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The orbitofrontal cortex (OFC) has long been implicated in aspects of learning and adaptive decision making in
changeable environments, but its precise role has remained elusive. One potential reason is that anatomical and
functional distinctions within the OFC have often been overlooked. Here, we review findings centered largely on
recent lesion studies in macaque monkeys from our laboratories that have investigated the causal role of the lateral
and medial parts of the OFC (LOFC and MOFC) in choice behavior in uncertain, multioption environments. MOFC
appears necessary for focusing attention on only the relevant decision variables to achieve a goal. By contrast, LOFC
is required to allow rapid learning in changeable environments by enabling the credit for a particular outcome to be
assigned to a specific choice.
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The first step in almost any behavioral neuroscience
experiment involving animals is to train them to
understand what they need to do in order to ob-
tain some type of reward. Such a statement may
seem blindingly obvious, yet it is also easy to over-
look the degree of complexity required for this to
occur.

Take, for example, the case of a simple reinforce-
ment learning paradigm. In such a task, an animal
has to select among several stimuli that may or may
not result in a small reward being delivered to an
adjacent receptacle, depending on the choice made
and the reinforcement schedule. While such a sce-
nario would take a matter of minutes to explain to
a human participant, a naive monkey or rat may
take days, weeks, or even months to learn how to
behave according to such conditional rules. This is
perhaps hardly surprising given the number of dif-
ferent potential associations among their own ac-
tions, discrete visual stimuli, the task context, and
reward that could be relevant to allow an animal to
maximize its reward rate over time. Even with care-
ful experimental design, in most paradigms, several
of these elements will occur at distinct spatial lo-
cations and with slight temporal delays, which can

have major effects on how rapidly the relationships
among the different elements are learned.1–3

This process is made even more complex in
tasks, such as reversal learning, where certain
contingencies—in the current example, the re-
lationship between stimulus choice and reward
delivery—are not fixed, meaning that the animal
has to determine which of many possible internal
or external factors might have caused the food not
to be delivered. Here, using a standard reinforce-
ment learning model to update the value functions
associated with each option can result in a slow
adaptation to changes in outcome associations, es-
pecially if the model takes into account past choice
and reward histories.4 Nonetheless, with training,
an animal can learn to react extremely rapidly to
changes in reward contingencies, using knowledge
of the structure of the task environment to shape
their behavior.5–7

The orbitofrontal cortex (OFC) has long been
implicated in valuation and decision making, par-
ticularly in situations where there is a require-
ment to promptly adjust behavior on the basis of
changes in reward contingencies or motivational
state. This originated from studies showing that
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Figure 1. (A) Diagram of the intended MOFC and LOFC locations and the actual overlap of MOFC (gray) and LOFC (black)
lesions represented on an intact macaque brain. (B) Schematic of the trial structure for all of the three-armed bandit tasks. On each
trial, the animals are presented with three visual stimuli on a touchscreen monitor. The stimuli are entirely novel at the start of
each testing session. Choice of one stimulus causes the others to disappear and reward to be delivered according to the particular
testing schedule (see Figs. 2 and 3 for examples of the schedules). The stimuli would appear on different locations from trial to trial
ensuring that choice was driven solely by stimulus identity and not spatial location.

patients with brain damage that includes the
OFC and adjacent ventromedial prefrontal cortex
(VMPFC) and animals with surgical lesions to the
OFC exhibit consistently aberrant choice behavior
and poor impulse control.8–10 More recently, nu-
merous neurophysiological and neuroimaging stud-
ies have shown that OFC activity and activations
correlate with the anticipated, and received, incen-
tive value of an outcome.11–21

However, the key question of how these reward
representations are used to guide and alter choices
remained contentious. One contributing factor for
the lack of consensus is that most theories of OFC
function have looked to unitary explanations, even
though different parts of the OFC have distinct pat-
terns of anatomical connections.22 Furthermore, it
is frequently hard to disentangle whether inappro-
priate decisions are caused by an impairment in the
processes involved in selecting and comparing the
options on offer or instead reflect the actions of a
fully functioning system that is receiving inaccurate
information. This is partly as most tasks have only
used two alternatives to choose between, often mak-
ing it difficult to determine the specific reason that
one option has been chosen or rejected.

