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The representation of economic value in the
orbitofrontal cortex is invariant for changes of menu

Camillo Padoa-Schioppa & John A Assad

Economic choice entails assigning values to the available options and is impaired by lesions to the orbitofrontal cortex (OFC).
Recent results show that some neurons in the OFC encode the values that monkeys (Macaca mulatta) assign to different goods
when they choose between them. A broad and fundamental question is how this neuronal representation of value depends on the
behavioral context. Here we show that neuronal responses in the OFC are typically invariant for changes of menu. In other words,
the activity of a neuron in response to one particular good usually does not depend on what other goods are available at the same
time. Neurons in the OFC encode economic value, not relative preference. The fact that their responses are menu invariant
suggests that transitivity, a fundamental trait of economic choice, may be rooted in the activity of individual neurons.

Economic choice is the behavior observed when individuals make
choices solely on the basis of subjective preferences (for example, out of
a restaurant menu). Behavioral evidence suggests that economic choice
entails a two-stage mental process: values are initially assigned to the
available options and a decision is then made between these values' .
With respect to brain structures, lesion and imaging studies indicate
that neural processes underlying economic choice partly take place in
the OFCH. Indeed, lesions to the OFC impair choice behavior in various
domains, leading to such deficits as eating disorders®>™, erratic
choices®® and abnormal gambling'®!2. Imaging experiments in
healthy subjects show that the OFC activates when individuals make
choices'>!* and when they earn money'>!°. Single-cell recordings in
nonhuman primates link the OFC more specifically to the process of
value assignment. Neurons in the OFC often respond to the delivery of
one particular food or juice!’. However, their responses are also
modulated by the amount of juice'®!, the satiation state of the
animal?® and the time until juice delivery?!, all of which are consistent
with OFC neurons encoding the juice value.

In a recent study, we recorded the activity of individual neurons from
the OFC while monkeys engaged in economic choices??. In the experi-
ments, monkeys chose between two beverages offered in variable
amounts. Their choices provided an operational measure of the values
that the monkeys assigned to the two juices??. We found three types of
neuronal responses: offer value responses, which encoded the quantity
or value of one of the two offered juices, chosen value responses, which
encoded the value of the chosen juice independently of the juice type,
and taste responses, which were binary responses reflecting which one of
the two juices was chosen independently of the amount?? (see Discus-
sion). From a conceptual point of view, responses encoding the chosen
value are particularly interesting because they capture two defining traits
of value: that value is subjective and that value represents a common

unit for qualitatively different goods?? (a common currency®?). Neurons
in the OFC thus provide a neuronal representation of economic value.

A broad and fundamental question is whether and how this repre-
sentation of value varies depending on the behavioral context. From a
computational perspective, two seemingly opposite traits would seem
desirable. On the one hand, an effective representation of value should
be stable. For example, a person choosing between different brands of
pasta in a grocery store might first compare brands X and Y and choose
Y, and later compare brands Y and Z and choose Z; behaviorally, it is
desirable for that person to be consistent and also choose Z over X. Such
consistency is guaranteed if the neuronal activity representing the value
of one particular good (for example, X) does not depend on what other
goods are available at the same time (for example, Yor Z). On the other
hand, values can vary by many orders of magnitude. For example, the
same person can choose sometimes between different brands of pasta
(worth about $3), other times between different laptops (worth about
$3,000), and yet other times between different houses (worth $300,000
or more). To represent value efficiently in these very different situations,
aneuronal representation of value should somehow adapt to the general
choice context, in a way conceptually analogous to how the visual
system adapts to ambient light.

Different ways in which the behavioral context can vary may thus be
conceptualized as follows. On the one hand, the specific context can
change rapidly from one moment to the next, as when a person
compares different brands of pasta in a grocery store. We refer to
these changes as changes of ‘menu’. On the other hand, the general
context can change on a longer time scale, as when a person goes from a
grocery store to a meeting with the realtor. We refer to these changes as
changes of ‘condition’

A previous study showed that some neurons in the OFC respond
differently to the delivery of a given juice depending on the behavioral
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context?*, In this study, monkeys were given one of three types of juice
(labeled A, B and C, in decreasing order of preference) in fixed amount.
Trials were blocked, with only one pair of juices being employed in each
block. The study found OFC neurons that responded to juice A, but not
to juice B, in A:B blocks, and to juice B, but not to juice C, in B:C blocks.
It was proposed that these neurons might encode the relative preference
of the juices. Notably, the experimental design did not distinguish
between OFC responses adapting to the menu or to the condition.

