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The orbitofrontal cortex (OFC) is a prefrontal cortex region in the frontal lobes in the
brain which is involved in the cognitive processing of decision-making. In non-human
primates it consists of the association cortex areas Brodmann area 11, 12 and 13; in
humans it consists of Brodmann area 10, 11 and 47

The OFC is considered anatomically synonymous with the ventromedial prefrontal
cortex.”? Therefore the region is distinguished due to the distinct neural connections and




the distinct functions it performs.[31 It is defined as the part of the prefrontal cortex that
receives projections from the magnocellular, medial nucleus of the mediodorsal thalamus,
and is thought to represent emotion and reward in decision making.*! It gets its name
from its position immediately above the orbits in which the eyes are located.
Considerable individual variability has been found in the OFC of both humans and non-
human primates.citationneeded] A rolated area is found in rodents.™

Functions of the human orbitofrontal cortex

The human OFC is among the least-understood regions of the human brain; but it has
been proposed that the OFC is involved in sensory integration, in representing the
affective value of reinforcers, and in decision-making and expectation.! In particular,
the OFC seems to be_important in signaling the expected rewards/punishments of an
action given the particular details of a situation.’® In doing this, the brain is capable of
comparing the expected reward/punishment with the actual delivery of
reward/punishment, thus, making the OFC critical for adaptive learning. This is
supported by research in humans, non-human primates, and rodents. Human research has
focused on neuroimaging research in healthy participants and neuropsychology research
in patients with damage to discrete parts of the OFC. Research at the University of
Leipzig shows that the human OFC is activated during intuitive coherence judgements.2

Connectivity of the orbitofrontal cortex

Tracer studies in monkeys have shown that the orbitofrontal cortex shares extensive
connections with other association cortices, primary sensory and association cortices,
limbic systems, and other subcortical areas. Corticocortical connections include
extensive local projections to and from other prefrontal regions, as well as with motor,
limbic, and sensory cortices. Areas projecting to motor areas are densely interconnected
with other prefrontal cortical regions, reflecting integration for executive motor control 2!

Sensory cortices additionally share highly complex reciprocal connections with the
orbitofrontal cortex. All sensory modalities are represented in connections with the
orbitofrontal cortex, including extensive innervation from areas associated with olfaction
and gustatory somatic responses.”’! Somatosensory cortices including primary areas 1 and
2, particularly in areas associated with innervation of the hand and trigeminal complex,
indicating the importance of the orbitofrontal cortex in face and hand sensation.t!

Functionally distinct pathways for auditory processing in the orbitofrontal cortex
include a rostral stream associated with phonetic processing, and a more caudal stream
terminating just posterior to the orbitofrontal cortex in the periarcuate prefrontal cortex
associated with auditory-spatial processing, though these connections share extensive
overlap. Both ventral and dorsal visual streams share connections with orbitofrontal
cortical areas, including rich projections to and from the superior temporal pole,
important for integration of spatial and object processing.




Connectivity of the orbitofrontal cortex with limbic areas includes reciprocal
projections to granular, dysgranular, and agranular insular cortex, parahippocampal
regions, and the hippocampus, particularly CA1 regions in a rostral-to caudal gradient.[gl
The orbitofrontal cortex additionally shares extensive reciprocal connections with the
amygdala, and direct and indirect connections to the hypothalamus.*!

Additional subcortical projections are shared between the striatum, particularly
ventral reward-related areas, 12X Connectivity with thalamic and periaqueductal
grey areas further suggests a role for the orbitofrontal cortex in both inhibitory and
excitatory regulation of autonomic function.®! Parallel processing loops in
connectivity between cortico-striatal networks seem to be involved in the processing of
goal-directed and habitual action, whereas cortico-limbic connectivity seems to be of
prime importance for action selection, implicatingﬂl_g]he basolateral amygdala, and the

integration of information into behavioral output.