This review will focus on recent evidence from
our laboratories that have investigated the effects of
aspiration lesions in macaque monkeys to either the
lateral (LOFC, centered on Walker’s areas 11 and
1323) or medial OFC (MOFC, including Walker’s
area 14 as well as posterior medial parts of area
10) on free choice behavior among three options
under different probabilistic reward schedules (re-

ferred to below as three-armed bandit tasks) (Fig. 1).
We will use these studies as a springboard to argue
that LOFC and MOFC play distinct and dissociable
roles in guiding decision making, with the former
essential for rapid learning based on the specific
consequences of a single choice, and the latter re-
quired for selecting the relevant information to al-
low choices to be made.

Anatomical basis of OFC networks
Primate OFC consists of several distinct cy-
toarchitechtonic areas with different patterns of
anatomical connections, the details of which are
documented in a number of excellent reviews.22,24

Based on connectional fingerprints, Price and col-
leagues (see Ref. 22) have described two major net-
works in the orbital and medial frontal cortex that
bisect the OFC: a lateral network, including exten-
sive parts of areas 11, 13, and 12, as well as parts of
agranular insula, and a medial network centered on
area 14, although also including some medial sub-
divisions of areas 13 and 11 (13a and 11m) along
with areas outside the OFC such as the VMPFC
and the rostral anterior cingulate cortex regions.
The former has been described as a “sensory” net-
work based on the strong, bidirectional connections
between high-order sensory association areas such
as perirhinal cortex.25,26 By contrast, the medial
network is termed a visceromotor network on ac-
count of particularly dense connections compared
to most areas included in the lateral network with
nonsensory limbic structures, such as the amygdala,
the hypothalamus, and projections to the ventral
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striatum.26–29 Although there are likely homologues
of primate posterior agranular OFC regions 14 and
13a, along with parts of agranular insula, in the ro-
dent brain,22,30,31 whether there is also such a clear
bipartite division of the OFC into medial and lateral
regions in the rodent remains unclear.

In spite of these divisions, the majority of studies
have tended to treat the OFC as a unitary struc-
ture. Most neuronal recordings to date have been
made from LOFC areas 11 and 13 and informa-
tion is largely absent at the cellular level about
activity in more medial regions.32,33 By contrast,
lesion studies, either by necessity or by design,
have tended to examine the effects of damage that
extends across both the medial and orbital net-
works.7,34–38 There has been some evidence from
functional neuroimaging for a distinction between
MOFC and LOFC. These findings have usually been
interpreted in terms of either the valence of the
feedback (MOFC being involved in processing pos-
itive outcomes, LOFC regions negative feedback)
or the requirement to maintain or inhibit previous
reinforcement contingencies (MOFC to maintain,
LOFC to inhibit).39–41 As we shall discuss in later sec-
tions, neither of these theories adequately explains
the patterns of impairments observed in recent
experiments.

Decision making in uncertain but stable
environments
OFC has consistently been implicated in guiding
adaptive choice behavior. Single neuron and BOLD
responses in parts of OFC show rapid changes to
reflect new associations when stimulus-reward con-
tingencies change.21,42–44 Furthermore, OFC lesions
in rats, monkeys, and humans have been shown to
impair performance following reversals in stimulus-
outcome associations, even though the subjects typ-
ically acquire the initial discrimination without
difficulty.7,8,34,45,46 Such problems with reversal
learning have even been demonstrated to underlie
some of the pronounced problems with appropri-
ate cost–benefit decision making observed in OFC-
damaged patients.36

The consistent finding of intact initial learning
following OFC lesions has unsurprisingly been used
to imply that one key function of this structure
must be to facilitate processes that are particularly
taxed when reinforcement contingencies change,
such as sensitivity to negative feedback or inhibi-

tion of previous response strategies.39,40 Nonethe-
less, few studies to date have tested the importance of
the OFC in multioption situations with probabilis-
tic reinforcement schedules where it is necessary to
integrate across several trials to determine which
option is optimal.

