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This paper introduces an emerging interdisciplinary research field, namely neuroeconomics, which
uses the neuroscientific methods to investigate the neural systems supporting economically relevant
behaviors. Traditional economic research is restricted to the level of describing decision behaviors,
leaving the cognitive mechanisms behind them unknown. It also fails to predict many decision behav-
iors in real life. The combination of neuroscience and economics makes it possible to uncover the
underlying mental and neural processes of economic decision making. This paper reviews the findings
from the neuroeconomic literature on encoding of utility in the brain, showing that neuroeconomic re-
search can test the validity of economic concepts and theories and provide new explanations to eco-
nomic phenomenon. It discusses the important role the emotion plays in economic decision making
and the associated neural evidence, suggesting the possibility of understanding the impact of emotion
upon decision making by measuring the neural activity of emotion-related brain regions. This paper
also summarizes neuroscientific studies on cooperation and trust in monetary games, pointing out that
the trend of neuroeconomic research is to model the real life decision making in the laboratory with
solid ecological validity. Neuroeconomics provides not only neuroscientific evidence for economic
theories, such as the prospect theory, the regret theory and the game theory, but also foundations for
more comprehensive and powerful economic models.

neuroeconomics, neuroimaging, economic behavior, utility, regret, cooperation

Why do we gamble on lottery in which the chance of
winning is slim? Why cannot we resist the temptation of
immediate satisfaction and fail on long-term finance
plans? Why do we like to punish others at the expense of
self interest? From the perspective of traditional eco-
nomics, these are all “irrational behaviors”, contradict-
ing the predictions of traditional economic models. Such
discrepancies between the economic behaviors in real
life and predictions of economic models make the limi-

tation of traditional economic research methods apparent.

Due to the complexity of human mind, economists tradi-
tionally treat the brain as a “black box” that cannot be
opened or fully understood. They believe that economic
research should focus on the observable external behav-
iors. By measuring input and output information, eco-
nomics has gained great achievements, including devel-
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opment of economic models. However, this approach
leads to an obvious problem: the theoretically predicted
behaviors sometimes deviate from the real behaviors in
humans.

Recently, thanks to the development of neuroscience,
it is possible to measure the brain activity in normal
people using brain imaging technologies. With advanced
neuroscience methods, it is now the time to open the
“black box” by exploring the neural and psychological
mechanisms underlying economic behaviors. Neu-
roeconomics, an interdisciplinary research approach,
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aims to analyze economically relevant brain processes
using neuroscience methods like single-cell measure-
ment, brain damaged individuals studies, and functional
brain imaging. The most popular methods used in neu-
roeconomics studies is functional imaging, including
position emission computerized tomography (PET),
functional magnetic resonance imaging (fMRI), magne-
toencephalography (MEG), and electroencephalography
(EEG). The PET and fMRI relies on the assumption that
any mental activity increases demand for oxygen at ac-
tive regions in the brain, which is met by increased
blood flow to the region. The indirect measure of blood
flow thus reflects neural activity in a particular region.
The EEG and MEG, on the other hand, measure products
of brain activity, i.e., the electric (EEG) or magnetic
(MEQG) signals. The fMRI, offering high spatial resolu-
tions, and the event-related potential (ERP), offering
high temporal resolutions, are the two most popular
neuroscience techniques in cognitive neuroscience.
Although neuroeconomics as a field of study is rela-
tively new, it has made some interesting and important

. . . [1-10
contributions to economic theories! !

. This paper
summarizes the neuroeconomic research findings in
three areas: utility computation, the role of emotion in
decision making, and decision in social context. We
discuss how these findings can inform us about some
major economic theories such as the prospect theory, the
regret theory, and the game theory. We demonstrate that
neuroscience can help economics by generating concep-
tualization at the neural level and by providing method-
ologies for testing new as well as existing theories.
Some challenges for carrying out research in this field
are also discussed.

