flow in the area of the ACC—specifically, in the re-
gion of BA 32. Data from imaging studies have similarly
shown a relationship between functional abnormalities in
the ACCs of autistic individuals and the same individuals’ 
symptom severities and behavioral deficits (Castelli et al., 
2002; Kennedy, Redcay, & Courchesne, 2006).

A Role for the ACC in Social Behavior in Animals
Although it is challenging to objectively study social

interaction in animals, as opposed to emotional respon-
siveness in terms of fearfulness and aggression, a number 
of experimental paradigms have been valuable in identi-
fying the critical neural circuits. Tests in which macaques 
are presented with either snakes or unfamiliar humans, as
well as fear-conditioning paradigms in rats, have been in-
fluential (Lacroix, Spinelli, Heidbreder, & Feldon, 2000;
Murray & Izquierdo, 2007; Quirk, Garcia, & González-
Lima, 2006). Tests of conditioned fear and subsequent ex-
tinction of this fear have been especially compelling, since
they have allowed direct comparisons to be made between
human imaging and rat lesion studies (Quirk & Beer, 
2006). However, although studying fear and aggression in 
animals has elucidated how information of an emotional
nature is processed in the VMFC, it provides less insight
into the role of this area in mediating more complex forms
of emotion and social behavior, such as interactions be-
tween individuals. Instead, it may be useful to consider 
alternative methods that take a more ethological approach
to studying social interaction and evaluation.

Taking such an approach, a number of groups have been 
able to develop experimental paradigms that objectively 
determine how animals evaluate social information and 
the neural structures involved in these processes (Deaner,
Khera, & Platt, 2005; Gothard, Battaglia, Erickson, Spitler,
& Amaral, 2007; Hoffman, Gothard, Schmid, & Logothetis, 
2007; Rudebeck, Buckley, Walton, & Rushworth, 2006). In
one of these studies, Deaner, Platt, and colleagues assessed 
how much male macaques valued different social stimuli
by measuring their responses to images of other male and 
female macaques (Deaner et al., 2005). The researchers 
determined the relative value thirsty macaques assigned 
to the different social images by pitting the opportunity to 
see a potentially interesting image and an amount of juice 
reward against receiving just juice alone (Figure 2). By
systematically varying the amount of juice associated with
not seeing a social image, Deaner and colleagues were
able to determine the relative value of a number of dif-ff
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recorded (Rudebeck et al., 2007). When presented with
this situation, control rats usually spend a large amount 
of time socially interacting, exploring, and sniffing the 
other rat, whereas aggressive behaviors, such as biting and 
upright boxing, account for only a small amount of the 
time spent (Bannerman et al., 2002; McHugh, Deacon, 
Rawlins, & Bannerman, 2004; Shah & Treit, 2003). Fol-

and macaque ACC have homologues in rodents (Vogt
& Peters, 1981). It is possible that social interaction is 
mediated by these comparable areas in all these species.
Indeed, a recent study in rats suggests that this may well 
be the case. In this study, unfamiliar pairs of rats drawn
from groups with either ACC or sham lesions were al-
lowed to interact with one another, and their behavior was

Figure 2. Determining the relative value macaques assign to different types of 
social image. (A) Macaques were trained to fixate a central spot. Once they did
so, two potential targets appeared to the left and right, which were associated 
either with juice alone or with receiving juice as well as the opportunity to view 
an image of another macaque. The central spot was then extinguished, which 
instructed the macaque to make a saccade to one of the two targets. (B) Ex-
amples of two of the types of stimuli presented, an image of a female macaque 
perineum and a macaque with a high-dominance status. (C) By calculating the 
point of subjective equivalence (PSE), the amount of juice needed for macaques
to select an image on 50% of the trials, for each of the different image types,
Deaner and colleagues were able to determine the relative value each macaque
assigned to that image type. In comparison with images of macaques of low-
dominance status (rightmost line, green in online version), thirsty male ma-
caques accepted less juice or assigned higher value to the opportunity to view
images of female macaque perinea (leftmost line, red in online version). Male 
macaques also valued the opportunity to view images of high-status macaques 
more than those of low-status macaques (data not shown). From “Monkeys Pay 
Per View: Adaptive Valuation of Social Images by Rhesus Macaques,” by R. O. 
Deaner, A. V. Khera, and M. L. Platt, 2005, Current Biology, 15, p. 544. Copy-
right 2005 by Elsevier. Reprinted with permission.
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crease in social interaction was not simply a concomitant 
of changes in other aspects of emotional responsiveness 
(Rudebeck, Buckley, et al., 2006).

