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O U T L I N E

    INTRODUCTION 

   Traditionally, the majority of experimental stud-
ies of decision-making have examined choices with 
clearly defined probabilities and outcomes, in which 
the decision-maker selects between options that have 
consequences for only themselves. The canonical set 
of decision tasks involves choices between monetary 
gambles – for example, participants might be asked 
whether they prefer a 50% chance of $25, or $10 for 
sure. Though the outcomes and likelihoods are often 
complex and uncertain, and sometimes ambiguous, 
these decisions are typically made in isolation. 

   However, in our daily life decisions are seldom 
made in these sterile situations, and indeed many of 
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our everyday decisions and choices are made in the 
context of a social interaction. We live, work, and play 
in highly complex social environments, and the deci-
sions we make are often additionally dependent on 
the concomitant decisions of others – for example, 
when we are deciding to extend an offer of employ-
ment or when we are entering a business negotiation. 
These decisions have the potential to offer a useful 
window into more complex forms of decision-making; 
decisions that approximate many of the more inter-
esting choices we make in real-life. These types of 
situation are, however, relatively understudied in the 
decision-making literature, and thus neuroeconomics 
has the potential to make important progress in better 
understanding this class of choices. 
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   The nature of decision-making may change funda-
mentally when the outcome of a decision is depend-
ent on the decisions of others. For example, the 
standard expected utility computation that underlies 
many of the existing theories and models of decision-
making is complicated by the fact that we must also 
attempt to infer the values and probabilities of our 
partner or opponent in attempting to reach the opti-
mal decision. 

   As part of the neuroeconomic approach, several 
groups of researchers have begun to investigate the 
psychological and neural correlates of simple social 
decisions using tasks derived from a branch of experi-
mental economics that focuses on game theory. These 
tasks, though simple, require sophisticated reasoning 
about the motivations of other players in the task. The 
combination of these tasks and modern neuroscien-
tific methods have the potential to greatly extend our 
knowledge of the brain mechanisms involved in social 
decision-making, as well as advancing the theoreti-
cal models of how we make decisions in a rich social 
environment. 

   This chapter examines the use of non-invasive 
imaging techniques in humans and invasive electro-
physiological techniques in monkeys for studying 
decision-making processes during game-theoretic 
tasks. At the onset, we wish to stress that these are 
complementary approaches. Each approach has 
its particular strengths and weaknesses, and each 
requires that tasks be modified and technological hur-
dles be surmounted so they are compatible with these 
brain-imaging techniques.  

    GAME THEORY 

   In a similar fashion to the framework provided by 
utility theory for studying individual decisions, game 
theory offers well-specified models for the investiga-
tion of social exchange. The most important devel-
opment in this field was the work of  von Neumann 
and Morgenstern (1947) , whose seminal publica-
tion established the foundations of the discipline. In 
essence, game theory is a collection of rigorous mod-
els attempting to understand and explain situations 
in which decision-makers must interact with one 
another, with these models applicable to such diverse 
scenarios as bidding in auctions, salary negotiations, 
and jury decisions, to name but a few. 

   More generally, a common criticism of economic 
models is that observed decision behavior typically 
deviates, often quite substantially, from the pre-
dictions of the standard model. This is true for the 
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predictions of utility theory for individual deci-
sions ( Kahneman  et al ., 1982 ), as well as game theory 
for social decisions. Classical game theory predicts 
that a group of rational, self-interested players will 
make decisions to reach outcomes, known as Nash 
Equilibria ( Nash, 1950 ), from which no player can 
increase her own payoff unilaterally. However, ample 
research has shown that players rarely play according 
to these strategies ( Camerer, 2003 ). In reality, decision-
makers are typically both less selfish and more willing 
to consider factors such as reciprocity and equity than 
the classical model predicts. 

   Nonetheless, the well-characterized tasks and formal 
modeling approach offered by game theory provides a 
useful foundation for the study of decisions in a social 
context. From an experimental standpoint, the mathe-
matical framework of game theory provides a common 
language in which findings from different research 
groups, and indeed research methodologies, can be 
compared, and deviations from model predictions 
quantified. These tasks produce a surprisingly varied 
and rich pattern of decision-making, while employ-
ing quite simple rules ( Figure 6.1    provides a useful 
summary of standard results; see also  Camerer, 2003 ). 
Importantly, behavioral and neurobiological studies of 
social decision-making are also proving instructive in 
understanding the nature of the discrepancies between 
model predictions and observed behavior. 

   One common focus of game theory is bargaining 
behavior, with the family of dictator and ultimatum 
games often used to examine responses to equality 
and inequality. In the dictator game (DG), one player 
(the proposer) decides how much of an endow-
ment to award to the second player (the responder). 
Allocations in this game measure pure altruism, in 
that the proposer sacrifices personal gain to share 
some amount of the endowment with the responder. 
The ultimatum game (UG) ( Guth  et al ., 1982 ) exam-
ines strategic thinking in the context of two-player 
bargaining. In the UG, the proposer and responder 
are also asked to divide a sum of money, with the 
proposer specifying how this sum should be divided 
between the two. In this case, though, the responder 
has the option of accepting or rejecting the offer. If 
the offer is accepted, the sum is divided as proposed. 
However, if it is rejected, neither player receives any-
thing. In either event the game is over; that is, there 
are no subsequent rounds in which to reach agree-
ment. If people are motivated purely by self-interest, 
the responder should accept any offer and, knowing 
this, the proposer will offer the smallest non-zero 
amount. However, this Nash Equilibrium prediction 
is at odds with observed behavior and, at least in most 
industrialized cultures, low offers of less than 20% of 
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 FIGURE 6.1          Outline of the structure of several standard game theoretic tasks. In the bargaining tasks (a, b, c), the initial endowment pro-
vided varies across studies, and the proposer/investor are free to offer any amount of this investment – sample amounts have been shown 
for illustrative purposes. These games are typically sequential, with the proposer/investor making an offer, and then the responder/trustee 
responding in turn. For the competitive games (d, e, f), the two players generally make simultaneous decisions, with the monetary payoffs also 
varying across studies, though they broadly correspond to the outcomes shown.              
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the total amount are rejected about half of the time. 
There are some interesting differences in more tra-
ditional cultures ( Henrich  et al ., 2005 ), but in general 
the probability of rejection increases substantially as 
offers decrease in magnitude. Thus, people’s choices 
in the UG do not conform to a model in which deci-
sions are driven purely by self-interest, and, as will be 
discussed below, neuroscience has begun to offer clues 
as to the mechanisms underlying these decisions. 

   In addition to bargaining, reciprocal exchange has 
been studied extensively in the laboratory, exempli-
fied by trust and closely-related prisoner’s dilemma 
games. In the trust game (TG), a player (the investor) 
must decide how much of an endowment to invest 
with a partner (the trustee) in the game. Prior to this 
investment being transferred to the trustee, the exper-
imenter multiplies this money by some factor (usu-
ally tripled or quadrupled), and then the trustee has 
the opportunity to return some or all of this increased 
amount back to the investor, but, importantly, need not 
return any money if she decides against it. If the trus-
tee honors trust, and returns money to the investor, 
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both players end up with a higher monetary payoff 
than was originally obtained. However, if the trustee 
abuses trust and keeps the entire amount, the investor 
ends up with a loss. As the investor and trustee inter-
act only once during the game, game theory predicts 
that a rational and selfish trustee will never honor the 
trust given by the investor. The investor, realizing this, 
should never place trust in the first place, and so will 
invest zero in the transaction. Despite these rather 
grim theoretical predictions, in most studies of the TG 
a majority of investors do in fact send some amount 
of their money to the trustee, with this trust typically 
reciprocated. 