In the present study, we re-examined the issue of context dependence
in the light of the distinction between menu and condition. In particular,
we examined whether the neuronal representation of value in the OFC
depends on the menu. To address this question, we recorded the activity
of individual OFC neurons while monkeys chose between three different
juices (labeled A, B and C, in decreasing order of preference). In each
trial, monkeys chose between two juices that were offered in variable
amounts. Notably, trials with the three juice pairs (A:B, B:C and C:A)
were randomly interleaved. Replicating our previous results?2, we found
that single-juice-pair responses encode three variables: offer value, chosen
value and taste. We also found that neuronal responses in the OFC are
typically invariant for changes of menu. For example, if a monkey
chooses between juices A, B and C offered pairwise, the activity of
neurons encoding the value of juice B does not depend on whether juice
B is offered against juice A or against juice C.

RESULTS

In each trial, monkeys chose between two competing offers (Fig. 1). For
any juice pair, the quantities of the two juices varied randomly. Trials
with the three juice pairs were randomly interleaved, and left/right
positions were counterbalanced for any given offer type.

Choice patterns and value transitivity

The experimental design and data analysis were based on the following
assumption. If a monkey is offered the choice between a quantity gx of
juice X and a quantity gy of juice Y, its choice only depends on the ratio
qy/qx. In the language of economic theory, this corresponds to the
assumption of ‘linear indifference curves’ In essence, this amounts to
assuming that the relationship between the juice quantity and the
assigned value (the ‘value function’) is the same for different juices (up
to a scaling factor). Several elements suggest that the assumption

Figure 1 Experimental design. (a) Trial structure. The offers were represented
by sets of colored squares on a computer monitor and monkeys indicated
their choice by making an eye movement. At the beginning of each trial, the
monkey fixated a spot (0.2° of visual angle) in the center of the monitor. Two
sets of squares appeared on opposite sides of the fixation point (7° to the left
and to the right of the fixation point; ‘offer’). Different colors indicated
different juice types and the number of squares indicated the juice amount.
For example, a monkey presented with three red squares and one blue
square chose between three drops of agua frescas Kool-Aid and one drop of
peppermint tea. After a randomly variable delay (1-2 s), two saccade targets
(0.2° of visual angle) appeared near the offers (‘go’ signal). The monkey
indicated its choice and maintained fixation on the saccade target for 0.75 s
before juice delivery (juice). The trial was aborted if the monkey broke
fixation before the ‘go’. Trials were separated by a 1.5-s intertrial interval, and
center fixation was imposed within 1°. (b) Recording region. We tentatively
identified the recording region as area 13m (see Methods).

was warranted in our experiments (see Supplementary Results and
Supplementary Fig. 1 online).

In one representative session (Fig. 2a), the monkey was offered grape
juice (A), fruit punch (B) and diluted apple juice (C). For any given
juice pair (A:B, B:C and C:A), the quantities of the two juices offered to
the monkey varied from trial to trial. We thus obtained three choice
patterns corresponding to the three juice pairs. We fit each choice
pattern with a sigmoid, from which we obtained an estimate for the
relative value of the two juices (see Methods). The relative value
corresponds to the indifference point (the ratio of quantities for
which the monkey would choose either juice with equal frequency).
V(x) indicates the value of x, and nx.y indicates the relative value of
juices X and Y, such that V(X) = nx.yV(Y). For the session illustrated
(Fig. 2a), the sigmoid fits provided the relative values V(A) = 1.3V(B),
V(B) = 3.0V(C) and V(A) = 4.0V(C). Notably, these values satisfy the
relationship 1.3 x 3 = 4. In other words, the monkey’s choices in this
session satisfied the condition of ‘value transitivity’.

Transitivity is a fundamental trait of economic choice behavior
Given three options, X, Yand Z, if an individual prefers X to Yand Y to
Z, she ought to prefer X to Z (preference transitivity). Analogously, if
an individual is indifferent between X and Y and between Y and Z, she
ought to be indifferent between X and Z (indifference transitivity). The
importance of transitivity for economic theory cannot be overstated.
For example, economic value cannot be defined unless choices satisfy
transitivity>>2. Monkeys’ choices in our experiments generally satisfied
two conditions (Fig. 2). First, monkeys generally had strict economic
preferences (that is, for offer types away from the indifference point,
data points were close to 0% or 100%). Second, monkeys” preferences
generally satisfied transitivity. Indeed, in 121 out of 124 (98%) sessions,
monkeys preferred 1A to 1B, 1B to 1C and 1A to 1C. Furthermore,
choice patterns usually were strictly increasing. In other words, for any
n and m such that n > m, if the monkey preferred 1A to nB, it also
preferred 1A to mB. This implies preference transitivity, because for
n > m, monkeys generally prefer #nB to mB.