To explore this, we have studied how monkeys
with lesions to either MOFC or LOFC performed
on three-armed bandit tasks.47,48 The animals had
to select among three novel visual stimuli, each of
which was associated with a different, fixed like-
lihood of giving a reward (Fig. 1B). Importantly,
while the reinforcement schedules were probabilis-
tic, they were also fixed throughout a session and
did not contain any reversals in the identity of the
best value option. In order to probe how the rel-
ative value of the alternatives affects learning and
decision making, we tested the monkeys on three
different testing conditions where values of the best
(V1) and worst stimuli (V3) were the same in all,
but the value of the second best (V2) option was
manipulated across schedules (Fig. 2A).

As is evident from Figure 2, both lesion groups
displayed selective performance deficits but on
completely different schedules. Postoperatively, the
MOFC-lesioned animals were persistently unable
to choose the best option throughout the condi-
tion where the values of the best and second best
options were close together (“V2 High”), but were
just as proficient as they were prior to the lesion
when the values of these two options were further
apart (“V2 Mid” and “V2 Low”). This deficit is con-
sistent with a difficulty in value comparison when
the options are proximate.

By contrast, the LOFC group displayed diamet-
rically opposite performance, choosing the V1 op-
tion at a comparable rate to controls and signifi-
cantly more often than the MOFC-lesioned animals
in the V2 High condition, but exhibiting an im-
pairment compared to both controls and MOFC
group as the value of the second best option re-
duced in the V2 Mid and V2 Low conditions. This
at first seems a puzzling effect as it appears that
the LOFC-lesioned animals get worse as the task
becomes easier. However, closer inspection of the
data shows that the deficit is not caused by these
animals’ overall decision making actually becoming
poorer. Instead, the LOFC group failed to exhibit
the same improvement in choice performance ob-
served in the control animals as the value difference
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Figure 2. Performance of the MOFC and LOFC-lesioned monkeys as a function of the relative value of V1. (A) Predetermined
reward schedules used in the fixed conditions. The schedules determined whether reward was delivered for selecting of stimulus
(V1, V2, or V3) on a particular trial. (B and C) Mean proportion of V1 choices in V2_High (left-hand column), V2_Mid (middle
column), or V2_Low (right-hand column) for controls and for the MOFC (B) or LOFC (C) groups postoperatively (post-MOFC
lesion, dotted line; dark gray shading, SEM; post-LOFC lesion, dashed line; light gray shading, SEM; controls, solid black line; black
shading, SEM). The controls for the MOFC group consisted of the same animals preoperatively, whereas the controls for the LOFC
animals were separate animals. Inset histograms show the number of trials to reach 70% V1 choices (∗P < 0.05).

between the best and second best options increased.
This deficit is reflected by the magnitude of each
monkey’s average learning rate in each condition,
a parameter that describes the degree to which the
value of an option is updated based on each new
piece of evidence. Whereas controls and MOFC-
lesioned animals showed increasing learning rates as
the value difference between V1 and V2 increased,
no such effect was present in the LOFC group.
This implies that LOFC might be required to fa-
cilitate rapid stimulus-reward learning in environ-
ments where the value of the best option is markedly

different to the average value of all the stimuli
explored.

Decision making in uncertain but changeable
environments
The findings described above convincingly demon-
strate that both MOFC and LOFC do play key
roles in guiding choice behavior even in unchang-
ing probabilistic environments, although their roles
may be qualitatively distinct. A similar finding of
impaired initial learning has also recently been
reported in patients with OFC damage using a
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Figure 3. Performance of the MOFC and LOFC-lesioned monkeys in changeable environments. (A) Predetermined reward
schedules used in two different changeable conditions. (B and C) Mean likelihood of choosing the objectively determined highest
value option for the MOFC (B) or LOFC (C) groups both pre- and postoperatively, (pre-MOFC and pre-LOFC lesion, solid black
line; black shading, SEM; post-MOFC lesion, dotted line; dark gray shading, SEM; post-LOFC lesion, dashed line; light gray shading,
SEM). The grayscale points represent the reward probability and identity of the objectively determined highest value option.

two-option probabilistic reversal task,49 and there
are also several descriptions of impairments in such
patients on tasks that do not clearly require rever-
sals (e.g., Refs. 50, 51). Nevertheless, two obvious
questions arise from these data. First, what precise
roles in value comparison and value assignment do
the MOFC and LOFC respectively play? And sec-
ond, can these functions explain the long-standing
idea of the OFC as being important during adaptive
decision making?