   The well-studied prisoner’s dilemma game (PDG) 
is similar to the trust game, except that in the stand-
ard version both players now simultaneously choose 
whether or not to trust each other, without knowledge 
of their partner’s choice. In the PDG, the players each 
choose to either cooperate or not with their opponent, 
with their payoff dependent on the interaction of the 
two choices. The largest payoff to the player occurs 
when she defects and her partner cooperates, with 
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the worst outcome when the decisions are reversed 
(player cooperates while partner defects). Mutual 
cooperation yields a modest payoff to both players, 
while mutual defection provides a lesser amount to 
each. The Nash Equilibrium for the PDG is mutual 
defection, which, interestingly, is in fact a worse out-
come for both players than mutual cooperation, but 
again, in most iterations of the game players exhibit 
much more trust than expected, with mutual coopera-
tion occurring about 50% of the time. 

   Public goods games are a generalized form of the 
PDG, with each player able to invest a proportion 
of an endowment provided by the experimenter in 
a public good, which is then increased in value and 
shared back with all players. The self-interested solu-
tion here is to hold back on investment and hope that 
everyone else contributes the maximum amount, 
modeling situations such as environmental pollu-
tion or upkeep of a public park. However, as in PDG 
cases, players on average contribute about half of their 
endowment to the public good. 

   Finally, games that typically call for mixed strategy 
equilibrium solutions, such as matching pennies and 
the inspection game, offer insights into how we assess 
the preferences of others and choose accordingly. For 
example, in matching pennies, each player chooses 
between two alternatives (such as heads or tails). One 
player (the matcher) wins if the two choices are the 
same, and the other (the non-matcher) wins if they are 
not. The Nash Equilibrium is to select the two alter-
natives randomly with equal probabilities, but play-
ers typically approach this game by attempting to 
infer the strategy of our opponent, thus providing a 
window into how we use theory-of-mind processes to 
assist our strategic decision-making. 

   Of course, in many of the cases discussed here, 
such as fair offers in the UG, cooperation in PDG, and 
contribution in PG experiments, it is unclear whether 
the decisions emerge from strategic or altruistic moti-
vations. Do I offer you 50% of the pot in an ultimatum 
game because I value fairness, or because I fear you 
will reject anything less? Examining these games in a 
neural context can begin to offers clues as to the moti-
vations behind the decisions, and the combination of 
game theory and neuroscience therefore offers a use-
ful set of tasks, a rigorous mathematical modeling 
approach, and techniques to allow us to begin probing 
the underlying processes of social decision-making. 

   Recent research has combined these behavioral par-
adigms from experimental economics with a variety of 
methods from neuroscience in an effort to gain a more 
detailed picture of social decision-making. The ben-
efits of this approach are twofold. First, as described 
above, actual decision behavior in these tasks often 
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does not conform precisely to the predictions of clas-
sical game theory, and therefore more precise char-
acterizations of behavior, in terms of the neural and 
psychological process that underlie them, will be 
important in adapting these models to better fit how 
decisions are actually made. Secondly, neuroscience 
can provide important biological constraints on the 
processes involved, and indeed research is reveal-
ing that many of the processes thought to underlie 
this type of complex decision-making may overlap 
strongly with more fundamental brain processes such 
as reward, disgust, pain, etc. Knowledge of the  “ build-
ing blocks ”  of decision-making in games will greatly 
assist in constructing better models of this process.  

    GAMES IN NON-HUMAN PRIMATES 

   Although use of awake, behaving monkeys has 
been a mainstay of systems neuroscience research 
for over 40 years, their use in conjunction with game-
theoretic tasks is less than 5 years old. Though still 
in its infancy, this research has already produced 
significant insights into the hidden processes that 
occur within the so-called  “ black box ”  during social 
interactions. Here we outline the current state of this 
research, not only to illustrate how specific studies 
have advanced our understanding, but also to high-
light the promise (and limitations) of these neuro-
physiological techniques in providing future insights. 

    The Animal Model and Sensory-motor System 

   A suitable animal model is required to permit 
direct access to the neural substrate during game play. 
For a number of reasons, the rhesus monkey ( Macaca 
mulatta ) has been the primary animal model for 
studying higher-order decision processes. The gen-
eral organization of their nervous system is similar to 
that of humans, with this complexity allowing these 
non-human primates to learn relatively sophisticated 
behavioral tasks. Across a number of decision-making 
contexts, including that of mixed-strategy games on 
which we focus here, monkeys and humans display 
comparable strategies, suggesting that many of the 
underlying neural processes are shared. 

   For a number of practical reasons, decision-making 
research has focused primarily, but not exclusively 
( Kalaska  et al ., 2003 ;  Romo and Salinas, 2003 ), on the 
monkey visuosaccadic system ( Schall and Thompson, 
1999 ;  Glimcher, 2003 ). The visuosaccadic system is of 
critical importance because it allows us to efficiently 
extract visual information from our environment. 
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It achieves this by alternating between periods of 
fixation, when visual information is acquired by the 
retinas and processed in extra-striate visual areas, and 
ballistic eye movements known as saccades which 
align the high acuity foveae on targets of interest. 
Although not traditionally considered  “ choices, ”  sac-
cades are in fact the behavioral read-out of one of our 
most common decisions – that of choosing when and 
where to look. 

   The neural circuitry underlying visual processing 
and saccadic control is well understood, which pro-
vides a solid foundation for asking questions about 
the decision processes that link sensation to action. 
The simplicity of saccades aids in this understand-
ing; three pairs of antagonistic eye muscles move a 
relatively inertia-free globe in a stereotyped man-
ner. Attributing neuronal activity to the movement 
of other motor effectors is complicated by the com-
plex interactions that occur between multiple muscles 
across many joints, and the variable loads and dynam-
ics associated with these movements. Finally, the visu-
osaccadic neural circuitry is housed entirely within 
the cranium, thus providing the stability necessary for 
recording tiny neurons within an awake and moving 
preparation. 

   A critical feature of visuosaccadic neurons that 
must be understood in order to interpret neurophysi-
ological decision studies is that of the response field. 
Each visuosaccadic neuron is activated by a par-
ticular combination of sensory and motor attributes 
which together define the neuron’s response field. 
Populations of neurons with similar response fields 
are organized together into topographic maps of 
sensory and motor space. Sensory attributes include 
the spatial location of visual stimuli relative to the 
foveae, the speed and direction of motion, and color 
and shape. Motor attributes include the direction and 
amplitude of the saccadic vector and the timing of the 
response. Therefore, the sensory and motor attributes 
of each neuron are typically determined at the onset 
of an experiment so that decision tasks can be tailored 
to robustly activate the neuron under study. 

   Response fields are transformed in two ways that 
are relevant to the decision-making process. First, 
response-field properties evolve as we move from 
sensory- to motor-related brain regions; early on, 
response fields encode sensory properties largely irre-
spective of motor responses, and later on, response 
fields encode properties of the movements largely 
irrespective of incoming sensory attributes. This vis-
uomotor transformation has been well characterized 
by decades of neuroscience research. Second, response 
field activation is shaped by cognitive and economic 
factors even when immediate sensory and motor 
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attributes are fixed. These modulatory processes result 
from interactions with different regions of the visu-
osaccadic network and with brain regions that lack 
classical response fields, such as much of the frontal 
cortex and basal ganglia. A neuroeconomic approach 
promises to advance our understanding of how neu-
ronal response fields are transformed by such contex-
tual information.  

    Advantages and Disadvantages of a Systems 
Neurophysiology Approach 

   The advantages of the systems neurophysiology 
approach stem from the direct access to the neural 
substrate that it provides. Neuronal signals can be 
sampled with exquisite temporal ( � 1       ms) and spatial 
(individual neurons) resolution and, with nearly com-
parable precision, neuronal activity can also be artifi-
cially manipulated. 