Under the assumption of linear indifference curves, indifference
transitivity is satisfied if the following relationship holds statistically
true: npp X npc = hac. We refer to this condition as ‘value
transitivity. As noted above, in the session illustrated (Fig. 2a),
monkeys” choices satisfied value transitivity (because 1.3 x 3 = 4).
Monkeys’ choices in our experiments satisfied value transitivity in
general. We plotted the product n5.5 X np.c versus ny.c for each of the
124 sessions in our dataset (Fig. 2b). Consistent with value transitivity,
data in the scatter plot lie close to the identity diagonal. Even using a
liberal criterion to identify transitivity violations (z test,
P < 0.1; see Methods), measured relative values satisfied value
transitivity in 122 out of 124 sessions (98%). Using a slightly less
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Figure 2 Analysis of choice patterns. (a) One session. The three panels refer to the three juice pairs (A:B, B:C and C:A). In the first panel, the x axis represents
the offer type, and different offer types are ordered by the ratio gg/ga (log scale), where ga and gg are the quantities of juices A and B offered to the monkey.

The y axis represents the percentage of trials in which the monkey chose juice B.

Analogously, in the second and third panel, the y axis represents the

percentage of trials the monkey chose, respectively, juice C and juice A. In the three panels, black dots are data points, blue continuous lines are fitted
sigmoids and red dashed lines are the underlying normal distributions. For each fitted sigmoid, the mean and s.d. of the normal distribution provided an
estimate and error of measure for the log relative value (see Methods). The three relative values (top left in each panel) were each computed from the
corresponding sigmoid. (b) All sessions. In the scatter plot, the x axis represents the product na.g x ng.c, the y axis represents na.c, and each data point
represents one session. All 124 sessions in our data set are shown. For each session, gray error bars represent the errors of measure (s.d.). The diagonal
dashed line corresponds to na.c = na.g x ng.c. Relative values measured in any given session satisfy transitivity unless they are significantly removed from

this line (see text).

liberal criterion (z test, P < 0.05), measured relative values satisfied
value transitivity in all 124 sessions.

In summary, monkeys in our experiments assigned to different juices
values that satisfied transitivity. One important implication of value
transitivity is that we could measure quantities of the three juices on a
common value scale (for example, in units of V(C), see Methods).

Neuronal database and single-juice-pair responses

We analyzed the activity of 557 OFC neurons recorded while two
monkeys engaged in this task. Cell activity generally did not depend on
either the spatial configuration of visual stimuli or the direction of the
eye movement (replicating our previous results®?); we thus collapsed
data across these dimensions. We analyzed neuronal responses in seven
time windows: 0.5 s pre-offer (a control time window), 0.5 s post-offer,
late delay (0.5-1.0 s after the offer), 0.5 s pre-go, reaction time (from
‘g0’ to saccade), 0.5 s pre-juice, and 0.5 s post-juice. Neuronal responses
recorded in different time windows likely differ for their functional
importance. However, the results of this study (in particular, menu
invariance) held similarly true in all time windows. In the following, we
describe the results pooling together neuronal responses from different
time windows. However, we also report the results broken down by
time window (see below).

In the analysis of neuronal activity, we first considered, for each cell,
the activity recorded with each juice pair separately. We defined a
response as the activity of one neuron in one time window. Pooling
time windows, we identified 1,660 responses that were significantly
modulated by the offer type (ANOVA, P < 0.001). We analyzed this
dataset using the same procedures employed in our previous study??,
and we defined 19 variables that OFC responses might potentially
encode (Supplementary Results). Each response was linearly regressed
separately on each variable, and we identified the variables that best
explained this population. The results obtained with this new dataset
closely replicated our previous findings??. Single-juice-pair OFC
responses encoded one of three variables: offer value, chosen value
and taste (Supplementary Results).

Classification is consistent across juice pairs

We next examined whether the neuronal representation of value in OFC
depends on the menu. We considered two possible types of menu
dependence: classification conflict and menu-dependent encoding. A
case of classification conflict would be that of a neuron encoding
different variables depending on the juice pair. For example, one cell
could encode offer value A when the monkey chooses between A and B,
and offer value B when the monkey chooses between B and C (this
putative cell would always encode the value of the preferred juice). A
case of menu-dependent encoding would be that of a neuron that always
encodes the same variable, but such that the linear relationship between
the cell activity and the variable depends on the particular juice pair. As
described below, our analyses argue against both of these hypotheses.

