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Abstract

Recent work has emphasized the role that orbitofrontal cortex (OFC) plays in val ue-based
decision-making. However, it is also clear that a number of discrepancies have arisen when
comparing the findings from animal models to those from humans. In this paper, we examine
several possibilities that might explain these discrepancies including anatomical difference
between species, the behavioral tasks used to probe decision-making and the methodol ogies used
to assess neural function. Understanding how these differences affect the interpretation of
experimental results will help us better integrate future results from animal models. Thiswill
enable usto fully realize the benefits of using multiple approaches to understand OFC function.

Introduction

In 1998, at the Forum of European Neuroscience in Berlin, there was a symposium entitled
“The Mysterious Orbitofrontal Cortex” 1. The feeling was that within the frontal lobe, an
areawith along history of frustrating researchers, the function of orbitofrontal cortex (OFC)
was particularly baffling. Despite that pessimism, the intervening 13 years have seen
remarkable progress in our understanding. Much of this progress was driven by two factors.
First, there has been theoretical convergence: researchers from avariety of fields determined
that OFC plays afundamental role in value-based decision-making. Second, researchers
have employed increasingly sophisticated behavioral methods drawn from economics and
psychology in order to measure decision-making. This period has been satisfying, as
researchers from disparate fields have formed links between their research, and the mystery
of OFC has looked increasingly solvable. However, it is perhaps time to assess how deeply
this theoretical convergence extends. It is becoming clear that discrepancies exist between
results from different methodologies. The goa of thisreview isto highlight these
discrepancies and examine whether they can be explained by species differencesin the
function and anatomy of OFC.

Psychol ogists distinguish between two conceptually distinct types of decision-making.
Perceptual decision-making refers to the process by which a subject makes a judgment about
sensory input 2. The baggage screener examines an x-ray trying to decide whether the bag
containsagun or ahair dryer. On the other hand, value-based decision-making resembles
the folk definition of decision-making: for example, deciding whether to have bacon or
cereal for breakfast 3. Unlike perceptual decision-making, value-based decision-making is
inherently subjective. You could make a best guess as to what | will choose based on your
past experience of my choices (I usually choose bacon) and your knowledge of my current
goals (I recently went on adiet), but without knowing my precise internal stateit remainsa
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guess. It isthe process of valuing aternatives to determine the best choice that is thought to
be a core OFC function.

Early studies of the effects of frontal lobe damage in humans emphasized the importance of
OFC and the adjacent medial frontal cortex for ‘everyday’ decision-making 4. Laboratory
tests sought to mimic this process with gambling tasks where money could be won or lost
probabilistically °. The flavor was certainly of value-based decision-making even though the
terminology had yet to be agreed on. Later studies explicitly tested patients with OFC
damage on perceptual and value-based decision-making tasks and showed impairments only
on the latter 6. Furthermore, if damage was restricted to dorsolateral prefrontal areas,
decision-making usually (although not aways ’) remained intact & 8: 9. Neuroimaging
studies are in broad agreement with these findings: value-based decision-making typically
activates orbital and medial frontal regions rather than dorsolateral frontal areas 10-20,

Studies in monkeys have aso shown that OFC damage impairs various aspects of value-
based decision-making, including the ability to assign 21 and update 22 stimulus values.
Early neurophysiological studies showed that OFC neurons encoded a subject’ s relative
preferences between different rewards 23, and that reward information was encoded more
quickly in OFC than dorsolateral prefrontal cortex 24 and anterior cingulate cortex 2°. L ater
studies, employing sophisticated methods from economics, showed that OFC neuronal
activity matched the animal’ s subjective valuation of the reward 26. OFC neuronsin both
rats and monkeys also encode a wide range of other variables necessary for decision-
making, including positive and negative expected outcomes 27-29, hypothetical aswell as
actual outcomes 39, the amount of time 31 32 and effort 33 necessary to acquire an outcome,
confidence in the decision 3* and the probability that one’s choice will be fruitful 33.