Though invasive tracer studies are largely not possible in humans, diffusion tensor
imaging (DTI) tractography studies have also been used to map the connectivity of the
orbitofrontal cortex to cortical and subcortical brain structures. Connections in the human
orbitofrontal cortex follow a conserved pattern, similar to what is shown in tracer studies
in rhesus macaques, but with a distinct pattern of connectivity with regions of the
striatum. 123!

Clinical applications of OFC connectivity disruptions

When OFC connections are disrupted, a number of cognitive, behavioral, and
emotional consequences may arise. Research supports that the main disorders
associated with dysregulated OFC connectivity/circuitry center around decision-
making, emotion regulation, and reward expectation.248I8 A yecent multi-modal
human neuroimaging study shows disrupted structural and functional connectivity of
the OFC with the subcortical limbic structures (e.g., amygdala or hippocampus) and
other frontal regions (e.g., dorsoal prefrontal cortex or anterior cingulate cortex)

correlates with abnormal OFC affect (e.q., fear) processing in clinically anxious adults.!*?

One clear extension of problems with decision-making is drug addiction/substance
dependence, which can result from disruption of the striato-thalamo-orbitofrontal

circuit. 2212418 Attention deficit hyperactivity disorder (ADHD) has also been implicated
in dysfunction of neural reward circuitry controlling motivation, reward, and impulsivity,
including OFC systems.®! Other disorders of executive functioning and impulse control
may be affected by OFC circuitry dysregulation, such as obsessive—compulsive disorder
and trichotillomanial**?%(2

Some dementias are also associated with OFC connectivity disruptions. The
behavioral variant of frontotemporal demential®” is associated with neural atrophy
patterns of white and gray matter projection fibers involved with OFC connectivity.[@1
Finally, some research suggests that later stages of Alzheimer’s Disease be impacted by
altered connectivity of OFC systems.’2!




Medial and lateral distinction

The OFC has been cytoarchitectonically and connectionally subdivided into a medial and
a lateral portion. The medial portion has its strongest connections with the
hippocampus and associated areas of the cingulate, retrosplenial and entorhinal
cortices, anterior thalamus and septal diagonal band.

The lateral portion can be further subdivided into three sectors. The most caudal sector
is characterized by strong connections with the amygdala, midline thalamus, non-
isocortical insula and temporal pole. The most anterior sector has more pronounced
connections with the granular insula, association cortex, mediodorsal thalamus, inferior
parietal lobule and dorsolateral PFC 124!

It is suggested that the medial OFC is involved in making stimulus-reward
associations and with the reinforcement of behavior, while the lateral OFC is
involved in stimulus-outcome associations and the evaluation and possibly reversal
of behavior 2! Activity in the lateral OFC is found, for example, when subjects encode
new expectations about punishment and social reprisal.2227 |t is also found when
suppressing negative emotions, especially in approach-avoidance situations, such as the
game of chicken '8! The lateral OFC plays an important role in conflict resolution
and damage to this area results in both inappropriate displays of anger and
inappropriate responses to the anger of others. For example, subjects with damage to
the left lateral OFC have been found to be defensive and to present themselves in an
“angelic light".2 Low volume in this area has also been correlated with experiencing
"fear of God".2% On the other hand, subjects with greater volume in this area have been
found to score higher on the Mach IV test measuring Machiavellian personality traitsX
and activity in this region has generally been connected with Machiavellian thinking .E2

In one study, adults who were classified as "high-reactive" as children, meaning shy and
inhibited, were found to have greater cortical thickness in the right ventromedial
prefrontal cortex, while adults who were classified as "low-reactive", meaning outgoing
and uninhibited, were found to have greater thickness in the left lateral orbitofrontal
cortex.!

Orbitofrontal cortex and addiction

Involvement of OFC is often implicated in addictive behavior in addition to the
nucleus accumbens and amygdala . The striato-thalamo-orbitofrontal circuit of the
OFC has been implicated in the development of addictive behavior via dopaminergic
activation of reward circuits as supported by brain imaging studies. The OFC has been
associated with compulsive behavior and repetitive behavior,28 as well as with
drive;®* in drug dependent individuals, disruption of the striato-thalamo- orbitofrontal
circuit leads to compulsive behavior and increased motivation to take the drug.