Table 1 Population summary

Offer value Chosen value Taste
1 Pre-offer 0 0 1
208 Post-offer 75 80 51
163 Late delay 43 47 60
103 Pre-go 35 32 29
71 Reaction time 18 27 17
239 Pre-juice 46 58 127
234 Post-juice 51 61 113
1,019 Total
351 At least one

Results obtained pooling trials with the three juice pairs. The first column indicates the
number of cells modulated by the offer type in each time window (ANOVA, P < 0.001).
Of the 557 cells in our data set, 351 (63%) passed the ANOVA criterion in at least one
time window. The three columns on the right indicate the number of responses classified
as encoding each of the three variables. Because OFC responses are typically menu
invariant, this classification is based on simple regressions of neuronal responses onto
different variables. A variable ‘explains’ a response if the slope of the regression differs
significantly from zero (P < 0.05); responses explained by more than one variable are
assigned to the variable with the highest R2. Responses that pass the ANOVA criterion,
but are not explained by any variable (48/1,019 = 5%, unclassified), do not appear in
the three columns on the right.
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We illustrate three cases of classification consistency (Fig. 3). The
first neuron (Fig. 3a) encodes offer value C, independently of whether
the monkey chooses between C and B or between C and A; the activity
of the neuron is low and not modulated when the monkey chooses
between A and B. A second neuron (Fig. 3b) encodes the chosen value
for each of the three juice pairs. Finally, a third neuron (Fig. 3c)
encodes taste B, independently of whether the monkey chooses juice B
over juice A or over juice C; the activity of the neuron is low and not
modulated when the monkey chooses between A and C. These
examples suggest that the variable encoded by individual OFC neurons
does not depend on the juice pair. Indeed, across a population of 760
relevant instances (cases in which at least one of the three single-juice-
pair responses passed the ANOVA criterion), classification conflicts
were significantly less frequent than would be expected by chance
(P < 107%, bootstrap analysis; Supplementary Results). A specific
analysis also showed that instances in which offer value or taste
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Figure 3 Responses of three OFC neurons. (a) Response encoding offer value C independently of the
juice pair. The three panels refer to trials A:B, B:C and C:A. In each panel, black symbols represent
the behavioral choice pattern (right y axes) and red symbols represent the neuronal activity + s.e.m.
(left y axes). Relative values (top left) are computed assuming transitivity (see Methods). (b) Response
encoding chosen value independently of the juice pair. Data are presented as in a. (c) Response
encoding taste B independently of the juice pair. Data are presented as in a. Here we separated trials

depending on the chosen juice.
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responses reflected the preference ranking as opposed to the
identity of the encoded juice were very rare (4 out of 760; Supple-
mentary Results).

Neuronal encoding is invariant for changes of menu

According to our definition, a neuronal response encodes one variable
if there is a linear relationship between the cell activity and that
variable??. If the coefficients of the linear relationship depend on the
juice pair, the encoding is menu dependent. Conversely, if the coeffi-
cients do not depend on the juice pair, the encoding is menu invariant.
This latter situation was typically observed in the OFC (Fig. 4). The
same three neuronal responses described above (Fig. 3) were plotted
against variables offer value C, chosen value and taste B, respectively
(Fig. 4). For each neuron, the encoding would be menu dependent if
the regression lines differed significantly from one another, either for
their intercepts or for their slopes. To the contrary, in each case the
regression lines are very similar to one another,
indicating that the encoding is menu invariant.
A formal statistical test required an analysis of
co-variance (ANCOVA). Pooling trials with
the three juice pairs, we restricted the analysis
to responses significantly modulated by the
trial type (P < 0.001, ANOVA). In total, 1,019
responses from different time windows satis-
fied this criterion (Table 1); the subsequent
analysis was restricted to this population.

We defined seven variables: offer value A,
offer value B, offer value C, chosen value, taste A,
taste B and taste C (see Methods). We then
analyzed each neuronal response with an
ANCOVA, using one of the seven variables as
the predictor and grouping data by the juice
pair. We computed the full linear model,
including the three factors [variable], [juice
pair] and [variable X juice pair] interaction,
and we obtained the R%. For each response, we
repeated this analysis separately with each of
the seven variables, and we identified the
variable encoded by the response as the one
8 that provided the highest R%. Focusing now on
< that particular variable, we established

whether each of the three factors [variable],

[juice pair] and [variable X juice pair] pro-
100% vided a significant contribution to the
P explained variance (P < 0.01). For example,
referring to the three regression lines in
Figure 4b, the factor [variable] would be
significant if a single regression line (not
shown) of all the data points had a nonzero
slope; the factor [juice pair] would be signifi-
cant if the three intercepts differed significantly
from one another; the interaction [variable x
juice pair] would be significant if the three
slopes differed significantly from one another.
In this case (Fig. 4b), the factor [variable] was
significant (P < 107'?), but the two other
factors were not (P > 0.25).