In summary, an impressive body of evidence from an array of methods has implicated OFC
in value-based decision-making. Although it is not surprising that the field has tended to
emphasize the remarkable agreement in the findings 3 3537, discrepancies do exist.
However, before discussing them, we will first review the anatomy of OFC across species.

Anatomy of OFC

In primates, OFC lies on the ventral surface of the frontal lobe. It consists of three major
cytoarchitectonic regions: area 11 anteriorly, area 13 posteriorly and area 14 medially, but
aso includes the ventral parts of area 10 and area 47/12 38 39 (Fig. 1). Posterior to OFC lie
the more rostral areas of insular cortex. The OFC is positioned at the intersection of
multimodal sensory networks and circuits mediating emotion and memory. It has strong
connections with the limbic system, including the hypothalamus, amygdala, hippocampus,
nucleus accumbens and cingulate cortex 4442, and is unique within the frontal lobein
receiving information from all sensory modalities 4345, However, although OFC has
extensive sensory connections, it only weakly connects with the motor system #4. The
organization of intrinsic connections within OFC and neighboring medial prefrontal cortex
suggests the presence of two functional networks 46. One network consists of areasin
central OFC and the other network consists largely of areasin medial OFC and medial
frontal cortex (Fig. 2). Areas within a network are strongly interconnected and show few
connections with areas in the other network. A few areas are members of both networks,
most obvioudly areas 13a and 120, but to alesser extent also 13b and 14c.

Monkey and human OFC share similar organization (Fig. 1). However, studies of value-
based decision-making frequently concentrate on different regions of OFC in the two
species. Studies in monkeys usually focus on areas 11 and 13 located between the lateral and
medial orbital sulci 2326 33 whereas human studies tended to focus on the ventral part of
medial prefrontal cortex (vmPFC) 12-17. 47,48 |n early cytoarchitectonic studies, the
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homology between human and monkey vmPFC was not straightforward 3°. The maps
identified vmPFC as area 10 (Fig. 1) and it was noticeably bigger with more subdivisionsin
humans than monkeys. Thisimplied that there had been anatomical reorganization of
vmPFC in humans relative to other primates. However, older studies relied on the
anatomist’ s subjective opinion as to where one cytoarchitectonic area began and another
ended. Recent studies have used quantifiable image processing methods 4°. These methods
have supported the close parallels in the organization of OFC in humans and monkeys (Fig.
3), showing that vmPFC consists largely of area 14 in both species. Studies that have
compared patterns of connectivity across species using diffusion tensor imaging have also
supported the close similarity in monkey and human OFC organization °C. This does not
mean that there are not differences between monkey and human OFC. For example, the
spine density of prefrontal pyramidal neurons is about 70% greater in humans compared to
monkeys °1. Nevertheless, the homology of OFC areas in the two speciesis clear.

Connectivity studies suggest that rat OFC may have a similar organization to primates, with
two distinct networks: amedial network, comprising medial OFC and the medial wall of the
frontal cortex, and an orbital network, comprising more lateral OFC areas °2. In other
respects, the homology between rodents and primatesisless clear (Fig. 1). One example
relates to the presence or absence of Layer IV, which contains small granular neurons (Fig.
4). Within prefrontal cortex, there is a progressive posterior to anterior gradient that begins
with agranular cortex, lacking layer 1V, to dysgranular cortex with arudimentary layer 1V,
through to granular cortex that has awell-developed layer V. While al three stages are
evident in primates, rat OFC consists solely of agranular cortex (Fig. 1).

Having reviewed OFC anatomy, we are now in a position to examine whether species
differencesin OFC anatomy may or may not account for functional differences between
species. We will begin by examining discrepancies in studies examining decision-making in
humans and monkeys and then move on to examine how this work relates to rodents.