In most reversal learning tasks, there are limited
options to choose from, and the reward schedules
for the alternatives are not independent. This means
that, although accounts of OFC function from such

studies are often couched in terms of a role in ei-
ther outcome monitoring or changing learned as-
sociations, these tasks can actually be solved using
a simple win–stay/lose–switch strategy, which does
not require animals to keep track of the value of al-
ternatives to decide what to do. Therefore, to probe
in more detail the causal role of different parts of the
OFC in flexible decision making, we decided to test
the LOFC- and MOFC-lesioned animals on a dif-
ferent series of three-armed bandit tasks where the
values of the options varied continuously through-
out the course of the session (Fig. 3A).47,48,52 This
meant that changes in value were dissociated from
changes in the identity of the best option. Moreover,
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by having a range of different values for the three
options, it was possible to explore more closely how
the context of the available alternatives influenced
each choice.

As can be observed in Figure 3, both lesion groups
showed significant alterations in their choice be-
havior compared to their preoperative performance.
However, as with the fixed conditions described ear-
lier, the MOFC and LOFC damage also caused qual-
itatively different patterns of impairments. These
will be discussed separately below.

MOFC and representation of relevant decision
variables
Although the MOFC lesions did result in fewer
choices of the best value option, these animals did
not seem to have a particular problem with chang-
ing behavior (Fig. 3B). This is in line with recent
evidence from Rudebeck and Murray53 describing
a comparable lack of a deficit in animals with ex-
citotoxic lesions to MOFC area 14 on a two-option
discrimination reversal task. A report in rodents has
also suggested the MOFC is not required to update
option values.54 Moreover, the MOFC group was
still sensitive to both positive and negative feedback
postsurgery, being less likely to switch away from an
option after a reward than when not, indicating that
this region is not only required to detect rewards.
Instead, as observed in the V2 High fixed condition,
the deficit was characterized by the MOFC-lesioned
animals making significantly fewer choices of the
highest value stimulus when the reward probability
associated with V1 and V2 were close together.48

The changeable conditions also highlighted an-
other key element of the deficit beyond the imme-
diate difficulty of the decision: the context in which
a decision was made. In the fixed conditions, as
the values of V1 and V2 moved closer together, the
values of V2 and V3 also became further apart. Al-
though a central axiom of rational decision theory,
known as the independence of irrelevant alternatives
(IIA), is that the proportion of choices allocated be-
tween two options should not be affected by the
presence of a third stimulus,55 there are several ex-
amples in different animal species where decisions
are influenced by the immediate context.56–58 Given
that the values associated with the three stimuli var-
ied independently in the changeable conditions, this
allowed us to probe the effect on animals’ decisions
of what alternatives are on offer.

While the control animals’ performance obeyed
the IIA, the MOFC group’s decisions postopera-
tively showed a significant influence of the value of
the third alternative (Fig. 4A). In particular, they
showed decreases in V1 choices in the context when
V2 was much better than V3 or simply when the
value of V3 itself was large. In other words, MOFC
is not only required to correctly compare options
close in value, but also seems to play a role in al-
lowing animals to focus their attention only on the
relevant variables for the current decision (V1 and
V2) to enable them to be appropriately compared.

The BOLD signal in MOFC has previously been
shown to correlate with the degree to which gam-
bling choices are made independent of the con-
text, with subjects who exhibited higher signals in
MOFC during a decision being more likely to make
the same choice irrespective of whether the gamble
was framed in terms of keeping or losing money.57

Such a role for MOFC in attending only to the im-
portant variables for the current decision may also
contribute to the increase in inconsistent prefer-
ences and altered patterns of decisions observed in
MOFC-lesioned animals and human patients with
damage including this region.53,59–62 MOFC dys-
function could cause an increase in the likelihood
of the subjects being distracted by some factor that
is irrelevant to the decision in hand.