Addicted individuals show deficits in orbitofrontal, striatal, and thalamic regions.’8!
Conscious and unconscious components are hypothesized to serve as mechanisms
responsible for the maintenance of drug addiction: conscious mechanisms involve
craving associated with loss of control and unconscious elements include anticipated
conditioned responses to a drug and impulsivity.28!

Brain imaging studies show that during cocaine withdrawal, metabolism is increased
in the OFC and that this is_proportional to drug craving. In contrast, during protracted
(up to 3—-4 months) withdrawal cocaine abusers show reduced activity in the OFC
compared to healthy controls. 238!

Similarly, in alcoholics, during withdrawal there is decreased activity in the OFC
(compared to the OFCs of healthy controls)2&! but, in addition, detoxified alcoholics
have significantly lower levels of benzodiazepine receptors in the OFC (compared
with healthy controls).2” Hypoactivity in the OFC of alcoholics is also supported by
blunted metabolism in the OFC to response to both serotonogenic and GABA- ergic
agents.[t8

Anatomy of OFC and addiction

The OFC projects and is neuronanatomically connected (via the mediodorsal nucleus
of the thalamus) to the nucleus accumbens - which is associated with the reinforcing
effects of drug administration.B8E%M4% The nucleus accumbens projects back to the
OFC .2 as do dopamine cells in the ventral tegmental area (VTA)“2 - the latter
being associated with the positive, reinforcing effects of drugs. Limbic regions
including the amygdala, hippocampus and cingulate gyrus also project to the OFC via
direct and indirect pathways™"** and it would appear that the OFC is not only the target
for reinforcing drug effects but also serves to integrate information from the limbic
system, modulating the response of the limbic areas to drugs of abuse (and their
rewarding effects).t&

OFC and addiction in animal studies

(For a review see Porrino & Lyons, 2000.) Stimulating the OFC in laboratory animals
results in drug self- administration.®! In animal studies the OFC is hypothesized to not
only be associated with the response to reward, but also to respond and adjust
animal behavior when the rewarding properties of the reinforcement change®*! - as
well as learning the association between stimulus and reward. The damage to the
OFC results in deficits in reversal of stimulus reinforcement in which an animal
perseverates on a behavior and fails to extinguish a behavior.2! This perseveration and
inability to extinguish a behavior can be related to drug administration in substance
abuse and substance dependence where individuals compulsively self-administer a
drug even with drastic decrease of reinforcing effects of that drug and tolerance to
the pleasurable effects and in the presence of adverse consequences of drug use. Rats
who are reintroduced to an environment in which they used cocaine experience activation



of the OFC .8 In addition, in rats, repeated alcohol use causes degeneration of the
OFc.k1

Neuroimaging research in healthy participants

Using functional magnetic resonance imaging (fMRI) to image the human OFC is a
challenge, because this brain region is in proximity to the air-filled sinuses. This
means that signal dropout, geometric distortion and susceptibility artifacts are common
when using EPI at higher magnetic field strengths. Extra care is therefore recommended
for obtaining a good signal from the orbitofrontal cortex, and a number of strategies have
been devised, such as automatic shimming at high static magnetic field strengths.%&

The published neuroimaging studies have found that the reward value, the expected
reward value, and even the subjective pleasantness of foods and other reinforcers
are represented in the OFC. A large meta-analysis of the existing neuroimaging
evidence demonstrated that activity in medial parts of the OFC is related to the
monitoring, learning, and memory of the reward value of reinforcers, whereas
activity in lateral OFC is related to the evaluation of punishers, which may lead to a
change in ongoing behaviour.*® Similarly, a posterior-anterior distinction was found
with more complex or abstract reinforcers (such as monetary gain and loss) being
represented more anteriorly in the orbitofrontal cortex than less-complex reinforcers such
as taste. It has even been proposed that the human OFC has a role in mediating subjective
hedonic experience.!