Discrepancies between studies in humans and monkeys

In humans, although some neuroimaging studies report activation of central OFC (areas 11
and 13) during value-based decision-making tasks 10: 11. 20 these tend to be the exception
rather than the rule. More common are activations of vmPFC (area 14) 12718 |n contrast,
neurophysiological studies in monkeys usually record from central OFC 23: 26: 33, Thisraises
the concern that neurophysiol ogists are perhaps recording from the wrong area and would
see many more value-related neurons if they focused on vmPFC. While thisis an obvious
possibility, my laboratory and that of Padoa-Schioppa (personal communication) have
recorded pilot data from vmPFC and seen few value-related responses, at least in
comparison to other OFC areas. The lack of published reports on value coding in vmPFC
does not mean that neurophysiol ogists have ignored this area, only that they have not seen
enough to motivate aformal report. Results from vmPFC seem to be lying in the
neurophysiologist’s ‘ bottom-drawer’.

Many reviews of decision-making ignore this discrepancy in anatomical localization and
discuss results from central OFC in monkeys and vmPFC in humans as though the two areas
constitute asingle functional unit 3 3653, Yet, as the above discussion of anatomy made
clear, central OFC in monkeys is homologous to central OFC in humans, and vmPFC in
monkeys is homologous to vmPFC in humans. Furthermore, rather than constituting a
functional unit, the two regions are parts of distinct networks (Fig. 2). Thus, we need to
explain why value-based decision-making appears to be localized in vmPFC in humans, but
central OFC in monkeys. One possible reason is that the tasks which activate vmPFC in
humans are not quite matched in terms of cognitive demands to the tasks used to probe OFC
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in monkeys. Indeed, when efforts are made to precisely match behavioral tasks across
species, there can be remarkable similarity in findings. Monkeys 22 (or rats >4) with OFC
lesions show impairments in updating the value of a stimulus when the value of its
associated outcome changes. In humans, this same process also activates central OFC rather
than vmPFC 19. 55, The fact that closely matched tasks involve similar OFC regionsiin both
speciesis further evidence that anatomical reorganization is unlikely to have occurred.
Instead it raises the possibility that vmPFC and central OFC may perform related but distinct
functions that are differentially taxed by the behavioral tasks used to test decision-making in
different species.

Early neuroimaging studies did indeed suggest functional differences between central OFC
and vmPFC. Positive outcomes, such as rewards, tended to activate vmPFC, while more
lateral regions of OFC, were associated with negative outcomes, such as punishment 6,
Subsequent studies have cast doubt on aspects of this putative functional organization. For
example, vmPFC also responds to monetary |osses as well as gains ®/, costs as well as
benefits 14, and the signal in this area correlates with the willingness of a subject to pay in
order to avoid eating unpleasant food 8. These findings suggest that the difference between
central OFC and vmPFC is more complex than a simple dichotomy based on valence.
Furthermore, neurophysiological studies examined the activity of single neuronsin OFC to
the delivery of rewards (drops of juice in the mouth) or punishments (air puffs to the face).
Many OFC neurons responded to positive or negative outcomes but there was no evidence
of anatomical organization, with neurons encoding different outcomes intermingled
throughout OFC 27, Therefore, functional distinctions between vmPFC and central OFC are
likely not based on valence alone.

Recent findings suggest an alternative medial-lateral organization. Central OFC neurons
tend to encode the value of outcomes associated with external stimuli while vmPFC neurons
encode the value of outcomes associated with internal states, such as the amount of reward
one expects for a self-initiated movement 5. Consistent with this idea, vmPFC neurons are
also more sensitive to the effects of satiation than central OFC neurons. Meanwhile
neuropsychological studies found that central OFC isimportant for updating 8 and
assigning 81 values to sensory stimuli, while vmPFC is necessary for choosing between
aternative outcomes 89 61 and extinguishing responding when reward is omitted 89, The
flavor of these resultsis similar. Central OFC is more concerned with assigning value to
external stimuli in the environment, while vmPFC is more concerned with values associated
with internal processes, such as might be involved when a monkey deliberates asto which is
the better of two alternatives or decides to give up responding. To some extent, this
distinction seems to map on to human neuroimaging results. Studies involving updating
stimulus-outcome associations activate more lateral regions of OFC 1955, whereas studies
focusing on evaluating and choosing between different options activate vmPFC 12-17, 47, 48,