   For those not familiar with the methodology asso-
ciated with neurophysiology in awake, behaving 
monkeys, we will outline it briefly. To gain access to 
the neural structures of interest, a surgical craniotomy 
is performed which involves drilling a hole in the 
skull while the monkey is under general anesthesia. 
A chamber with a removable cap is fixed over this 
craniotomy and cleaned daily under antiseptic con-
ditions. At the onset of each experiment, a fine metal 
electrode or needle pierces the membranes which 
cover the brain and, with high precision, is slowly 
lowered to the brain region of interest. These pro-
cedures are painless and cause little damage to neu-
ral tissue, because the brain lacks pain receptors and 
only very thin probes are used. These latter properties 
are critical, because to obtain accurate experimental 
results both the animal and brain must be in as natu-
ral a state as possible. 

   It is the action potentials, or electrical pulses origi-
nating in one neuron and propagating along extended 
processes to communicate with other neurons, that are 
recorded with microelectrodes during these monkey 
experiments (see        Figures 6.3 and 6.4 , later in this chap-
ter, for examples). Sampling the activity of individual 
neurons over many experimental sessions provides a 
statistical approximation of the role of a specific brain 
region in the decision process. For example, neuronal 
activity can be correlated to features of the sensory 
instructions, internal variables predicted by economic 
theory, aspects of the choice response, and the type 
of reinforcement. Because this neural activation can 
be measured with millisecond precision, it is the best 
means for understanding the moment-to-moment 
computations that underlie the decision process. 
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   Artificial manipulation of neuronal activity can pro-
vide causal evidence that a brain region is involved in 
the decision process, complementing the correlational 
evidence provided by neuronal recordings. One way 
to manipulate neuronal circuits is to inactivate a brain 
region. Inactivation can be either permanent, through 
surgical or chemical lesions, or temporary, through the 
injection of pharmacological agents or physical cool-
ing. Another way to artificially manipulate neuronal 
activity is through electrical micro-stimulation. Micro-
stimulation excites neuronal tissue, and its temporal 
precision, spatial extent, and intensity can be control-
led more precisely than with inactivation techniques. 

   A number of potential disadvantages exist in using 
non-human primates to infer the neural processes 
underlying human social interactions. To date, non-
human primates have only been trained to perform 
simple mixed-strategy games. Monkeys may not be a 
suitable animal model for more sophisticated games, 
such as UG and PDG, because they may lack key cog-
nitive abilities found in humans. Moreover, it may dif-
ficult to train animals on game-theoretic tasks without 
verbal instructions and using only operant condition-
ing techniques. Even if comparable choice strategies 
are used during game play, we must remember that 
this is a prerequisite, not proof, for the same neural 
mechanisms being shared in these two species. That 
being said, monkeys and humans have displayed 
remarkably similar strategies under the simple mixed-
strategy games studied to date ( Barraclough  et al ., 
2004 ;  Dorris and Glimcher, 2004 ;        Lee  et al ., 2004, 2005 ). 
Although it remains to be seen what the limits of this 
animal model will be, understanding the neural mech-
anisms underlying game play in monkeys is impor-
tant because these may be directly related to our own 
decision-making mechanisms; at the very least, they 
represent the core mechanisms upon which our more 
sophisticated decision processes rest.  

    Adapting Games for Non-human Primates 

   Neurophysiologists have initially focused their 
efforts on simple mixed-strategy games primarily 
because non-human primates can be trained relatively 
easily on these tasks. We will briefly describe some 
of these games and how they have been modified for 
the neurophysiology laboratory (see        Figures 6.3a and 
6.4a ). The reader is also referred to Chapter 31. 

   All tasks to date involve thirsty animals compet-
ing against dynamic computer opponents for liquid 
rewards. At the onset of each experiment, a microelec-
trode is manipulated to isolate the activity of a single 
neuron from background brain activity. Before game 
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play begins, the experimenter typically determines the 
neuron’s response-field properties, as described previ-
ously, and tailors the choice targets so that the neu-
ron under study is maximally activated. Each game 
trial begins with the animal fixating a central visual 
stimulus. The animal indicates its choice by directing 
a saccade to one of the peripheral targets upon their 
presentation. Whether the animal receives a liquid 
reward depends on both its own choice and that of the 
computer opponent. Although computer algorithms 
vary in their details across studies, all look for pat-
terns in the animal’s history of choices and rewards in 
an effort to predict and counter the animal’s upcom-
ing actions. 

   Monkeys have been trained to perform simple zero-
sum games such as  “ matching pennies ”  ( Barraclough 
 et al ., 2004 ;  Lee  et al ., 2004 ) and  “ Rock–Paper–
Scissors ” ( Lee  et al ., 2005 ) and non-zero-sum games 
such as the  “ inspection game ” ( Dorris and Glimcher, 
2004 ), in which the Nash Equilibrium solution var-
ies from block to block. Another successful means for 
studying adaptive decision-making in non-human 
primates uses  “ matching law tasks, ”  in which the 
allocation of responses is proportional to the relative 
reinforcement schedules associated with the available 
responses ( Sugrue  et al ., 2004 ;  Corrado  et al ., 2005 ;  Lau 
and Glimcher, 2005 ). Because matching law tasks do 
not involve interaction with a strategic opponent they 
are technically not games; however, we include them 
here because it is unclear whether monkeys can dis-
tinguish between these two classes of adaptive tasks. 
Chapter 30 of this volume describes neurophysiologi-
cal work employing matching tasks. 

   Below, we describe recent insights provided by neu-
rophysiological approaches in simple mixed-strategy 
games. These experiments examine activation across a 
wide range of the visuomotor network, including the 
parietal cortex, brainstem, and frontal cortex. Broadly 
speaking, these experiments examine how the desir-
ability of sensory stimuli is encoded, motor actions 
are selected and the consequences of these actions are 
evaluated, respectively, during mixed-strategy games 
( Figure 6.2   ). 

    Encoding the Desirability of Choice Stimuli in 
Parietal Cortex 

   First, we address how the representations of sen-
sory stimuli are influenced by the subjective desirabil-
ity of their associated actions. The lateral intraparietal 
area (area LIP) is a region of the parietal lobe impor-
tant for the decision-making process because it is 
situated at the end of visual processing stream, and 
its outputs impact regions of the brain involved in 

 p0290  p0290 

 p0300  p0300 

 s0070  s0070 

 p0310  p0310 

CH006.indd   68CH006.indd   68 5/5/2008   5:11:04 PM5/5/2008   5:11:04 PM



I. NEOCLASSICAL ECONOMIC APPROACHES TO THE BRAIN

69

GLIMCHER 978-0-12-374176-9 00006

planning and executing upcoming saccades ( Pare and 
Wurtz, 2001 ;  Bisley and Goldberg, 2003 ;  Grefkes and 
Fink, 2005 ). Previous work demonstrated that activity 
in this region may encode the saliency of visual targets 
in a manner that can be used to allocate attentional 
resources and/or to select between upcoming saccade 
goals ( Andersen, 1995 ;  Goldberg  et al ., 2006 ). A pio-
neering study conducted by  Platt and Glimcher (1999)  
demonstrated that important variables predicted by 
economic theory, such as the probability and magni-
tude of reward, impact the firing rates of LIP neurons 
and, in doing so, provided an alternative decision the-
ory framework for studying the role of brain regions 
in simple sensory-to-motor transformations. 