LOFC and credit assignment

By contrast, no comparable decision-making deficit
based on the values of the alternatives was observed
in the LOFC group. Rather, these animals did dis-
play a dramatic failure to find and persist with the
new highest value option following reversals along
with, in some conditions, an initial learning im-
pairment. However, as is evident from Fig. 3B, the
LOFC-lesioned animals could nonetheless in certain
contexts still respond just as rapidly and flexibly as
normal monkeys to both decreases and increases in
the reward rate of the currently chosen option. This
demonstrates that LOFC is not simply required to
detect negative feedback, inhibit choices, or update
response strategies. Indeed, far from perseverating,
both the LOFC- and also the MOFC-lesioned mon-
keys switched significantly more often than the con-
trols, particularly following reversals in the identity
of the best option.

As discussed in the introduction, animals have to
determine how to perform a task based simply on
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Figure 4. Decision making and learning impairments in MOFC and LOFC groups. (A) Logistic functions depicting the proportion
of trials on which the MOFC group, pre- and postoperatively, chose one option as a function of (i) the value difference between
it (stimulus A) and the alternative option (stimulus B), and (ii) the value of the third “irrelevant” option. For each trial, the two
unchosen options were randomly assigned to be either the alternative second option or the irrelevant third option, and each trial
was only used once. The choice sigmoids were then plotted separately for trials where the third option was of high or low value,
defined as the top or bottom 33% of all third option values. (B) The influence of recent choice history on how credit for a recent
outcome is assigned in the LOFC groups pre- and postoperatively. The plot depicts the difference in likelihood of choosing option
A on trial N after previously selecting option B on trial N-1 as a function of whether reward was received for that choice. Data are
divided up based on the recent past history of A choices (note that A and B do not refer to particular stimuli but instead to sequences
of similar choices). Positive numbers indicate an increased likelihood of returning to choose option A on trial N after a reinforced B
choice than a nonreinforced B choice. Changes in the LOFC group postsurgery were not caused by an increase in random choices,
as these animals displayed a similar likelihood of choosing the third C option as controls. Pre-op LOFC, solid black line; Post-op
LOFC, dashed gray line.

the reinforcement contingencies over time. With-
out knowing the task structure, one straightforward
way of trying to estimate option values is to calculate
the average reward rate given the recent stimulus or
choice history. In environments where choice and
reward histories are uniform, this type of learning
mechanism would result in largely appropriate pat-
terns of decision making. Indeed, extended memory
traces may be vital for certain types of sequential
decisions where previous choices affect the value
functions of the currently available alternatives.63,64

However, in uncertain, multioption environments,
such as these changeable three-armed bandit tasks,
where preceding and subsequent choices may be
poor predictors of the current stimulus values, it is
vital for rapid updating of behavior that the con-
sequences of a particular choice from among sev-
eral alternatives is correctly credited to that stimulus
alone.

The latter type of contingent learning can be con-
sidered as a form of specific credit assignment, and
several lines of evidence indicate that LOFC lesions
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impair appropriate credit assignment while spar-
ing the former method of approximating stimulus
values based on reward and choice histories. Re-
gression analyses demonstrated a specific significant
reduction in the influence of the contingent trial-by-
trial choice–reward associations on decisions in the
LOFC group; the effect of the immediately previous
outcome spreading back to past choices or of a past
reward spreading forward to the immediately previ-
ous (“spread-of-effect”65) were unaffected. Impor-
tantly, the predictive weights of these latter two de-
terminants of behavior were nearly identical both
pre- and postsurgery in both the control and LOFC
groups, demonstrating that this method of approx-
imating stimulus values was not a novel strategy
to compensate for their impairment but instead is
normally present in animals. Moreover, the LOFC-
lesioned animals’ choices were not random, but in-
stead followed an unusual yet predictable pattern
based on recent choice and reinforcement history
(Fig. 4B). By comparison, no comparable effect was
seen in the MOFC group.