1 Major research topics

1.1 Utility computation in decision making

Utility is a key concept in economics. Economists as-
sume that people assign a utility for each option and
then make choices by comparing these utilities. How-
ever, since these options might involve a wide range of
rewarding stimuli, how our brain computes the utility for
these diverse stimuli remains unknown. Recent fMRI
studies suggest that different types of rewarding stimuli
consistently increase activity in a common set of neural
structures, including the orbitofrontal cortex (OFC),
amygdale, and nucleus accumben (NAc). Studies have

shown that primary rewards such as fruit juice and wa-
ter!' %] appetitive smells""*'*!, and social rewards such
as attractive faces[15’16], romantic love[”’lg], aesthetic
paintings[w], humor?%2!! (22231 cultural objects
(sports cars)*, and cooperation and revenge (discussed
in detail later) would activate the same coterie of neural

structures. Commonly used rewards such as money also
[25-29

, music

activate these structures 1. This pattern of activation,
responding to these diverse stimuli, suggests that the
brain may process rewards along a single common
pathway. This network allows widely different rewards
to be directly compared for the purpose of choosing be-
tween possible courses of action***",

One important area where neuroeconomics can con-
tribute is in identifying neural substrates associated with
economic concepts and in understanding their psycho-
logical functions. Kahneman et al. distinguish between
“decision utility,” which refers to the weight of an out-
come in a decision, and “experience utility,” which re-
fers to its hedonic quality™®>?*]. Although decision utility
may be derived from predictions of the experience util-
ity of different options, anticipated, experienced, and
decision utilities often diverge in dramatic ways"". Yu
and Zhou™" found that the predictive monetary loss cue
elicited feedback related negativity (FRN) in brain po-
tentials of smaller magnitude compared with that elicited
by experienced loss, suggesting that expected outcomes
and experienced outcomes are processed differently in
the brain. Knutson et al.®*! observed that anticipation of
reward activated foci in the ventral striatum, and reward
outcomes activated foci in the ventromedial frontal cor-
tex. In another study, Breiter et al.” visually presented
several gain and loss prospects and outcomes using dif-
ferent roulette wheel “spinners”. With fMRI, these au-
thors found that responses to prospects and outcomes
were generally, but not always, seen in the same regions.
Using a gambling task in which the gamble would not
be resolved immediately, Tom et al. further show that
potential losses (decision utility) are represented by de-
creasing activity in gain-responsive regions rather than
by increasing activity in regions associated with ex-
pected and experienced negative outcomes™”). These
studies reinforce the importance of distinguishing
among different utilities in economic theories of choice.

Neuroeconomic studies also support previously dis-
covered economic rules concerning utility computation.
The expected utility theory proposes that the expected
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utility of a choice is the sum of probability-weighted
utilities for each possible outcome®®. Neuroscience
methods now offer researchers an opportunity to identify
neural substrates that support the computation of these
financial parameters and then to predict financial
choices from brain activation. Preuschoff et al.*” re-
ported that during reward anticipation, initial activation
in ventral striatum and other subcortical dopaminocep-
tive structures varied with expected reward, whereas
subsequent activation in ventral striatum varied with risk.
Activation correlating with expected reward and risk
were thus differentiated both spatially and temporally.
Knutson et al.” found that the subcortical nucleus ac-
cumbens (NAcc) was activated proportional to antici-
pated gain magnitude, whereas the cortical mesial pre-
frontal cortex (MPFC) was additionally activated ac-
cording to anticipated gain probability. More importantly,
Knutson et al.l*” provided evidence that specific pat-
terns of brain activation predict purchasing decisions.

A core idea of prospect theory is that utility is com-
puted by comparing the absolute value to some refer-
ence point“”. Both ERP and fMRI studies have found
neural evidence supporting this reference dependent
utility computation hypothesis. In an ERP study, Hol-
royd et al. found that the amplitude of the FRN, an ERP
component which is sensitive to the valence of outcomes,
is determined by the value of the eliciting outcome rela-
tive to the range of possible outcomes rather than by the
objective value of the outcome!*. In an fMRI study,
Nieuwenhuis et al.l**! observed that activity in a number
of reward-sensitive areas in the brain was highly sensi-
tive to the range of possible outcomes from which an
outcome was selected. Neural response within human
reward systems is also modulated by cumulative win-
nings or losses that participants experienced>***.