   Given that area LIP lies at the nexus between sen-
sory and motor processing and is influenced by 
economic variables,  Dorris and Glimcher (2004)  
hypothesized that it could play an important role in 
representing the desirability of potential choice targets 
under game conditions. Monkeys competed against a 
computer opponent during the mixed-strategy inspec-
tion game ( Figure 6.3a   ). The payoff matrix was experi-
mentally manipulated across blocks of trials so that 
the Nash Equilibrium solution for the monkey ranged 
from choosing the target in the center of the neuron’s 
response field 10% of the time to choosing it 90% of 
the time. If LIP encoded the probability of movement, 
its activation would vary across blocks of trials. If, 
however, LIP encoded the desirability of the target 
stimulus, its activation should remain relatively con-
stant. This latter interpretation is an extension of the 
Nash Equilibrium concept which suggests that the 
subjective desirability is, on average, equal between 
the available options during mixed-strategy games. 
LIP activity was indeed shaped by the subjective 
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desirability of choice stimuli; firing rates varied along 
with changing desirability under forced-choice condi-
tions ( Platt and Glimcher, 1999 ;  Dorris and Glimcher, 
2004 ) ( Figure 6.3b ) and remained constant throughout 
the behavioral equilibria established during mixed-
strategy conditions ( Dorris and Glimcher, 2004 ) 
( Figure 6.3c ). 

   Although the Nash Equilibrium concept posits that 
there is no incentive for an individual to change her 
overall strategy once at behavioral equilibrium ( Nash, 
1950 ), it is still possible that internal representations 
of desirability are biased towards particular options 
from trial to trial ( Harsanyi, 1974 ). The precise signals 
obtained from recording single neurons make this an 
ideal technique for examining any subtle fluctuations 
in desirability. To estimate desirability on a trial-by-
trial basis,  Dorris and Glimcher (2004)  optimized a 
simple reinforcement learning algorithm to the mon-
key’s pattern of behavioral choices using maximum 
likelihood methods. Briefly, the desirability of each 
target was incremented if reward was received for 
choosing the risky option, or decremented if reward 
was withheld for choosing the risky option. The only 
free parameter was the  “ learning rate ”  at which desir-
ability was updated based on this reward information. 
The iterative nature of this reinforcement learning 
algorithm resulted in an estimate of desirability 
derived from all the subject’s previous choices, with 
the most recent choices being weighted most heav-
ily. Indeed, trial-by-trial fluctuations in LIP activity 
co-varied with this trial-by-trial behavioral estimate 
of subjective desirability ( Dorris and Glimcher, 2004 ) 
( Figure 6.3d ). 

   Similar LIP recording experiments have also been 
conducted using a  “ matching-law ”  task ( Sugrue  et al ., 
2004 ). To estimate the subjective desirability of 
responses on each trial, these experimenters used 
a function that weighted local reward history in a 
manner that closely approximated the iterative algo-
rithms associated with reinforcement learning. They 
also found that LIP activation remained constant on 
average, and that a local estimate of reward rates was 
predictive of choices on a trial by trial basis (       Sugrue 
 et al ., 2004, 2005 ). At this early stage, the specific form 
and parameters of modeling efforts will surely be 
refined with further experimentation (see Chapters 
22, 24, 30, 31, and 32 for further advances in mod-
eling techniques). More generally, what these experi-
ments demonstrate is that the high fidelity neuronal 
signals afforded by recording single neurons allow 
for moment-to-moment correlations between neuro-
nal activity and behavioral responses, thus providing 
unprecedented insight into the neuronal mechanisms 
underlying stochastic choice.  
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Estimating the desirability
of sensory stimuli

(Lateral Intraparietal Area) 

Selecting/preparing
upcoming actions

(Superior Colliculus )

Evaluating the
consequences of actions

(Frontal Cortex)

 FIGURE 6.2          Schematic of important neural structures studied 
using mixed strategy games in non-human primates.    
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 FIGURE 6.3          Encoding the subjective desirability of visual targets in area LIP. (a) Visuosaccadic version of mixed-strategy inspection game. 
(b) The activity of a single LIP neuron during an instructed task. Initial visual responses where influenced by the desirability of the neuron’s 
preferred target are shaded gray. Black line      �      two-thirds of total reward associated with preferred target; gray line      �      one-third of total reward 
associated with preferred target. (c) Activity of same neuron during mixed-strategy inspection game. Despite changes in the probability of 
preferred responses, LIP activity remained relatively constant, which is consistent with an overall equivalency in desirability at mixed-strategy 
equilibria. (d) Trial-by-trial variability in activity during the visual epoch was significantly correlated to a behavioral estimate of desirability. 
Adapted from  Dorris and Glimcher (2004) .          
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    Evolving Response Selection in Midbrain 
Superior Colliculus 

   Although area LIP appears to represent the desir-
ability of visual stimuli, which is of critical impor-
tance for selecting upcoming saccades, it contributes 
little to the actual generation of saccadic movements 
themselves. This is evidenced by the large currents 
required to trigger saccades with micro-stimulation 
in area LIP, the poor correlations of LIP activity with 
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saccadic reaction times, the relatively mild effects on 
saccade generation resulting from its ablation, and 
the simple fact that LIP requires visual inputs for 
robust activation ( Goldberg  et al ., 2006 ). The midbrain 
superior colliculus (SC), by contrast, is intimately 
involved in saccade generation; saccades are evoked 
with micro-stimulation at low currents, activity pat-
terns are predictive of both when and where a saccade 
will occur, and, anatomically, it provides the main 
drive to the saccade burst generator in the brainstem 
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( Robinson, 1972 ;  Glimcher and Sparks, 1992 ;  Dorris 
 et al ., 1997 ;  Grantyn  et al ., 2004 ). This section examines 
how activity within the SC evolves to select one sac-
cade response over another during the mixed-strategy 
game  “ matching pennies ”  ( Figure 6.4a   ). 

   On each trial of matching pennies, both the mon-
key and the computer opponent selected one of the 
two available targets. The monkey received a liquid 
reward if it chose the same target as the computer, 
and nothing otherwise. Monkeys approach the match-
ing pennies Nash Equilibrium solution of choosing 
each of the two options stochastically and in equal 
proportions ( Lee  et al ., 2004 ). Although behavior is 
relatively unpredictable, examination of SC neuronal 
activity reveals that one saccade becomes increasingly 
selected over the other as the time of target presenta-
tion approaches ( Figure 6.4b ). Therefore, the degree 
to which neuronal activations segregate over time 
provides insight into the time course of response 
selection preceding strategic actions. 

   Direct perturbation of neural circuits has been 
used in decision tasks to provide functional evidence 
regarding the contribution of a brain region to choice 
behavior ( Salzman  et al ., 1990 ;  Gold and Shadlen, 
2000 ;  Carello and Krauzlis, 2004 ;  Dorris  et al ., 2007 ). 
Here, a micro-stimulation paradigm adapted from 
       Gold and Shadlen (2000, 2003)  tested whether the pre-
dictive activity in the SC outlined above is function-
ally related to the process of response selection under 
game conditions. On a small proportion of match-
ing pennies trials, the ongoing decision process was 
perturbed with a short burst of micro-stimulation 
( Figure 6.4c ). This stimulated SC location elicited sac-
cades orthogonal to the direction of the choice targets. 
Because saccade trajectories are determined by popu-
lation activity across the topographically organized 
SC map ( Lee  et al ., 1988 ), stimulation-induced sac-
cades deviate towards regions of pre-existing activity. 
Indeed, these stimulation-induced saccades deviated 
towards the location the animal ultimately chooses 
( Figure 6.4c ). Interrupting developing saccade plans 
at a range of times preceding the presentation of the 
choice targets thus opens a window into the time 
course of the response selection process ( Figure 6.4d ). 
These results highlight how artificially perturbing 
activity within decision circuits can provide insight 
into the functional role that a particular brain region 
plays in the decision process.  