Results were consistent across the neuronal
population. Analyzing each of the 1,019
responses with the ANCOVA, we obtained a
total of 868 significant effects across the three
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Figure 4 Menu invariance. Each panel represents one response (one neuron) and different symbols and
colors refer to the three juice pairs (blue circles for A:B, black triangles for B:C and red diamonds for
C:A). (a) Same neuronal response as in Fig. 3a, combining data from the three juice pairs. The firing rate
is plotted against variable offer value C. Each symbol represents one trial type. The regression lines were

OFC neurons encode value in a menu invari-
ant way; however, OFC neurons adapt flexibly
to different behavioral conditions and thus
maintain high value sensitivity. Further work
is necessary to test this hypothesis.

obtained from a full-model ANCOVA; no regression line is plotted for A:B trials because the data points

are collapsed on the x axis (offer value C = 0). (b) Same neuronal response as in Fig. 3b plotted against
variable chosen value (expressed in units of UC)). (c) Same neuronal response as in Fig. 3¢ plotted
against variable taste B. All regression lines (a—c) were obtained from an ANCOVA.

Response types, menu invariance and
transitivity

factors. Of these, 767 (88%) were provided by the factor [variable]. In
contrast, factors [juice pair] and [variable x juice pair] rarely yielded
significant effects (respectively, 9% and 3%; Table 2). The measure of
explained variance corroborated this result, as the factor [variable]
typically accounted for most of the explained variance (Fig. 5).

Notably, menu invariance held true for all response types and in all
time windows (Table 3). For example, restricting the analysis to
responses encoding the offer value in the post-offer time window, 62
out of 71 (87%) significant effects were provided by the factor
[variable]. Similarly, restricting the analysis to responses encoding
offer value B or taste B, 86 out of 105 (82%) significant effects were
provided by the factor [variable]. In conclusion, neuronal responses in
the OFC were typically invariant for changes of menu.

DISCUSSION

In summary, by interleaving trials with different juice pairs, we
observed that monkeys assign to three beverages values that respect
transitivity. Replicating our previous results’?, we found that single-
juice-pair responses in the OFC encode three variables: offer value,
chosen value and taste. The main result of this study is that neuronal
responses in the OFC are invariant for changes of menu. In other
words, the activity of neurons encoding the value or taste of one
particular juice typically does not depend on what other juices are
available at the same time.

Neurons examined here do not encode or reflect the relative pre-
ference (that is, the ordinal ranking) of the offered juices. So how can
our results be reconciled with observations from a previous study?*
(see Introduction)? One possibility is that recordings in the previous
study?* were from a different brain region. Consistent with this
hypothesis, the percentage of task-related neurons in the population
(<10% in any time window) was small compared to our estimate
(>35% in post-offer, pre-juice and post-juice time windows; 63%
pooling time windows; Table 1). Another possibility is that observations
in the previous study?* critically depended on the fact that trials were
presented in blocks. In principle, a block design could affect neuronal
responses in multiple ways. For example, in the previous study?%,
A:B blocks could be considered high-value blocks, whereas B:C blocks
could be considered low-value blocks. Observations of the previous
study®* thus suggest that the activity of OFC neurons might adapt
to the behavioral condition (that is, to the general behavioral
context defined across many trials, see Introduction). In this view, the

So far we have described transitivity as a trait
of choice behavior and menu invariance as a
trait of neuronal responses in the OFC. In fact, transitivity and menu
invariance are intimately related concepts, both at the behavioral and
neuronal levels. At the behavioral level, human and animal economic
choices typically satisfy transitivity>®30-33, However, transitivity viola-
tions can sometimes be observed®** 7. When they occur, transitivity
violations are due to preferences that depend on the menu®®3%3°, In
other words, at the behavioral level, menu invariance implies transi-
tivity. An analogous implication holds true at the neuronal level;
a neuronal representation of value reflects transitivity if it is stable
and invariant for changes of menu (Supplementary Results and
Supplementary Fig. 2 online). In this light, we shall now discuss the
implications of menu invariance for different neuronal response types
in the OFC.

Taste responses are binary responses reflecting the chosen juice
independently of its amount. Because they do not encode value,
transitivity does not apply. Menu invariance indicates that taste
responses reflect the identity of the chosen juice as opposed to its
preference ranking. Notably, we label these as taste responses because
gustatory activity was previously reported in this area!”. However, we
use this label somewhat loosely. Indeed, as they appear before juice
delivery (ref. 22 and Table 1), taste responses are not purely sensory, at
least not in a traditional sense (they may also represent the expectation
of one particular juice). Furthermore, taste responses could in fact
encode a more complex impression such as flavor.