To be able to appropriately assign credit for an
outcome to a previous choice, it is necessary either
to hold online the current choice or to recall the se-
lected option when the outcome is presented. Neu-
rons in LOFC have been shown to demonstrate both
of these criteria.20,66,67 Cells in this region also en-
code the expected value of an outcome.11,13,15,68–70

We would argue that such signals are not used to
guide decision making per se but instead are re-
quired to allow rapid updating of specific stimulus–
outcome associations following a change in the en-
vironment (cf . Ref. 68). LOFC does not simply rep-
resent the anticipated value of an outcome, but also
has access to specific sensory information about the
properties of an outcome.22 It has recently been
shown LOFC, but not MOFC, lesions in monkeys
impairs the ability either to adjust the value of an
outcome following selective satiation or to use in-
formation about the anticipated type of reward as-
sociated with a particular stimulus to guide choice
behavior.53

Correct credit assignment will be particularly
taxed in any scenario requiring rapid updating of
stimulus values when there are multiple options that
could be chosen and multiple types of outcome that
could occur. In such situations, the likelihood of
animals’ choices and outcomes being consistent is
reduced, which thus diminishes the efficacy of value

estimates based on recent history of reinforcement.
Therefore, LOFC dysfunction will not necessarily
impair appropriate decision making in changeable
environments if these conditions are not met. For
instance, the LOFC-lesioned animals were perfectly
able to track changes in the value of V1 when it re-
mained the best available option as their choice his-
tories are mostly uniform, meaning that the conse-
quent outcomes are correctly credited (see Fig. 3C).
Similarly, two recent studies have reported only
a small impairment71 or intact performance53 in
LOFC-lesioned animals compared to controls on
a two-item object reversal learning task where the
limited options will tend to reduce the variability in
choice histories.a

Having such rich representations of the predicted
value and form of an outcome in LOFC may facili-
tate accurate credit assignment not only in situations
when there are multiple alternatives and a change-
able environment, but also when there are delays
between choices and their consequences. There have
been no neuropsychological studies to date looking
at primate LOFC on measures of impulsive choice
and the effects of OFC lesions in rodents on de-
lay discounting have been mixed.72–74 However, it
is notable that the two common features of those
studies showing an increase in impulsivity follow-
ing OFC lesions are that (1) the expected reward to
be gained by the selection of the delayed option was
not fully known (i.e., lesions were made pretraining
or animals were retested after their lesion follow-
ing an extended break for surgery), and (2) there
were no proximal stimuli such as salient visual cues
that bridged the space and time between the choice
point and reward receipt for the delayed option.73–75

In other words, OFC was only required when there
was a credit assignment problem to be solved. Fu-
ture studies will be required to determine how these
findings map onto the primate LOFC/MOFC dis-
tinction outlined above.

aThe study by Kazama and Bachevalier actually reports
this finding as a null result. However, close inspection of
the data in Table 4 of that paper 71 shows that the complete
LOFC group, or just the animals with aspiration LOFC
lesions alone, actually does take significantly more trials
to reach criterion across all reversals compared to controls
when the stimulus–reward associations reverse between a
single pair of objects.
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Conclusions and caveats

The OFC has long been known as a key struc-
ture for guiding adaptive decision making. We have
presented evidence of dissociable, precise and pro-
found learning, and decision-making impairments,
respectively following LOFC or MOFC lesions in
macaques, which are particularly apparent in uncer-
tain, multioption environments. Nonetheless, sev-
eral questions remain open to address, of which here
we will only touch on two.

First, while we and others32,53 have investigated
distinctions between MOFC and LOFC, both cy-
toarchitectural and neuroimaging suggest that there
may also be anterior/posterior functional OFC divi-
sions too.39,76 This is important given that rodents
may only have homologues of primate posterior
agranular OFC regions.22,31

Second, it is currently unclear whether LOFC
and MOFC actively play a role in determining what
factors are important for appropriate credit assign-
ment and choice behavior and if they simply imple-
ment these functions based on information com-
puted elsewhere. Abstract response strategies are
rapidly encoded by LOFC neurons,77 although this
region does not appear critical for implementing
such rules.78 MOFC/VMPFC signals during reversal
learning, however, are closely correlated with pre-
dictions of models that take into account the struc-
ture of the environment.79 It is likely that OFC fa-
cilitates appropriate credit assignment and decision
making through interactions with interconnected
regions (e.g., Refs. 68, 80). Where and how these
occur will be issues of pressing concern over the
coming years.
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