    Evaluating the Consequences of Actions in 
Frontal Cortex 

   The final significant work involving game play in 
non-human primates demonstrates that the frontal 
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cortex contains signals that could be used to evalu-
ate the consequences of actions during game play. 
Actions and their associated payoffs must be tracked 
in order for an agent to adapt their choice strate-
gies during social interactions. Previous work has 
demonstrated that activity throughout the basal 
ganglia and frontal cortex is sensitive to reinforced 
actions under pure-strategy conditions as animals 
learn to converge on a single correct option ( Schultz 
 et al ., 2000 ;  Balleine  et al ., 2007 ). It remains unclear 
how action value representations were updated under 
mixed-strategy conditions when there is no single cor-
rect answer and agents must respond stochastically 
from trial to trial. 

   Daeyeol Lee’s group has demonstrated that the 
firing rates of individual neurons in the dorsolateral 
prefrontal cortex (dlPFC) are sensitive to both the par-
ticular choice (i.e., left vs right) and the consequences 
of those choices (i.e., rewarded or unrewarded) dur-
ing the matching-pennies game ( Barraclough  et al ., 
2004 ). Moreover, certain neurons were preferen-
tially activated by particular combinations of choices 
and rewards (e.g., left and unrewarded), suggest-
ing that the dlPFC may also be involved in integrat-
ing these two sources of information. Activity within 
another frontal region, the dorsal anterior cingulate 
cortex (dACC), encoded critical information about 
the temporal delay of previous rewards within a 
sequence of responses ( Seo and Lee, 2007 ). Recently, 
these researchers have begun to use these neu-
ral signals as the inputs for reinforcement learning 
algorithms to predict choice patterns during mixed-
strategy games. See Chapter 31 for further details of 
this modeling work. 

   This work further demonstrates the promise that 
direct recording of neural signals has for uncover-
ing the mechanistic algorithms underlying stochastic 
choice. This work is also noteworthy because it illus-
trates the importance of recording the spatial resolu-
tion of individual neurons. Neural structures close 
to the sensory input or motor output are generally 
organized topographically, with large populations 
of neurons firing together under similar conditions. 
Most association areas involved in the decision proc-
esses, such as the dlPFC and dACC, are not organized 
in a topographic manner. Instead, neurons perform-
ing abstract calculations within the decision process, 
such as tracking specific combinations of actions and 
rewards or rewards within a particular sequence, are 
intermingled throughout these brain areas. Under 
these circumstances, even those non-invasive imaging 
techniques with relative high spatial resolution, such 
as fMRI ( � 1       mm 3 ), may have difficulty detecting these 
distributed signals.    
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 FIGURE 6.4          Preparing upcoming actions in midbrain SC. (a) Visuosaccadic version of mixed-strategy matching-pennies game. Analysis 
is focused on the warning period (shaded gray region) that extends in time from the removal of the central fixation point to the presentation 
of the targets. (b) SC activity becomes increasingly predictive of whether a saccade will be directed towards the neuron’s preferred (black) or 
unpreferred (red) target as the time of target presentation approaches. (c) and (d) Testing the functionality of this biased SC activity for prepar-
ing saccades. (c) On most trials, the monkey directs a saccade to one of the two target stimuli (crosses); occasionally, SC stimulation triggers 
a saccade before the targets are presented and to a location orthogonal to the targets (circles). Stimulation-induced saccades deviate slightly 
towards the ultimately chosen target. (d) Like the neuronal activity recorded in (b), the angular deviation of stimulation-induced saccades 
increases as the time of target presentation approaches. Each data point represents the mean and standard error of the mean from 6 SC stimu-
lation sites. D. Thevarajah, R. Webb, and M. C. Dorris, unpublished observations.          
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    GAMES IN HUMANS 

    Research Methods 

   The neural correlates of social decision-making in 
humans have been investigated thus far using a vari-
ety of methods. One approach uses functional neu-
roimaging, namely functional magnetic resonance 
imaging (fMRI) or positron emission tomography 
(PET), to image changes in blood flow while subjects 
are playing interactive games in the MRI or PET scan-
ner, respectively. Subjects view computer-projected 
visual stimuli from inside the scanner, either via gog-
gles that display the visual stimuli or via a mirror that 

 s0100  s0100 

 s0110  s0110 

 p0410  p0410 

allows the subject to view a projection screen out-
side the scanner. Because verbal responses can create 
motion artifacts, subjects generally indicate choices by 
pressing specific buttons on a response box. With these 
imaging methods, it is possible to examine regional 
blood flow during the decision-making epochs of the 
task and to link these to specific choices. 

   Imaging studies of social interactions have emerged 
relatively recently within cognitive neuroscience. 
Many early fMRI studies presented subjects with stim-
uli of other human faces, given the obvious impor-
tance of faces in human social interactions. Typically, 
these stimuli were static, two-dimensional pictures of 
faces that subjects were instructed to either passively 
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view, or judge on some attribute such as gender or age 
(see, for example,  Winston  et al ., 2002 ). Using similar 
types of stimuli, others have attempted to probe social 
cognition by asking subjects to read stories or view 
cartoons and then make judgments about these hypo-
thetical scenarios. For example, the neural correlates 
of both mentalizing ( Gallagher  et al ., 2000 ) and moral 
reasoning ( Greene  et al ., 2001 ) have been probed with 
this methodology. These studies have yielded valu-
able insights with respect to the neural underpinnings 
of human social cognition. However, for each, ques-
tions can be raised regarding the ecological validity 
of the stimuli. Does the pattern of brain activation in 
response to the picture of a static, two-dimensional 
face accurately reflect the brain’s response to the 
dynamic, embodied faces that we encounter in every-
day life? Is the pattern of brain activation in response 
to reasoning regarding hypothetical, fictitious scenar-
ios the same as when grappling with significant real-
life social problems? Is mentalizing about the actions 
of another person the same as making a consequential 
decision based on these actions? 

   One approach to improving the ecological validity 
of experiments in neuroeconomics is to image brain 
function as subjects actually interact with other peo-
ple in real social exchanges (see, for example,  McCabe 
 et al ., 2001 ). Recent innovative studies have imaged 
human subjects while playing both trust and bargain-
ing games with partners communicating from outside 
the scanner. Potentially even more exciting, hyper-
scanning technology has been developed that makes 
it possible to image brain function in two or more 
interacting partners simultaneously, by utilizing net-
work connections between two separate scanners (e.g. 
 Montague  et al ., 2002 ). Hyperscanning has obvious 
advantages in terms of data collection efficiency (i.e., 
collecting twice as much data in the same amount of 
time), but will also open new vistas in social cogni-
tive neuroscience – for example, it will allow imag-
ing of coordinated patterns of brain activity in people 
who are effectively working together towards a com-
mon goal. Further applications for this method will 
undoubtedly emerge in the future. 

   Another approach to investigating the neural cor-
relates of social decision-making involves manipulat-
ing specific neurotransmitter systems and examining 
the effect on game-playing behavior. For example, 
dietary tryptophan depletion can be used to decrease 
brain serotonin levels with a corresponding decrease 
in cooperative behavior (e.g.  Wood  et al ., 2006 ), and 
central oxytocin (OT) levels can be elevated by intra-
nasal self-administration of OT with a corresponding 
increase in trust ( Kosfeld  et al ., 2005 ; see also Chapter 
15 in this volume). Still another approach involves 
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the use of transcranial magnetic stimulation (TMS) 
to temporarily activate or deactivate a brain region 
and then examine its effects on decision-making (e.g. 
 van  ’ t Wout  et al ., 2005 ). Finally, patients with circum-
scribed brain damage to particular regions can be 
tested in these games to see if the damaged brain area 
has an impact on social decision-making (e.g.  Koenigs 
and Tranel, 2007 ).  

    Current Research Directions 

   Use of these innovative methods has allowed 
researchers to begin to assess brain function as play-
ers interact with one another while playing economic 
games with real consequences. These games have 
already helped to illuminate facets of the decision-
making process – in particular, the degree to which 
social motives are important in ostensibly economic 
decisions, and also the processes that may underlie 
demonstrations of cooperation and competition. 