Another important phenomenon concerning utility
computation in economic decision is the time discount-
ing of utility. Time discounting refers to the fact that
people compute the utility at a future point according to
a unified discount rate. For example, if one prefers $100
now over $110 in a month, this indicates that one is dis-
counting the value of the offer by at least $10 for the
delay of a month. Economic models assume that people
discount future utility by a discount rate*”. McClure et
al.* used fMRI to examine the neural correlates of time
discounting while subjects made a series of choices be-
tween monetary reward options that varied by delay to
delivery. They found that the limbic system, known as

an emotion-related area, was preferentially activated by
decisions involving immediately available rewards. In
contrast, regions of the lateral prefrontal cortex and pos-
terior parietal cortex were engaged uniformly by in-
tertemporal choices irrespectively of delay. Importantly,
the relative engagement of the two systems was directly
associated with subjects’ choices, with greater relative
fronto-parietal activity when subjects chose longer term
options. This study suggests that the brain houses at least
two discounting mechanisms, one of which is sensitive
to the value of immediate rewards and another is more
sensitive to the value of future rewards.

1.2 The role of emotions in decision making

Emotions influence our decisions. However, since it is
not easy to measure emotions quantitatively, traditional
economic studies usually ignore such influence and
leave emotion outside the scope of decision making re-
search. Behavioral economics begins to pay attention to
the role that emotions play in decisions. The regret the-
ory proposes that decision-makers can predict the regret
they would experience when they realize that the chosen
outcome is disadvantageous compared with alternative
outcomes available if they choose alternative choices.
The regret theory also states that people would choose
options that would minimize future regret!*”**. Neu-
roeconomic studies on regret support these assumptions.
Camille et al.*”! tested the prediction that advantageous
choice behavior depends on the ability to anticipate and
hence minimize regret. In a gambling task, normal sub-
jects chose to minimize future regret and learned from
their emotional experience. Patients with orbitofrontal
cortical lesions, however, did not report regret or antici-
pate negative consequences of their choices. With a
similar gambling paradigm, Coricelli et al.’% used fMRI
to measure brain activity as subjects selected between
two bets. They found that increasing regret enhanced
activity in the medial orbitofrontal region, the anterior
cingulate cortex (ACC), and the hippocampus. Also,
subject became increasingly regret-aversive, a cumula-
tive effect reflected in enhanced activity within medial
orbitofrontal cortex and amygdale. Since the same neu-
ral substrates mediate direct experience of regret and its
anticipation, these results support the hypothesis that
people anticipate regret and choose to minimize the an-
ticipated regret. Regret is mediated by a cognitive proc-
ess known as counterfactual thinking. Counterfactually
thinking is the mechanism by which we compare “what
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is” with “what might have been”. Ursu et al.”"! showed
that counterfactual effects are manifested in the human
orbitofrontal cortex during expectation of outcomes.
Taken together, these studies suggest that the orbi-
tofrontal cortex has a fundamental role in mediating the
experience of regret. They also confirm that the ability
to experience and anticipate emotions is crucial to ad-
vantageous decision making"**.

Of course, emotions are not always beneficial to deci-
sions. Extreme emotions can lead to irrational behaviors
such as crime of passion. The influence of emotions on
decision making can be both positive and negative, de-
pending on the situation in which the decision is made.
Shiv et al.?***
subserving emotions lead to more advantageous deci-
sions. These investigators utilized a simple investment
task to examine the role of losses versus gains in indi-
viduals with substance use disorder (ISD)[53]. At the be-
ginning of the task, all subjects were endowed with $20
of play money. Subjects had to decide between two op-
tions: invest $1 or not to invest. If the subject decided

I found that dysfunction in neural systems

not to invest, he or she would keep the dollar, and the
task would advance to the next round. If the subject de-
cided to invest, he or she would hand over a dollar bill to
the experimenter. The subject would either lose the $1
that was invested or win $2.5 depending on the outcome
of the coin toss by the experimenter. Individuals with
substance use disorder were more likely to invest than
healthy subjects even when they faced the possibility of
a loss. Moreover, it appeared that these subjects re-
sponded differently to monetary feedback. Whereas
normal subjects were more likely to withdraw from se-
lecting a risky option, particularly after a loss, individu-
als with substance use disorder were minimally affected
by the outcomes of decisions made in previous rounds.
Another study also showed that patients with stable fo-
cal lesion in brain regions related to emotion also made
more advantageous decisions and ultimately earned
more money from their investments than normal par-
ticipants and control patients”®*!. These studies support
the hypothesis that emotions play a central role in deci-
sion making under risk and demonstrate that the failure
to process emotions can lead people to make more ad-
vantageous decisions when faced with the types of posi-
tive-expected-value gambles that most people routinely
shun®®),