The orbitofrontal cortex (OFC) represents the main neocortical target of primary
olfactory cortex. In non-human primates, the olfactory neocortex is situated along the
basal surface of the caudal frontal lobes, encompassing agranular and dysgranular OFC
medially and agranular insula laterally, where this latter structure wraps onto the
posterior orbital surface. Direct afferent inputs arrive from most primary olfactory areas,
including piriform cortex, amygdala, and entorhinal cortex, in the absence of an
obligatory thalamic relay.™

Neuropsychology research in patients

Visual discrimination test

This has two components. In the first component, "reversal learning”, participants are
presented with one of two pictures, A and B. They learn that they will be rewarded if they
press a button when picture A is displayed, but punished if they press the button when
picture B is displayed. Once this rule has been established, the rule swaps. In other words,
now it is correct to press the button for picture B, not picture A. Most healthy participants
pick up on this rule reversal almost immediately, but patients with OFC damage continue
to respond to the original pattern of reinforcement, although they are now being punished



for persevering with it. Rolls et al.”! noted that this pattern of behaviour is particularly
unusual given that the patients reported that they understood the rule.

The second component of the test is "extinction”. Again, participants learn to press the
button for picture A but not picture B. However this time, instead of the rules reversing,
the rule changes altogether. Now the participant will be punished for pressing the button
in response to either picture. The correct response is not to press the button at all, but
people with OFC dysfunction find it difficult to resist the temptation to press the button
despite being punished for it.

lowa gambling task

A simulation of real life decision-making, the lowa gambling task is widely used in
cognition and emotion research.®2 Participants are presented with four virtual decks of
cards on a computer screen. They are told that each time they choose a card they will win
some game money. Every so often, however, when they choose a card they will lose
some money.further explanation needed] Thay, are told that the aim of the game is to win as much
money as possible. The task is meant to be opaque, that is, participants are not meant to
consciously work out the rule, and they are supposed to choose cards based on their "gut
reaction.” Two of the decks are "bad decks," which means that, over a long enough time,
they will make a net loss; the other two decks are "good decks" and will make a net gain
over time.

Most healthy participants sample cards from each deck, and after about 40 or 50
selections are fairly good at sticking to the good decks. Patients with OFC dysfunction,
however, continue to perseverate with the bad decks, sometimes even though they know
that they are losing money overall. Concurrent measurement of galvanic skin response
shows that healthy participants show a "stress" reaction to hovering over the bad decks
after only 10 trials, long before conscious sensation that the decks are bad. By contrast,
patients with OFC dysfunction never develop this physiological reaction to impending
punishment. Bechara and his colleagues explain this in terms of the somatic marker
hypothesis. The lowa gambling task is currently being used by a number of research
groups using fMRI to investigate which brain regions are activated by the task in healthy
volunteers as well as clinical groups with conditions such as schizophrenia and obsessive
compulsive disorder.

Faux pas test

This is a series of vignettes recounting a social occasion during which someone said
something that should not have been said, or an awkward occurrence. The participant's
task is to identify what was said that was awkward, why it was awkward, how people
would have felt in reaction to the faux pas and to a factual control question. Although
first designed for use in people on the autism spectrum,3! the test is also sensitive to
patients with OFC dysfunction, who cannot judge when something socially awkward has
happened despite appearing to understand the story perfectly well.




Consequences of damage to the OFC

Destruction of the OFC through acquired brain injury typically leads to a pattern of
disinhibited behaviour. Examples include swearing excessively, hypersexuality, poor
social interaction, compulsive gambling, drug use (including alcohol and tobacco),
and poor empathising ability. Disinhibited behaviour by patients with some forms of
frontotemporal dementia is thought to be caused by degeneration of the OFC.12%!