Another possibility isthat vmPFC may be more important for processing the value of social
stimuli. Neuroimaging studies show that awide variety of socia rewards, including
cooperation 62, [ove 63 and trust 84, activate vmPFC. Furthermore, in male monkeys lesions
of area 32 6 (the area directly dorsal to area 14) disrupt behavioral responses to socially
relevant stimuli, such as other aggressive males or female genitalia 6. It is possible that
there could be an additional social component to human decision-making tasks that is not
present in monkey tasks, leading to greater activation of vmPFC and its adjacent regionsin
humans. In many of the tasks used in humans, subjects are trying to maximize the amount of
money they win, but the amounts of money are not usually large, and subjects’ motivations
might have more to do with impressing the experimenter than winning money per se.
However, it is difficult to apply this explanation to tasks that have explicitly tested
valuation, for instance, when a subject is simply indicating their preference among options
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and thereis no right or wrong answer 13.16. 47 Further studies are needed to directly test
these hypotheses by contrasting the function of vmPFC and central OFC across species.

Reconciling different measures of neural activity

A final consideration isthat differences in the methodologies used to study decision-making
in monkeys and humans might account for the differential focus on central OFC and
vmPFC. Neuroimaging data may be more sensitive to value signals in vmPFC than OFC.
Susceptibility artifacts arise in functional magnetic resonance imaging (fMRI) scans near
air-tissue boundaries and the nasal sinuses lie directly underneath OFC making it
particularly proneto these kinds of artifacts 7. Supporting this, other imaging methods that
are not prone to susceptibility artifacts, such as positron emission tomography, do show
activations of central OFC 68: 89, Presenting power mapsin fMRI studies, similar to those
that have recently been used for neuropsychological studies , would help in assessing
whether negative resultsin OFC are genuine. Sensitivity could also be reduced at the group
level if OFC responses showed greater inter-individual variability than vmPFC responses.
Presentation of single-subject data would be helpful to determine whether this s the case 16.

A second possibility isthat different results could arise because fMRI and single-unit
neurophysiology are sensitive to different physiological parameters. The blood oxygen level
dependent (BOLD) response, measured by fMRI, correlates with the local field potential
(LFP) which measures the summation of somatodendritic potentials over 0.5-3 mm of tissue
rather than the action potentials of individual neurons 7C. This has sometimes been
interpreted to mean that the BOL D response reflects the inputs of an area, while single-unit
neurophysiology reflects the outputs, but the reality is more complex. For example, an
increase in activity in inhibitory interneurons can increase energy consumption and the

BOLD response 1, even though the functional consequence may be deactivation of the area.
In addition, neuromodulatory systems can affect large numbers of cells and potentialy
induce greater changesin the fMRI signal than changes in the spiking rate of asmall set of
function-specific neurons 72. Similarly, top-down feedback signals can induce a larger

BOLD response in sensory cortex than bottom-up signals related to the processing of the
stimulus 73 74, The interaction of these factors could considerably complicate the
interpretation of the fMRI signal in vmPFC.

Finally, the functional organization within an area may affect how difficult it isto detect
signalswith fMRI. Sensorimotor areas frequently show a topographic mapping of the
sensorimotor parameter space. In such cases, averaging across large populations of
neighboring neurons, as the BOLD response does, could still extract the parameter.
However, thereislittle evidence of such topography in OFC 27: 33, with neurons recorded on
the same electrode showing selectivity to very different decision parameters. Furthermore,
OFC neurons show a diametrically opposed encoding scheme: approximately half of value
encoding neurons increase their firing rate as value increases while half increase their firing
rate as val ue decreases 25-27: 5. 76, These two populations could potentially have opposing
effects on the BOLD signal, canceling one another out.