The role of emotions is also highlighted in the fram-

ing effect. The framing effect refers to the phenomenon
that human choices are remarkably susceptible to the
manner in which options are presented®**"). This effect
represents a striking violation of standard economic ac-
counts of human rationality, although its psychological
and neural mechanisms are not well understood. Martino
et al.’® found that the framing effect was specifically
associated with amygdale activity, suggesting a key role
for the emotional system in mediating decision biases.
Importantly, orbital and medial prefrontal cortex activity
predicted a reduced susceptibility to the framing effect,
reflecting the role of cognitive control in modulating the
framing effect. Kahneman and Frederick"™"! interpreted
these results with a dual system framework, in which
different frames evoke distinct emotional responses that
different individuals can suppress to various degrees.
They emphasized that the ability to control emotions is
important to make optimal decisions in some circum-
stances. Lo and Repin™ found that less experienced
traders showed significant physiological reactions to
about half of the market events (e.g. trend reversals).
More experienced traders reacted much less to the same
events, suggesting that years of experience enabled these
traders to react less emotionally to dramatic events and
thus to work efficiently.

Moral decisions, the evaluation of actions of other
people or of our own actions made with respect to social
norms and values, are not the main topic in economics.
However, moral does play an important role in our daily
economic decisions. Psychological research on moral
decision making has long been dominated by cognitive
models that emphasize the role that reasoning and
“higher cognition” plays in the moral judgment’.
However, neuroscience studies on moral decisions em-
phasize the role that emotions play in making moral
judgment[w]. Greene et al.'® found that brain areas as-
sociated with emotional processing were much more
activated in moral-personal condition rather than
moral-impersonal and non-moral conditions. These au-
thors argued that moral dilemmas vary systematically in
the extent to which they engage emotional processing
and that these variations in emotional engagement in-
fluence moral judgment. Emotion might lead us to irra-
tional decisions such as not to push a stranger onto the
railway tracks to save five others. Further study has
shown that brain regions associated with abstract rea-
soning and cognitive control are recruited to resolve dif-
ficult personal moral dilemmas in which utilitarian val-
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ues require personal moral violations'®!. It has been
proposed that the controversy surrounding utilitarian
moral philosophy reflects an underlying tension between

competing subsystems in the brain: cognition and emo-
. [63,64]
tion .

1.3 Economic decisions in social context

Human always make decisions in social situations. We
care about others’ decisions and outcomes and learn
from others’ behaviors. The game theory proposes that
people make decisions based on the prediction of others’
possible actions and the associated outcomes. Neu-
roeconomic studies have found evidence to support this
view. Recently, a number of studies showed that deci-
sions in social context are closely related to theory of
mind, which is the ability to attribute various mental
states to self and others in order to explain and predict
behavior'®!. These studies implicated generally a net-
work of brain areas for theory of mind, including poste-
rior superior temporal sulcus, medial prefrontal regions,
[6667] Rilling et al.®®! ex-
amined whether playing interactive economic games
with social partners similarly engaged the putative the-
ory of mind neural network. They observed stronger
activations in these regions for human-human interac-

and temporo-parietal junction

tion than for human-computer interaction. Fukui et al.[”]
also found that the counterpart effect (human minus
computer) exclusively activated mentalizing related ar-
eas (medial frontal area and superior temporal sulcus).
Yu and Zhou!™ found that observing someone else los-
ing money in a gambling task elicits an FRN-like effect
in brain potentials, mirroring the brain responses to the
outcomes of one’s own performance. Importantly, the
observed outcomes are completely irrelevant to the sub-
jects’ own outcomes, suggesting that people care about
others’ outcomes even though these outcomes are not
related to their own interests. Other studies also showed
that it is not easy to resist the influence of the other’s
behavior and the outcome. Asch et al. showed that peo-
ple tend to conform to others'”""*. Using a similar para-
digm as Asch, Berns et al.”™® found in an fMRI study
that independent judgment was associated with in-
creased activation in amygdale, which was the marker of
the emotional load. The authors suggested that it is
painful to stand alone and stick to one’s belief.
Cooperation behaviors, especially those that happen
among strangers are common but still not well-under-
stood by economists. Take the ultimatum game for an

example. In this game, two players are given the oppor-
tunity to split a sum of money. One player is deemed the
proposer and the other, the responser. The proposer
makes an offer as to how this money should be split be-
tween the two. The responder can either accept or reject

this offer. If it is accepted, the money is split as proposed.