Chosen value responses were previously shown to encode the sub-
jective value that monkeys assign to the juice that they choose to
consume??, These responses encode value per se, as opposed to any
physical property of the juice. Chosen value responses thus embody two
defining properties of economic value: that value is subjective and that
value is a common unit for qualitatively different goods>**. Menu

Table 2 Analysis of menu-dependent encoding (ANCOVA), pooling
time windows

Offer value Chosen value Taste Total Percent
Variable 206 291 270 767 88
Juice pair 28 20 27 75 9
Interaction 6 13 7 26 3

Number and percentage of significant effects attributable, for each variable (columns), to
the three factors (rows).
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Figure 5 Explained variance. (a) ANCOVA. The plot shows the percentage of variance explained by the three factors [variable] (var), [juice pair] (pair) and
[variable x juice pair] (int), separately for the three response types. The percentage of explained variance is averaged across responses, pooling time
windows. (b) Linear fit. Because OFC responses were typically menu invariant, we estimated the variance explained by the encoded variable with a simple
linear regression. The histogram shows the number of corresponding responses for different R2, separately for the three response types. The medians of the

three distributions were 0.42, 0.44 and 0.46, respectively.

invariance implies that chosen value responses also embody the other
defining trait of economic value: transitivity. One open question is
whether and how chosen value responses contribute to the choice process.

Offer value responses are interpreted more tentatively, since in this
case we cannot distinguish juice value from juice quantity (or from
other variables proportional to the juice quantity). We label them offer
value responses because lesions to the OFC lead specifically to
choice deficits>!> and because other responses in this area (namely,
chosen value responses) encode value as opposed to quantity. However,
more work is necessary to establish whether offer value responses
encode value or quantity. If offer value responses encode the juice
quantity, menu invariance implies that these responses reflect the
identity as opposed to the preference ranking of the encoded juice.
Conversely, if offer value responses encode the juice value, menu
invariance implies that these responses reflect transitivity. In this
respect, it is worth noting that neurons encoding the offer value (in
particular, shortly after the offer) could naturally contribute to the
choice process, and that menu invariance holds true in all time
windows, including the post-offer time window. One intriguing
possibility is that preference transitivity may be rooted in neuronal
menu invariance.

The proposal that OFC value-encoding responses (that is, definitely
chosen value responses and possibly offer value responses) reflect
transitivity is limited in at least three important ways. First, in some
circumstances, behavioral preferences depend on the menu and thus
violate transitivity’*°. In such cases, OFC responses might also
depend on the menu. Second, while invariant for changes of menu,
OFC responses might vary depending on the behavioral condition, as
defined above. Although this hypothetical adaptability does not imply
transitivity violations per se, whether and how value-encoding
responses in OFC reflect transitivity across behavioral conditions
remains to be established. Third, further work should verify whether
menu invariance holds true when choices involve different types of
goods and different sensory or motor modalities.

Menu invariance could suggest that neurons encoding offer value or
taste do not receive information about any juice other than the encoded
one. However, it is also possible that a given neuron may adaptively
respond to different juices in different behavioral conditions.

Relation with other brain systems
How is economic value computed, and how do value signals in the
OEFC affect various aspects of behavior? These fundamental questions

remain largely open. Current anatomical maps? divide the medial
and orbital prefrontal cortices in 22 distinct brain areas, organized
in two mostly segregated networks. In the orbital network (including
13m and the surrounding areas), anatomical input from all sensory
modalities converges with anatomical input from limbic areas
including the amygdala®*?. The orbital network thus seems well
placed to compute a quantity such as subjective value. However, this
computation may involve multiple brain areas. Future work should
thus examine other regions that are anatomically connected to the area
examined here.

Table 3 Analysis of menu-dependent encoding (ANCOVA), by time
window

Number of significant effects

Offer value Chosen value Taste
var pair int var pair int var  pair int
Post-offer 62 8 1 80 5 3 31 2 0
Late delay 38 6 2 37 4 0 32 8 0
Pre-go 15 4 0 33 2 2 12 5 0
Reaction time 8 4 2 25 2 1 8 2 1
Pre-juice 38 4 1 53 3 4 99 6 4
Post-juice 45 2 0 63 4 3 88 4 2
Percentage of significant effects
Offer value Chosen value Taste
var pair int var pair int var  pair int
Post-offer 87 11 1 91 6 3 94 6 0
Late delay 83 13 4 90 10 0 80 20 0
Pre-go 79 21 0 89 5 5 71 29 0
Reaction time 57 29 14 88 7 4 73 18 9
Pre-juice 88 9 2 88 5 7 91 6 4
Post-juice 96 4 0 90 6 4 94 4 2

Same results summarized in Table 2, broken down by time window. Top, numbers
correspond to the number of significant effects attributable to the three factors [variable]
(var), [juice pair] (pair) and [variable x juice pair] (int). Bottom, same data reported as
percentages (normalized by time window). Menu invariance is particularly clear in the
most salient time windows (post-offer, pre-juice and post-juice), where responses are
more frequent and modulation is higher.
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Apart from a possible role in economic choice behavior, value-encod-
ing responses in the OFC might inform various other brain systems,
including sensory, motor and viscero-motor systems. Through sensory
and motor systems, these value signals may contribute to attention and
action selection>*1#2, Through the viscero-motor system, these value
signals may contribute to the generation and control of emotional and
autonomic responses43’44. However, the lack of direct anatomic con-
nections indicates that, at least for motor and viscero-motor systems,
these putative modulations are indirect*40:43,