Given these problemsin comparing the results from neurophysiology and neuroimaging,
what can be done to reconcile the literatures? One possibility isto analyze the fMRI data
using more sophisticated methods, such as multivariate decoding techniques 77: 78, However,
studies that have applied this approach to reward processing have broadly reached the same
conclusion as univariate methods. Significant reward information could be decoded from
vmPFC rather than areas 11 and 13 17. Thus, it remains an open question as to whether these
methods will prove more sensitive than univariate methods at quantifying value information
in OFC. A second possihility isfor neurophysiologists to analyze LFPs, particularly in
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vmPFC, since LFPs may better correlate with the fMRI response. LFPsin rat OFC do
contain decision related information such as the magnitude 7° and probability 80 of expected
rewards. In addition, there is evidence that the LFP may be one mechanism by which
functional ensembles of neurons can be coordinated and communicate with one another 81,
For example, in an odor discrimination task, spikes from movement-related OFC neurons
phase-locked to the gamma band of the L FP while spikes from odor-related OFC neurons
phase-locked to the theta band 82, The LFP may play acrucial rolein coordinating
functional ensembles of OFC neurons responsible for implementing distinct cognitive
processes that may underlie decision-making.

Discrepancies between studies in monkeys and rats

The results from studies investigating rodent OFC are broadly similar to those from studies
of primates: damage impairs the ability to learn stimulus values 83 and make adaptive
decisions 84 and neurons encode decision-related information 29: 3234, 79,80 However, there
are some discrepancies that have prompted speculation that OFC is not directly comparable
between rodents and primates 27- 85,

A notable feature of OFC neurons in monkeysis that, although they encode the value of
expected outcomes, they often do not encode anything about the motor response necessary
to obtain the outcome 23-26. 33  |n contrast, rodent OFC neurons show coding of responses
leading to outcomes 8% 86, However, there are clear differencesin the way rats and monkeys
are tested. With rats, different outcomes are typically associated with different responses
(e.g. go l€&ft or go right in at-maze), whereas with monkeys, the different outcomes are
typically associated with different stimuli and the response simply serves to indicate which
stimulus the monkey wishesto choose. Indeed, when monkeys are trained on atask where
outcomes are associated with different responses rather than stimuli, OFC neurons do
encode response information 87 athough, unlike the rat, this information is encoded at the
time of feedback rather than at the time of making the response.

Another potentia difference between rats and monkeys relates to what information OFC
encodes about the outcome. Neurophysiological studiesin monkeys consistently report that,
while some OFC neurons encode specific information about an outcome 26 88 many
neurons integrate outcome information to derive an abstract value signal 26:27: 33, Thus, the
firing rate of many OFC neuronsis a function of multiple decision parameters (e.g. a
reward' s taste as well as its magnitude 26) that can be used to predict the animal’s choice
behavior. In contrast, in rats, OFC neurons do not appear to integrate such information 32,
Furthermore, lesion results suggest that rat OFC isimportant for encoding specific
information about the outcome rather than its general affective value 8. However, it isagain
possible that differencesin testing procedures between rats and monkeys could be
responsible for this apparent functiona difference. Rat neurophysiological studies have
typically manipulated a single decision variable at atime 32 79 80, for example, testing the
effects of reward magnitude and delay costs in separate blocks of trials 32, This could reduce
the likelihood of seeing neuronal responses that integrate across parameters. Future rodent
neurophysiology studies could clarify this by using paradigms that require the simultaneous
consideration of multiple decision parameters.

Finally, it isworth noting that not all areas of rat and monkey OFC have been studied to an
equal degree. Neurophysiological studies in primates typically focus on anterior rather than
posterior OFC, while studiesin rats typically focus on lateral OFC rather than medial OFC.
Furthermore, these studies rarely acknowledge that the data has been collected from a
restricted part of OFC. Thus, before concluding that there are functional differences between
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rat and monkey OFC, it isimportant to ensure that the data giving rise to the putative
functional difference has been collected from homologous areasin the two species.