But if the responder rejects the offer, then neither player
receives anything. Under the standard game theory, the
proposer would offer smallest sum of money possible
and the responder would accept this offer. From a purely
economic point of view, a rejection of any money is “ir-
rational” because some money is better than none.
However, considerable behavioral research showed that
offers are typically around 50% of the total amount and
offers smaller than 20% of the total have about a 50%
chance of being rejected’*””. The neuroeconomics
studies of cooperation are now helping to shed light on
these interesting controversies in behavioral and game
theory. Decety et al.l’®! observed that cooperation was
associated with left medial orbitofrontal cortex in-
volvement, suggesting that cooperation is a socially re-
warding process. Rilling et al.””! used fMRI to scan
women as they played the iterated Prisoner’s Dilemma
Game, a famous game used by economists to model co-
operation. Mutual cooperation was found to be associ-
ated with consistent activation in brain areas that have
been linked with reward processing: nucleus accumbens,
the caudate nucleus, ventromedial frontal/orbitofrontal
cortex, and rostral anterior cingulated cortex. These au-
thors proposed that activation of this neural network
positively reinforces reciprocal altruism, thereby moti-
vating subjects to resist the temptation to selfishly ac-
cept but not to reciprocate favors. An fMRI study about
charitable donation revealed that the mesolimbic reward
system is engaged by donations in the same way as
when monetary rewards are obtained. The anterior sec-
tors of the prefrontal cortex are distinctively recruited
when altruistic choices prevail over selfish material in-
terests!’®]. Since cooperation is rewarding, there should
be a competition between this non-material reward and
the immediate material reward. Overall, these studies
consistently suggest that prosocial behaviors such as
cooperation, trust, and donation are rewarding in them-
selves.

Although individuals cooperate more often than the
game theory would predict, there is also a substantial
percentage of the population which do not trust and co-
operate. Given this heterogeneity, an important question
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for neuroeconomic study is to examine the neural dif-
ferences underlying the observed heterogeneity. McCabe
et al.” divided subjects into two groups based on their
behavior data in a standard two-person “trust and recip-
rocity” game: cooperators and non-cooperators. For co-
operators, they found that prefrontal regions are more
active when these subjects are playing with a human
than when they are playing with a computer. For
non-cooperators, however, there are no significant dif-
ferences in prefrontal activation between the computer
and human conditions. The authors argued that prefron-
tal regions are part of the neural architecture that allows
gratification delay in order to obtain larger rewards
through cooperation. Sanfey et al.*® scanned players as
they responded to fair and unfair proposals in the Ulti-
matum Game. Unfair offers differentially activated the
emotion (anterior insula) and cognition (dorsolateral
prefrontal cortex) related brain areas. Those with the
strongest activation of the anterior insula rejected a
higher proportion of the unfair offers. Because the ante-
rior insula is often implicated in negative emotional re-
sponses (more specifically in disgust) and the DLPFC is
often implicated in executive function and goal mainte-
nance, Sanfey et al.*” concluded that low offers in the
ultimatum game are rejected because of a sense of dis-
gust, while DLPFC activation may signal the importance
of acquiring money. The explanation for the fact that the
DLPFC is more strongly activated for unfair offers
compared with fair offers, however, is controversial.
Another plausible hypothesis states that the DLPFC is
involved in overriding selfish impulses and maintain and
to implement culture-dependent fairness goals. Knoch et
al.®" showed that disruption of the right, but not the left,
DLPFC by low-frequency rTMS substantially reduces
subjects’ willingness to reject their partners’ intention-
ally unfair offers in the Ultimatum game, which suggests
that subjects are less able to resist the economic tempta-
tion to accept these offers.