Notably, the representation of value in the OFC differs from that
found in the lateral intraparietal area (LIP)*1%%, In general, neurons in
the LIP activate when a visual stimulus is placed in their response field
and when the monkey plans the corresponding eye movement. LIP
responses are enhanced if the value associated with the stimulus or the
saccade is increased. Thus for neurons in the LIP, value modulates
responses that are sensory or motor in nature?. In contrast, neurons in
the OFC encode economic value per se, independently of visuomotor
contingencies?>*2, Another critical difference is that the value modula-
tion in the LIP depends on the menu; for any given LIP neuron, the
modulation is proportional to the value of the corresponding stimulus/
saccade divided by the value sum of all possible stimuli/saccades*, as if
reflecting a value weight. In contrast, the representation of value in the
OEFC is invariant for changes of menu.

Conclusions

The behavioral context in which economic choices are made can change
from moment to moment (changes of menu) or on a longer time scale
(changes of condition). By interleaving trials with different juice pairs,
we found that the representation of economic value in the OFC is
invariant for changes of menu; neuronal responses encoding the value
of one particular juice do not depend on what other juice is available at
the same time. Neurons in the OFC thus encode the economic value in a
cardinal (number-like) sense, and not the relative preference (the
ordinal ranking). Moreover, OFC value-encoding neurons reflect
transitivity. Whether and how the representation of value in the OFC
adapts to the behavioral condition remains an important question for
future work.

METHODS

Experimental design. One male (V, 9.5 kg) and one female (L, 6.3 kg) rhesus
monkey participated in the experiments. Subjects, experimental setup, surgical
procedures and recording procedures were the same as previously described??.
The NIH Guide for the Care and Use of Laboratory Animals and the guidelines
of the Harvard Medical School Standing Committee on Animals were strictly
followed throughout the experiments.

Under general anesthesia, we implanted a head-restraining device and a
recording chamber on the skull of the monkeys, and implanted a scleral eye
coil’’. We used large, oval, custom-made chambers (main axes 50 x 30 mm),
centered on stereotaxic coordinates (A30, L0), with the longer axis parallel to a
coronal plane. Following surgery, monkeys were given antibiotics (cefazolin,
20 mg per kg of body weight) and analgesics (buprenorphine, 0.005 mg per kg;
flunixin, 1 mg per kg) for 3 d. During the experiments, monkeys sat in a
monkey chair in a darkened room. The head was restrained and the eye
position was monitored continuously using a scleral eye-coil system*’
(Riverbend Instruments). A computer monitor was placed 57 cm in front of
the monkeys, and the behavioral task was controlled by custom-written software.

The trial structure is illustrated (Fig. 1). In each session, we pseudo-
randomly interleaved trials with the three juice pairs. For any given offer type,
the left and right positions were counterbalanced. Typically, 2—4 sessions, each
consisting of 300-600 trials, were run each day. Across sessions, we used a
variety of different juices, including high-sugar lemon Kool-Aid, grape juice,
fruit punch (pure or diluted two-thirds with water), apple juice (diluted one-
half with water), cranberry juice (diluted one-third with water), water,
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peppermint tea, tea, low-sugar agua frescas Kool-Aid, low-sugar tamarind
Kool-Aid and slightly salted water (0.60 g I"* or 0.65 g I"!). We used a total of
23 juice ‘triplets.

Juices were delivered through a three-line juice tube, with each juice line
being controlled by a separate solenoid valve. We routinely calibrated the
juice lines so that the valve-opening times corresponded to the desired multiple
of juice quantum. We used quanta of 80 pl and 65 pl for monkeys V
and L, respectively.

Neuronal recordings. Multi-electrode neuronal recordings were carried out in
the same region examined in our previous study??. In monkey V, recordings
were centered on stereotaxic coordinates A32.5 and L-9.0, and extended for
6 mm rostro-caudally and 5 mm medio-laterally. In monkey L, recordings were
centered on stereotaxic coordinates A33.5 and L8.5, and extended for 6 mm
rostro-caudally and 2 mm medio-laterally. Two structural MRI scans (1 mm
sections) were made for each animal, before and after implanting the head post
and recording chamber. For the second MRI, mineral oil-filled capillary tubes
were placed at known locations in the chamber to aid in localizing electrode
penetrations. We carried out two MRIs because the second MRI typically
has some degree of metal artifact from the titanium plates and screws used to
secure the chambers. Sulcal patterns from the two MRIs were superimposed to
get a clearer image of the underlying anatomy. On the basis of this image and
the patterns of gray and white matter encountered during penetrations, we
tentatively identified the recording region as centered on area 13m (ref. 4).