    Reward 

   Decision-making often takes place between options 
that may be delivered in different modalities – for 
example, when we are offered the choice between a 
week’s vacation or an extra pay check. Therefore, a 
common reward mechanism is a crucial component of 
this system, and a large focus of the broader neuroeco-
nomic endeavor in recent years has been to illuminate 
the neural processes involved in the encoding and 
representation of reward, and how these mechanisms 
may in turn underlie standard models of economic 
choice such as utility theory and its variants. Part 3 of 
this volume covers this topic in detail; hence this sec-
tion will only briefly review the research in this area 
that pertains to the use of games. 

   One strong candidate for reward-encoding metric 
is the mesencephalic dopamine system, and indeed 
single cell recordings from dopamine neurons and 
neurons in the striatum, a major projection site of mid-
brain dopamine cells (see  Figure 6.5   ) have shown that 
neural responses scale reliably with reward magnitude 
( Cromwell and Schultz, 2003 ). Functional neuroim-
aging studies have corroborated these findings, with 
studies revealing activation in these areas correspond-
ing with the receipt of reward. Changes in the activity 
of the striatum have been shown to scale directly with 
the magnitude of monetary reward or punishment 
( O’Doherty, 2004 ;  Knutson and Cooper, 2005 ). 

   An important development in the investigation 
of decision-making in games has been the discovery 
that the human striatum appears to also play a cen-
tral role in social decisions. Importantly, activation of 
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the striatum in conjunction with social decision-mak-
ing appears to occur above and beyond any financial 
outcome that may accrue to the player. As will be out-
lined below, several neuroimaging studies have dem-
onstrated that the striatum tracks a social partner’s 
decision to reciprocate or not to reciprocate coopera-
tion in TG and PDG. One interpretation of these find-
ings is that this area may also encode more abstract 
valuations, such as the positive feeling garnered by 
mutual cooperation or the negative feeling of being 
treated poorly. 

   For example, reciprocated cooperation with another 
human in a PDG leads to increased activation in both 
caudate and nucleus accumbens, as compared to a 
control condition where an identical amount of money 
is earned without social involvement. Conversely, 
unreciprocated cooperation – that is, you cooperate 
while your partner does not – shows a corresponding 
decrease in activation in this area ( Rilling  et al ., 2002 ). 
Additionally, the striatum may be utilized as a guide 
to informing future decisions in an iterated version 
of this game, where you must play multiple rounds 
with the same partner. In these situations, striatal acti-
vation on a given round is associated with increased 
cooperation in subsequent rounds, suggesting that the 
striatum may register social prediction errors to guide 
decisions about reciprocity. 

   Similar findings have been reported in a multi-
round TG ( King-Casas  et al ., 2005 ). In this version 
of the TG, participants play several sequential trust 
games with the same partner, a design that allows 
examination of how trust is created and signaled 
within the context of a two-player interaction. In this 
study, activation in the trustee’s caudate was related 
to how much reciprocity the investor had shown on 
previous trials, thus corresponding to an  “ intention to 
trust ”  signal of the trustee. Further, this signal gradu-
ally shifted in time; in early trials the signal occurred 
after the investor made her choice, whereas later on 
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this signal occurred much earlier – before, in fact, the 
investor’s decision was revealed. 

   Of course, social reward need not always be related 
to positive, mutually cooperative actions. Players also 
may derive satisfaction from punishing defectors for 
their norm violations, even when this punishment 
entails a financial loss to the player. This is illustrated 
by a PET study ( de Quervain  et al ., 2004 ) in which 
investors were confronted with non-reciprocators in a 
TG – that is, players who opted not to return any of 
the transferred amount. Players had the option to pun-
ish these partners by reducing their payout, though, 
importantly, this action also entailed a loss of points for 
themselves. Nonetheless, players made the decision to 
 “ altruistically punish ”  in many cases. These decisions 
were associated with activation in the caudate nucleus, 
with this activation greater when the punishment was 
real (involving a financial loss to the other player) than 
when it was merely symbolic. 

   Though these rather basic reward and punishment 
mechanisms have the potential to strongly guide 
behavior even in complex social decision-making 
tasks, these prediction error signals can be greatly 
modulated by top-down processes, such as declara-
tive information previously learned about a partner. 
For example, in another recent TG study ( Delgado 
 et al ., 2005 ), players were provided with brief person-
ality sketches of their partners prior to game play. 
Some partners were described in morally positive 
terms (for example, by noting how they had recently 
rescued a person from a fire) and some partners were 
described in morally negative terms (by describ-
ing an unsavory act they had committed). Results 
demonstrated reduced caudate activity in response 
to actions of the morally positive or negative part-
ners, though responses to morally neutral players 
remained unchanged. This suggests that prior social 
knowledge about a partner can reduce the amount of 
trial-by-trial learning, demonstrating both top-down 
and bottom-up influences on the neural basis of social 
cooperation. 

   Finally, two recent studies have examined the neu-
ral basis of social altruism, by assessing neural acti-
vation in tasks where players must decide whether 
to donate money to charitable organizations. In one 
study ( Moll  et al ., 2006 ), the striatum was engaged 
both by receiving money and by donations to charity. 
Further, the magnitude of this activation was related 
positively to the number of decisions to donate made 
by players. In another ( Harbaugh  et al ., 2007 ), these 
areas were also activated by receipt of money and 
observing a donation to a charity, but this activation 
was enhanced when this charitable donation was 
voluntary as opposed to forced. These latter studies 
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(a) (b)

 FIGURE 6.5          Brain areas involved in the encoding of reward. 
Sagittal section (a) and coronal section (b) show the location of the 
caudate (CAU), nucleus accumbens (NA), and ventral tegmental 
area (VTA).    
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are intriguing, and offer the possibility of extending 
investigations of social reward beyond simple two-
player interactions to questions regarding interactive 
decision-making at a societal level, and potentially have 
important implications for informing public policy. 

   It is important to note that some degree of caution 
should be used when attempting to  “ reverse-engineer ”  
the interpretation of cognitive and social processes 
from patterns of brain activity. For example, the asso-
ciation of a brain region with value encoding in previ-
ous studies does not necessarily mean that activation 
in this area in the context of an interactive game can 
automatically be interpreted as rewarding or pun-
ishing. It would therefore be prudent for the field as 
a whole to buttress these claims by either converg-
ing evidence from other methodologies such as TMS 
or patient work, or at the very least demonstrating 
behavioral performance in line with the neural pre-
dictions, such as a player’s preference for options 
that activate reward centers more strongly (e.g. 
 de Quervain  et al ., 2004 ). 

   Nonetheless, these results do appear to demonstrate 
that complex social processes recruit more basic mech-
anisms within the human brain, providing support 
for the notion that the brain uses a common reward 
metric, and also informing economic theories of reci-
procity and inequity aversion (e.g.  Dufwenberg and 
Kirchsteiger, 2004 ). This also furthers the connection 
between the disparate branches of neuroeconomics, as 
it suggests that research into the processing of primary 
and secondary rewards (such as food and money) may 
be directly applicable to how we encode more abstract 
social rewards like reciprocity and fairness.  

    Competition, Cooperation and Coordination 

   Use of games that evoke often quite powerful feel-
ings of competitiveness or camaraderie have helped 
to illuminate the complex nature of processing that 
occurs while engaged in a social decision-making 
situation. In addition to the rewarding or punish-
ing effects of social interactions, as exemplified by 
neural activation in classical  “ reward ”  brain regions 
described above, these interactive scenarios have also 
illustrated the prominent role emotions play in deci-
sion-making games. Classical models of decision-mak-
ing, both utility theory for individual decisions and 
game theory for social decisions, have largely ignored 
the influence of emotions on how decisions are made, 
but recent research has begun to demonstrate their 
powerful effect. 