Conclusion

Despite the broad agreement that OFC is critical for value-based decision-making, there are
discrepancies in the literature between different species and methodologies. In this review, |
have contrasted findings from humans, monkeys and rats. The similarity of OFC anatomy in
monkeys and humans makesit unlikely that anatomical differenceswill account for
differences in findings between the two species. In addition, although recent studies have
highlighted the functional heterogeneity of OFC, it is difficult to see how these results could
account for species differences. The most likely explanation resides in the techniques used
to assess OFC function and the difficulty of trandlating between methodologies. Most
notably, the correspondence between findings from neuroimaging and neurophysiology
currently remains murky. Regarding rats, although there are marked differencesin OFC
anatomy relative to primates, there are also marked differencesin testing procedures. Until
those differences in testing procedures are controlled for, it is perhaps premature to conclude
that rat and primate OFC are functionally different.

Although this review has focused on cross-species differences, it is worth emphasizing that
substantial homologies do exist between the OFC of different species. Indeed, within the
frontal cortex, OFC exhibits some of the clearest homologies. Thisis of great benefit for
those of usinterested in understanding OFC mechanisms, since each species opens up
opportunities unavailable in others. Although our ultimate goal isto understand human
OFC, monkey neurophysiology affords better spatial and temporal resolution than the
imaging techniques currently available to study humans, while the rat affords an array of
molecular tools that will allow for precise manipulation of OFC mechanisms. However, in
order to capitalize on these methods, it is important to keep in mind the limitations of each
method and be precise in comparing results across species. For example, given the anatomy,
we ought not to be treating vmPFC in humans and central OFC in monkeys as homol ogous.
There are also a number of experimental directions currently available that would help build
bridges between different methods and potentially reconcile some discrepanciesin the
literature. For instance, if LFP datais reported in addition to single neuron data, we may be
able to better link neurophysiological and neuroimaging results. Studies aimed at
understanding functional differences between primate posterior and anterior OFC might
provide insight into the relationship between primate and rodent OFC. Building these
bridges will enable usto better benefit from a multipronged approach to understanding OFC
function and increase our chances of seeing as much progress in the next decade as we have
inthe last.
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Figure 1.

Architectonic maps of the medial (top) and orbital (bottom) surfaces of the frontal lobein A)
humans 89 and B) monkeys 3°. C) Medial (top) and lateral (bottom) frontal cortex in rats %,
Agranular cortex lacks layer 1. Dysgranular cortex contains a rudimentary layer 1V.
Granular cortex has awell-developed layer 1V. Layer 1V neurons are described as granular
because their cell bodies are small and round and changes in this layer are clearly visible as
one transitions from agranular to granular cortex. Abbreviations: AON, anterior olfactory
nucleus; Fr2, second frontal area; I, insula; LO, lateral orbital area; M1, primary motor area;
Par, parietal cortex; Pir, Piriform cortex; AC, anterior cingulate area; cc, corpus callosum;
IL, infralimbic cortex; MO, medial orbital area; PL, prelimbic cortex; VO, ventral orbital
areg; |, lateral; m, media; o, orbital; r, rostral; c, caudal; i, inferior; p, posterior; s, sulca; v,
ventral. Numbers indicate cortical fields, except that after certain areas, such as Fr2 and
AC1, they indicate subdivisions of cortical fields. ahas two meanings: in g, it means
agranular; in 13a, it distinguishes that area from area 13b. Figures reproduced with
permission 91,
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medial network
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Figure 2.
The medial (top) and orbital (bottom) surfaces of the macaque frontal lobe, color-coded

according to the areas with which they interconnect 46. Areasin pink connect strongly with
pink and purple areas, but weakly or not at all with blue areas. Areasin blue connect
strongly with blue and purple areas, but weakly or not at all with pink areas. Abbreviations
asin Figure 1.
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Figure 3.

a) Architectonic parcellation of the human and macague monkey orbital and ventromedial
surface 9. b) Mean density of layer 1V and layer Va between comparable architectonic areas
in the monkey (dark blue) and the human (light blue) brains. Error bars indicate standard
deviation. Figures reproduced with permission 9.
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Photomicrographs of cortical architecture in dysgranular and granular regions of OFC.

Cortical layers are identified by Roman numerals. Layer IV consists of granule cells,
neurons with small, round cell bodies. Figures reproduced with permission 92,
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