A role for the rodent ACC in social behavior has also
been highlighted by a recent series of genetic knockout 

lowing ACC lesions, rats exhibited a different pattern of 
behavior, spending comparatively less time socially in-
teracting with one another than did sham lesion animals 
(Figure 3B). Similar to the findings in macaques, tests
of anxiety confirmed that the ACC-lesion-associated de-
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Figure 3. The effects of orbitofrontal cortex (OFC) and anterior cingulate cortex (ACC)
lesions in macaques and rats on emotion and social behavior. (A) The median latency of 
macaques to retrieve a food reward in the presence of either social stimuli or a mildly fear-
inducing stimulus. Social stimuli were videos of other macaques, and the mild fear stimulus
was a moving toy snake. The latencies of unoperated controls (con; top) and macaques with
damage to either the ventral prefrontal/OFC (PFv o; middle) or the ACC gyrus (ACCG; bot-
tom) are shown. Although macaques with lesions that encroached into the OFC showed nor-rr
mal responses to social stimuli, they consistently retrieved food placed near moving snakes. 
Animals with ACCG lesions, by contrast, showed the opposite pattern of behavior, reliably 
retrieving food when social stimuli were presented (Rudebeck, Buckley, Walton, & Rush-
worth, 2006). Error bars represent standard errors of the means. (B) The effect of excitotoxic
OFC or ACC lesions on social behavior in the rat. The total amount of time animals spent
engaged in either aggressive (M(( SEM) or social behaviors (M(( SEM) during the 300-sec
social interaction test.
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studies in mice (Cholfin & Rubenstein, 2007; Scearce-
Levie et al., 2008). In an elegant series of studies, Cholfin
and colleagues have shown that fibroblast growth factor 
17 (Fgf17) specifically controls the development and pat-
terning of the dorsal frontal cortex in mice (Cholfin & 
Rubenstein, 2007). Animals lacking the gene that encodes
for Fgf17 have a smaller and less developed dorsal frontal 
cortex, including the ACC. Behaviorally, these same mice 
show a range of impairments in social interaction, includ-
ing decreased vocalizations in social situations and altered 
patterns of social interaction (Scearce-Levie et al., 2008).
In combination with the results from human studies, the
findings from both macaques and rodents suggest the pos-
sibility that an area within the ACC may be specialized for 
processing social information in all mammals.

Conclusions and Future Directions
Gaining insights into how parts of the frontal lobe con-

tribute to emotion and social behavior is critically impor-
tant for understanding not only normal brain function, but
also dysfunction. Converging lines of evidence now sug-
gest that anatomically distinct parts of the VMFC may
make dissociable contributions to emotion and social be-
havior. Although there is a clear and undisputable role for 
the OFC in processing emotional information, the ACC—
in particular, BA 32 in primates, including humans—may
be specialized for evaluating social information.

To assume, however, that these parts of the frontal 
cortex alone are sufficient for regulating our emotions
and social behavior would be to overlook a wealth of re-
search. Other parts of the cerebral cortex and subcortical 
structures, especially the amygdala and superior temporal
sulcus, are also crucial for emotional regulation and nor-
mal patterns of social behavior (Adolphs, 2001; Adolphs, 
Tranel, Damasio, & Damasio, 1994; Apperly, Samson,
Chiavarino, & Humphreys, 2004; Emery et al., 2001; Iz-
quierdo et al., 2005; Machado & Bachevalier, 2006; Meu-
nier, Bachevalier, Murray, Málková, & Mishkin, 1999; 
Samson, Apperly, Chiavarino, & Humphreys, 2004). Both 
the OFC and the ACC are differentially interconnected 
with the amygdala and different parts of the temporal lobe 
(Carmichael & Price, 1995a; Van Hoesen et al., 1993). 
Investigating how these structures influence each other 
and interact to produce normal patterns of emotion and 
social behavior will be important. Furthermore, explor-
ing how processing within and interaction between these
brain regions is altered in psychological disorders will be
an exciting and important avenue for future research.
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