Reputation is an important factor that determines our
intention to cooperate. Singer et al.** asked subjects to
play sequential Prisoner’s Dilemma game and then
scanned subjects as they made gender judgments on
faces of people they had played against. The moral
status of partners had been introduced as fair or unfair
and the moral responsibility was introduced as either
intentional or non-intentional. They reported that faces
of the intentional cooperators activated insula, amygdale,
and ventral striatal areas. Since the striatum is an

all-purpose reward area, activation in that region means
that simply seeing the face of a person who has inten-
tionally cooperated with you is rewarding. The results
suggest that a good reputation may be neurally encoded
in a way similar to other rewarding stimuli. King-Casas
et al.™ used event-related hypoerscan-fMRI to monitor
homologous regions of two subjects’ brains simultane-
ously as they played the multi-round trust game. They
reported that reciprocity expressed by one player
strongly predicted future trust expressed by his partner
and the head of caudate nucleus responded more greatly
to benevolent reciprocity than to malevolent reciprocity.
The authors proposed that the caudate nucleus processes
information about the fairness of a social partner’s deci-
sion and the intention to repay with trust. Delgado et
al.®™ investigated whether prior social and moral infor-
mation about potential trading partners affects reward
learning. They found that activation of the caudate nu-
cleus differentiated between positive and negative feed-
back, but only for the “neutral” partner. Notably, it did
not do so for the “good” partner and did so only weakly
for the “bad” partner, suggesting that prior moral per-
ception can diminish reliance on feedback mechanisms
in the neural circuitry of trial-and-error reward learning.

Cooperation can also be influenced by physiological
factors. Recent studies also showed that hormones
played an important role in trust games. Zak et al.®!
examined whether oxytocin is associated with the re-
ceipt of a signal of trust that motivates individuals to be
trustworthy, that is, to reciprocate trust. In a canonical
trust game, one player can invest up to $10 which is tri-
pled. A second “trustee” player can keep or repay as
much of the tripled investment as they want. Zak and
colleagues™ found that oxytocin rose in the trustee if
the first player trusted her by investing a lot and higher
oxytocin levels were strongly associated with trustwor-
thy behaviors. Recently, Kosfeld et al.® analyzed the
effect of exogenously administered oxytocin on indi-
viduals’ decisions in a trust game. The study shows that
intranasal administration of oxytocin specifically caused
a substantial increase in trust behaviour but not reciproc-
ity behaviour and risk preference, suggesting an essen-
tial role for oxytocin as a biological basis of prosocial
approach behaviour.

Another type of cooperation is to punish those
non-cooperators. People sometimes voluntarily incur
costs to punish violations of social norms, known as al-
truistic punishment™®”). de Quervain et al.™ used PET to
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examine the neural basis of altruistic punishment of de-
fectors in an economic exchange. Subjects could punish
defection either symbolically (without reduction in pay-
off) or effectively (with reduction in payoff). They found
that both symbolical and effective punishment activated
the dorsal striatum and subjects with stronger activations
in this region were willing to incur greater costs in order
to punish. The authors argued that people derive satis-
faction from punishing norm violations and the activa-
tion in the dorsal striatum reflects the anticipated satis-
faction from punishing defectors. Recently, Singer et
al.®™ showed that the brain empathic responses are
modulated by the affective bond between individuals.
They engaged male and female subjects in an economic
game, in which two confederates played fairly or un-
fairly, and then measured brain activity with fMRI while
the same subjects observed the confederates receiving
painful stimuli. Both sexes exhibited empathy-related

activation in pain-related brain areas towards fair players.

However, these empathy-related responses were signifi-
cantly reduced in males when they observed an unfair
person receiving pain. Moreover, increased activation in
reward-related areas was correlated with an expressed
desire for revenge. The authors concluded that men em-
pathic responses are shaped by evaluation of other peo-
ple’s social behavior, such that they empathize with fair
opponents while favoring the physical punishment of
unfair opponents.

2 Conclusion

This article reviews three research fields in which the
neuroeconomic endeavor can make important contribu-
tions to economic theories. Neuroscientific methods of-
fer the promise of identifying neural substrates that
support the emotional and high level cognitive process.
Thereby neuroeconomics has the advantage of providing
direct tests of existing as well as new economic theories.
To facilitate the build up of more revealing models of
decision making, it should be taken into account the un-
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