Tungsten electrodes (125 pum diameter, 5 £ 1 MQ initial impedance,
Frederick Haer & Co.) were advanced with custom-built motorized micro-
drives (0.5 um of depth resolution). Typically four electrodes were used each
day. Electrodes were usually advanced by pairs (one motor for two electrodes),
with the two electrodes being placed 1 mm apart. Electrical signals were
amplified, band-pass filtered and recorded at 20 kHz (Power 1401, Cambridge
Electronic Design). Action potentials were detected on-line by threshold
crossing, and waveforms were saved to disk for subsequent analysis. Spike
sorting was carried out off-line semi-manually (Spike 2, Cambridge Electronic
Design). We routinely used multiple algorithms, including template matching,
clustering on waveform measurements and principal component analysis. Only
neurons that appeared well isolated throughout the recording session and that
presented stable waveforms were included in the analysis.

Analysis of choice patterns. The method used to infer relative values is the
same as the one that we previously employed for choices between two goods??,
generalized to the case of three goods offered pairwise. The approach is similar,
but not identical, to a previous method*®. We generally refer to ‘relative’ values
because behavioral analyses allow measurement of quantities of different goods
on a common value scale defined up to a scaling factor. In other words, values
are always expressed in units of some arbitrarily designated good. Our measure
of relative value rests on the assumption of linear indifference curves: if a
monkey is repeatedly offered the choice between quantities g4 and gg of juices
A and B (offer ggB:qaA), the rate of B choices only depends on the ratio gg/qa
(Supplementary Results).

In the analysis, choice patterns recorded for each pair of juices (for example,
A:B) were expressed as a function of log(qp/qa), where gs and qp are the
quantities of juices A and B offered to the monkey, respectively. We then fit the
percentage of B choices with a normal sigmoid, which is a normal cumulative
distribution function of the form S(x) = [ _N(t, u, o) dt . We interpreted the
underlying Gaussian (which has a mean of u and a variance of ¢2) as a
probability distribution for the log relative value. We thus computed the
estimated relative value, 7 = exp(jt) (see Fig. 2a).

For each session, we thus obtained three probability distributions for the log
relative values u = log(n.p), v = log(np.c) and w = log(n1s.c). To test whether
values satisfy transitivity, we tested whether the identity u + v = w held
statistically true. Because u, v and w are all normally distributed variables,
transitivity violations can be identified with a z test. As illustrated (Fig. 2b),
relative values measured in our experiments rarely violated transitivity.

Because measured values satisfied transitivity, we were able to express
quantities of the three juices on a unique value scale. The estimated log relative
values 1, v and W were computed by imposing the conditions w = u + v,
OP/0u = 0 and OP/0v = 0 on the collective probability distribution P(u,v,w).
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The common value scale was defined up to a scaling factor, and we
conventionally expressed values in units of V(C). Except for the variable
selection analysis (for which we used the relative values inferred from
individual choice patterns), neuronal responses were always analyzed in relation
to this common value scale.

Analysis of neuronal data. The 557 neurons analyzed here are an entirely new
dataset (not previously published). Unless otherwise specified, the analysis was
identical to the one previously described??. Behavioral and neuronal data were
analyzed in Matlab (MathWorks). We divided trials into trial types on the basis
of the offer type and the choice. For example, a monkey facing the offer type
3B:1A could choose either 1A or 3B, corresponding to the two trial types
(3B:1A, 1A) and (3B:1A, 3B). In the analysis, we included only trial types with
two or more trials. The number of trials per trial type thus ranged between 2
and 144 and was typically less than 30 (mean = 22.8, median = 20). For each
trial type, we averaged the activity of each cell across trials separately in each
time window. A response was defined as the activity of one neuron in one time
window as a function of the trial type.

We previously showed that, for the limited quantity range explored in these
experiments, the relationship between juice value and value-encoding neuronal
responses is roughly linear?2. Our analyses were thus based on linear regres-
sions. The procedures and results for the variable selection analysis and for the
analysis of classification conflicts are detailed in the Supplementary Results.

For the analysis of menu-dependent encoding, we defined seven variables as
follows. In any given trial, offer value A, offer value B and offer value C were
proportional to the quantity of juice A, B and C offered, respectively. The
chosen value was always proportional to the value chosen by the monkeys, as
expressed in the common value scale. Finally, taste A was proportional to a
binary variable equal to 1 when monkeys chose and consumed juice A and
equal to 0 otherwise. Variables taste B and taste C were defined analogously for
juices B and C. Notably, the exact proportionality coefficients (the scale) were
irrelevant because the analyses were based on linear regressions.

Note: Supplementary information is available on the Nature Neuroscience website.
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