   Emotional processes seem to reliably engage a 
set of brain structures including reward-processing 
mechanisms discussed above, areas of the midbrain 
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and cortex to which they project (such as ventrome-
dial frontal cortex (VMPFC), orbitofrontal (OFC), and 
anterior cingulate cortex (ACC)), as well as a number 
of other areas such as the amygdala and insula 
( Dalgleish, 2004 ) (see  Figure 6.6   ). 

   Early pioneering work in this domain showed that 
patients suffering damage to VMPFC, who presented 
with associated emotional deficits, were impaired on 
gambling tasks ( Damasio, 1994 ;  Bechara and Damasio, 
2005 ), demonstrating experimentally that emotion 
plays a vital role in determining decisions. Further 
research in the behavioral domain ( Mellers  et al ., 1999 ) 
as well as with functional neuroimaging ( Coricelli 
 et al ., 2005 ) has shown the biasing effect of emotions 
such as anticipated regret and disappointment on 
decision-making, specifically demonstrating that peo-
ple steer clear of potential outcomes that they predict 
could cause feelings of regret, even if these options 
have a higher monetary expected value. 

   In terms of decision-making in the context of 
games, negative emotional states have been observed 
behaviorally as a result of both inequity and non-
reciprocity, such as unfair offers in a UG (Pillutla and 
Murnaghan, 1996). These emotional reactions have 
been proposed as a mechanism by which inequity is 
avoided, and may have evolved precisely to foster 
mutual reciprocity, to make reputation important, 
and to punish those seeking to take advantage of oth-
ers ( Nowak  et al ., 2000 ). Indeed, even capuchin mon-
keys respond negatively to unequal distributions of 
rewards by refusing to participate in an effortful task 
if they witness another player receiving equal reward 
for less work ( Brosnan and de Waal, 2003  – see also 
Chapter 19 of this volume). 

   Neuroscientific studies of this nature offer the 
potential to go beyond speculation and to examine the 
causal relationship between an emotional reaction and 
subsequent social decision, as well as investigating 
whether areas specialized for the processing of basic 
emotions may be coopted for more complex affective 
reactions. 

   To examine this question, and more broadly to 
attempt to better specify the systems involved in the 
neurobiology of social decision-making,  Sanfey  et al . 
(2003)  conducted a neuroimaging study examining the 
brain’s response to fair and unfair offers in a UG, and 
in particular to investigate how these responses were 
related to the decision to accept or reject in the game. 
Participants were scanned using fMRI as they played 
the role of responder in the UG. Prior to scanning, 
each participant was introduced to 10 people they 
were told would partner with them in the game. The 
offers that the participants saw were in fact predeter-
mined, with half being fair (a $5 : $5 split of a $10 pot) 
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and half being unfair (two offers of $9 : $1, two offers 
of $8 : $2, and one offer of $7 : $3). This distribution of 
offers generally mimics the range of offers typically 
made in uncontrolled versions of the game (i.e. involv-
ing freely acting human partners). Players also saw 10 
offers from a computer partner identical to those from 
the human partners, which were introduced to distin-
guish between intentional offers made by other play-
ers and the same offers made by a random device. 

   Behavioral results in this experiment were very 
similar to those typically found in UG studies. 
Participants accepted all fair offers, with decreas-
ing acceptance rates as the offers became less fair. 
Unfair offers of $2 and $1 made by human partners 
were rejected at a significantly higher rate than the 
same offers made by a computer, suggesting that par-
ticipants had a stronger emotional reaction to unfair 
offers from humans than to those from computers. 

   With regard to neuroimaging, the contrast of pri-
mary interest was between the neural responses to 
unfair offers as compared to fair offers. The brain 
areas showing greatest activation for this comparison 
were bilateral anterior insula, dorsolateral prefrontal 
cortex (dlPFC), and anterior cingulate cortex (ACC). 
In bilateral insula, the magnitude of activation was 
also significantly greater for unfair offers from human 
partners as compared to both unfair offers from com-
puter partners and control amounts, suggesting that 
these activations were not solely a function of the 
amount of money offered to the participant but were 
also uniquely sensitive to the context – namely, per-
ceived unfair treatment from a human. Also, regions 
of bilateral anterior insula demonstrated sensitivity to 
the degree of unfairness of an offer, exhibiting signifi-
cantly greater activation for a $9 : $1 offer than an $8 : 2 
offer from a human partner. 

   Activation of anterior insula to unfair offers from 
human partners is particularly interesting in light 
of this region’s oft-noted association with negative 
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emotional states ( Derbyshire  et al ., 1997 ;  Calder  et al ., 
2001 ). Anterior insula activation is consistently seen 
in neuroimaging studies of pain and distress, of hun-
ger and thirst ( Denton  et al ., 1999 ), and of autonomic 
arousal ( Critchley  et al ., 2000 ). Further, right anterior 
insula activity has been implicated in aversive condi-
tioning ( Seymour  et al ., 2005 ). In a related study, this 
area was also active in an iterated prisoner’s dilemma 
game (       Rilling  et al ., 2004a, 2004b ), where individuals 
with a stronger anterior insula response to unrecip-
rocated cooperation showed a higher frequency of 
defection. These results suggest that anterior insula 
and associated emotion-processing areas may play a 
role in marking a social interaction as aversive, and 
thus discouraging trust of the partner in the future. 

   If the activation in the anterior insula is a reflection 
of the responders ’  negative emotional response to an 
unfair offer, we might expect activity in this region to 
correlate with the subsequent decision to either accept 
or reject the offer. Indeed, collapsing across partici-
pants, an examination of individual trials revealed 
a relationship between right anterior insula activ-
ity and the decision to accept or reject; namely, that a 
higher insula response to an unfair offer was related 
to higher rejection rates of these offers. Separate meas-
ures of emotional arousal provide support for this 
hypothesis. A UG study measuring skin-conductance 
responses, used as an autonomic index of affective 
state, found that the skin conductance activity was 
higher for unfair offers, and, as with insula activation, 
discriminated between acceptances and rejections of 
these offers ( van  ’ t Wout  et al ., 2006 ). 

   In contrast to the insula, dlPFC usually has been 
linked to cognitive processes such as goal mainte-
nance and executive control. In a similar vein to the 
suppression of striatal activation by frontal,  “ top-
down ”  processes in reward studies, we can inter-
pret the activation of frontal regions to unfair offers 
in UG studies as a mechanism by which other more 
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(a) (b) (c)

 FIGURE 6.6          Map of brain areas commonly found to be activated in social decision-making studies. The lateral view (a) shows the location 
of the dorsolateral prefrontal cortex (DLPFC) and superior temporal sulcus (STS). The sagittal section (b) shows the location of the anterior 
cingulate cortex (ACC), medial prefrontal cortex (MPFC), orbitofrontal cortex (OFC), and posterior cingulate cortex (PCC). The coronal section 
(C, cut along white line in B) shows the location of the insula (INS) and amygdala (AMY). Areas circled are those often associated with Theory 
of Mind processes.    
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deliberative goals (such as reputation maintenance or 
the desire to make money) can be implemented. 

   Of course, as with all brain-imaging data, these 
results are largely correlative, but they do provide 
hypotheses for further testing – namely, that activa-
tion of areas associated with emotion processing (in 
this case the anterior insula) is related to the negative 
experience of receiving an unfair offer from another 
human, and as such is related to the decision to reject, 
while activation of frontal, more traditionally deliber-
ative regions such as dlPFC may represent the cogni-
tive goals of the task. Therefore, a further set of studies 
has sought to target these brain areas with a variety 
of methods in order to examine whether accept/reject 
decisions in the UG could be manipulated via these 
purported mechanisms. 

   As mentioned above, activation of frontal regions 
to unfair offers in UG studies has been interpreted as 
a mechanism by which other more deliberative goals 
(such as reputation maintenance or the desire to make 
money) can be implemented. In two novel studies 
( van  ’ t Wout  et al ., 2005 ;  Knoch  et al ., 2006 ), transcra-
nial magnetic stimulation (TMS) was used to disrupt 
processing in dlPFC while players were making deci-
sions about offers in a UG. In both cases, stimulation 
increased acceptance rate of unfair offers as compared 
to control, providing strong evidence for a causal rela-
tionship between activation in this area and social 
decision-making. Though TMS is still rather a crude 
tool (thus making clear-cut interpretations of behavior 
challenging), use of this technology, as well as behav-
ioral and other neuroimaging work, to experimentally 
test hypotheses generated by this early series of stud-
ies will be vital in progressing the field. 

   In concert with this investigation of the deliberative 
system, experimental methods have also been used to 
prime the affective system. The initial fMRI UG exper-
iment described above demonstrated that the deci-
sion to reject offers in the UG is strongly correlated 
with increases in activation of the anterior insula. To 
directly investigate the relationship between negative 
emotional states, activation of the anterior insula, and 
decisions to reject unfair offers, a follow-up experi-
ment was conducted in which negative emotion states 
were primed prior to playing the UG ( Harle and 
Sanfey, 2007 ). The hypothesis to be tested here was 
that the priming of negative emotion states known to 
engage the anterior insula, such as sadness and dis-
gust ( Damasio  et al ., 2000 ), would lead to higher rejec-
tion rates of unfair offers. 

   Prior to playing as responder in the standard UG, 
participants in this study viewed a 5-minute video 
that was ostensibly unrelated to the UG section of the 
experiment. These clips had been previously rated as 
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 “ sad, ”   “ happy, ”  or  “ neutral ”  by a separate group of 
participants. The primary research finding was that 
the group of participants who viewed the  “ sad ”  video 
(an excerpt from the movie  The Champ ) had an over-
all significantly higher rejection rate of unfair offers 
than those who watched either the neutral or the 
happy clip, indicating a demonstrable effect of nega-
tive mood on  “ emotional ”  decisions in the UG. This is 
important, as it shows that subtle and transient emo-
tional states, unrelated to the task at hand, can noticea-
bly affect decisions to accept or reject monetary offers. 
Further, it suggests a causal relation between nega-
tive emotional states, activation of specific affectively 
specialized brain regions, such as anterior insula, and 
decision-making. It also suggests that examining deci-
sion-making performance in participants with dis-
regulated emotional processing, such as patients with 
depression or schizophrenia, may be a useful future 
avenue of research. Indeed, patients with damage to 
ventromedial prefrontal cortex, another area impli-
cated in the processing of emotional information, also 
reject unfair offers more frequently than do controls 
( Koenigs and Tranel, 2007 ). 

   The findings outlined above provide an initial toe-
hold for measuring physical mechanisms responsible 
for social decision-making in the brain. Such studies 
offer the promise that we will be able to identify and 
precisely characterize these mechanisms, and the fac-
tors that influence their engagement and interaction. 
Even at this early stage, however, results highlight the 
fact that decision-making appears to involve the inter-
action among multiple subsystems governed by differ-
ent parameters and possibly even different principles. 

   Finally, while the research reviewed here has 
greatly increased our understanding of the neural cor-
relates of social decisions, it is important to note that 
these data also have the potential to inform economic 
theories of interactive decisions-making. Recent mod-
els in behavioral economics have attempted to account 
for social factors, such as inequity aversion, by adding 
these social utility functions to the standard models 
(see, for example,  Fehr and Schmidt, 1999 ;  Bolton and 
Ockenfels, 2000 ), and modeling these functions based 
on the underlying neural patterns provides a useful 
constraint in the effort to develop new models.    

    CONCLUSION 

   The preceding sections review some general 
ways in which the tasks of experimental economics 
and the techniques of neuroscience can make impor-
tant contributions to the understanding of social 
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decision-making. In particular, we have focused on 
human and non-human techniques that provide 
insight into the physical mechanisms responsible for 
decision-making in games. 

   The invasive techniques used in non-human pri-
mates allow neural activity to be recorded at high spa-
tial and temporal resolution, and correlated to specific 
stages of game play or behavior. Furthermore, the 
functionality of localized patterns of neural activi-
ties on game play can be examined through artificial 
manipulation. Ultimately, however, we are more con-
cerned with the human condition. Therefore, neu-
ral mechanisms must be studied while humans are 
engaged in social interactions. Fortunately, for each 
invasive experimental technique employed in non-
human primates, analogous (if somewhat less sensi-
tive) non-invasive techniques exist for studying brain 
processes in humans. For example, single neuron 
activity is complemented by non-invasive brain-imag-
ing methods such as functional magnetic resonance 
imaging, positron emission tomography, and electro-
encephalography. Local perturbation of neural tissue 
with micro-stimulation is complemented by transcra-
nial magnetic stimulation. Reversible manipulation of 
neural activity with pharmacological agents is com-
plemented with studies involving patients with focal 
brain damage and those receiving systemic applica-
tion of pharmacological agents. 

   Of course, progress in our understanding will 
occur most rapidly when both invasive and non-inva-
sive techniques can be brought to bear on the same 
underlying processes. For example, as outlined above, 
both human and non-human primates display similar 
strategies during simple mixed-strategy games and 
matching-law tasks. Patterns of behavioral choice and 
neuronal activity are well described by reinforcement 
learning algorithms under these conditions, suggest-
ing a foundational role for this class of learning dur-
ing social interactions. 

   Progress in delineating more sophisticated cognitive 
modules during social interactions will rely heavily 
on our ability to design appropriate laboratory tasks. 
These tasks must be amenable to state-of-the-art neuro-
science techniques, and yet still capture the essence of 
natural social interactions. Human experiments must 
overcome the isolation that typically accompanies cur-
rent brain-imaging technologies. Great strides have 
been made in this area, by providing more realistic and 
interactive displays, and with the use of hyperscanning 
technology. It is particularly difficult to assess whether 
non-human primates realize they are involved in social 
interactions, because of course they cannot receive ver-
bal instructions nor self-report on their experiences. 
For example, in the experiments conducted to date, 
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animals may perceive that they are simply chasing 
dots of light that occasionally elicit rewards rather than 
being involved in an interactive game. If the claim is 
made that particular neural activities subserve social 
interactions rather than more straightforward reward 
mechanisms, future non-human primate studies 
should incorporate interactions between real (or per-
haps virtual?) cohorts during game play. 

   Appropriate task design is particularly important 
for distinguishing between those cognitive mod-
ules that are present to a lesser degree in non-human 
primates from those that are posited as completely 
unique to humans. For example, it has been long 
debated whether a theory of mind module, which is 
critical for inferring the beliefs and intentions of oth-
ers during game play, exists in non-human primates 
( Penn and Povinelli, 2007 ). Similarly, in certain con-
texts non-human primates display what appears to 
be an innate sense of fairness (Brosnan and De Waal, 
2003). However, when tested on a laboratory version 
of the ultimatum game, non-human primates ’  strate-
gies did not reflect the unfair play of their opponent 
( Jensen  et al ., 2007 ). These examples illustrate the dif-
ficulty in determining whether non-human primates 
lack particular cognitive modules or whether current 
laboratory tasks fail to capture the socially or ecologi-
cally relevant aspects of natural environments. 

   In conclusion, this chapter has examined recent 
attempts at combining neuroscience methodol-
ogy with the theoretical framework of game theory. 
Recent research illustrates the potential for this cross-
disciplinary approach to provide advances in our 
understanding of the neural mechanisms subserving 
sophisticated social interactions.  
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