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Once considered the province of philosophy and the
behavioral sciences, the process of making decisions has
received increasing scrutiny from neurobiologists. Recent
research suggests that sensory judgements unfold through the
gradual accumulation of neuronal signals in sensory–motor
pathways, favoring one alternative over others. Stored
representations of the outcome of prior actions activate
neurons in many of these same areas during decision-making.
The challenge for neurobiologists lies in deciphering how
signals from these disparate areas are integrated to form a
single behavioral choice and the mechanisms responsible for
selecting the appropriate information upon which decisions
should be informed in particular contexts.
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Abbreviations
FEFs frontal eye fields
LIP lateral intraparietal area
MT middle temporal
SC superior colliculus
SNr substantia nigra pars reticulata
S1 primary somatosensory area

Introduction
Consider the following ethological observations made by
primatologists Dorothy Cheney and Robert Seyfarth. In an
effort to reveal what monkeys know about social relation-
ships within their own groups, these researchers performed
vocalization playback experiments on wild monkeys in
Africa, by hiding a loudspeaker in the brush near groups 
of female monkeys sitting near each other (vervets,
Cercopithecus aethiops [1] and baboons, Papio cynocephalus
[2]). In one experiment, Cheney and Seyfarth played the
pre-recorded distress call of a juvenile monkey from the
hidden speaker and noted the behavior of each of the
females. The mother of the infant whose alarm call was
played looked in the direction of the louspeaker
(Figure 1b, Monkey B), demonstrating that monkeys rec-
ognize their offspring by voice and can use this information
to plan an appropriate orienting response. More intriguingly,
other females in the group (Figure 1b, Monkey A) looked
at the mother of the juvenile, suggesting that monkeys, 
in addition to recognizing individuals by their calls, also
know the kinship relationships between other monkeys in
their group, and can use this information to orient in the

appropriate direction. Cheney and Seyfarth further
demonstrated that, in social situations like this, a monkey
is more likely to come to the aid of another monkey if such
friendly interactions have been reciprocated in the past. 

These observations demonstrate that a single sensory cue,
such as the distress call of a juvenile monkey, can generate
multiple different behavioral responses, depending on
context, learned associations, and memory for the outcome
of prior actions. This selection of one out of several 
potential behavioral responses, in a given situation, is often
referred to as decision-making [3••,4]. As illustrated by the
study mentioned above, the decision process can involve
sensory judgements as well as an evaluation of competing
goals and potential outcomes, in order to choose an appro-
priate course of action. 

Although behavioral scientists, including psychologists,
economists, and behavioral ecologists, have made great
strides in describing principles underlying both perceptual
judgements and goal-oriented choices [5–7], the neural
mechanisms responsible for making decisions have, until
recently, remained elusive. However, working from the
premise that many of the basic mechanisms of sensory 
perception and movement generation are largely under-
stood, a small but growing group of neurobiologists has
begun to explore the possibility that the decision process
can be investigated physiologically. These scientists have
discovered that the deliberative process by which a single
behavioral response is selected from several possible 
alternatives leaves a signature in the activity of single 
neurons in a variety of sensory and motor areas. Moreover,
the resultant behavioral choice appears to be generated
through the gradual accretion of signals favoring one 
alternative over another (Figure 2). This review briefly
describes several studies in this field conducted over the
past several years, with a focus on, but not limited to, the
decision processes engaged when monkeys choose where
to look.

Weighing the evidence: neural correlates of
sensory judgements
In the ethological example described above, the mother
monkey discriminated the acoustic cue as a distress call,
determined the caller to be kin, and oriented in the 
direction of the loudspeaker rather than in the direction 
of the other females present. Orienting appropriately 
in response to a sensory cue thus depends on making 
accurate perceptual, as well as conceptual, judgements.
Clearly, perceptual judgements involve the activation of
primary and secondary sensory areas of the cerebral 
cortex, but, until recently, the neurophysiological mecha-
nisms underlying these perceptual analyses remained
largely unknown. 
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In the past decade, Newsome et al. [8,9] provided the first
compelling neurophysiological evidence that neurons in
extrastriate visual cortex actually form the percept of 
visual motion. In this now classic experiment, the authors
presented trained rhesus macaques with a visual discrimi-
nation problem, while simultaneously recording the
activity of single neurons in the middle temporal (MT)
area. MT is an area of extrastriate visual cortex known, on
the basis of neurophysiological evidence, to be activated
specifically by visual motion [10,11]. On each trial, a 
monkey subject was required to indicate, with an eye
movement, the direction in which a small number of dots
were moving coherently, within a sea of identical dots
flickering randomly, across a computer screen (Figure 3a).
Across trials, changing the proportion of dots moving
coherently in any one direction systematically varied the
difficulty of the discrimination. The authors demonstrated
that both the accuracy of perceptual judgements and the
activity of motion-sensitive neurons in area MT was 
correlated with the fraction of coherently moving dots.
Moreover, microstimulation of particular columns of neu-
rons in MT, sensitive to a particular direction of motion,
systematically biased the judgements made by monkeys in

favor of the direction signaled by the stimulated column
[12]. Similar correlations between perceptual judgements
and neuronal activation in primary and secondary
somatosensory cortex have been found in monkeys trained
to make vibrotactile discriminations [13••,14,15,16••].

These studies demonstrate that perceptual discrimination
depends upon the activation of neurons within sensory areas
of cortex, and that the accuracy of perceptual analysis
depends on the strength of the sensory stimulus. They do
not reveal, however, the mechanisms responsible for gener-
ating a single behavioral report of what was perceived. For
judgements of visual motion, Shadlen et al. [17] proposed
that pools of neurons in area MT signal the direction and
coherence of motion in each direction, within a topographic
map of visual space. Neurons in higher-order cortical areas
compute the time integral, or sum, of neuronal activity in
MT associated with each direction. They hypothesized 
that, when the experimenter requests a behavioral report 
from the monkey subject, a ‘winner-take-all’ mechanism 
computes the motion direction associated with the highest
cumulative activity and this information is then used to
select an appropriate eye movement for execution.

2 Cognitive neuroscience

Figure 1

Example of decision-making in primates.
The same acoustic stimulus elicits different
behavioral responses from different individuals.
(a) Two female monkeys sitting near each other
are played the pre-recorded distress call of 
one of their infants (B′) through a hidden
loudspeaker. (b) The infant’s mother (Monkey B)
orients towards the loudspeaker, whereas the
other female (Monkey A) orients towards the
infant’s mother. Drawing by John Watanabe.
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This model suggests that neurons in areas of the brain that
are involved in the decision process will show signs of 
temporal integration in their activity. In fact, these authors
have found precisely such a pattern of neuronal activation
in several areas of the brain that receive input from area
MT and project, in turn, to principal areas of eye move-
ment control, such as the frontal eye fields (FEFs) and
superior colliculus (SC). In these experiments, monkeys
were again asked to determine the direction in which small
dots were moving on a computer screen, and changing the
proportion of dots moving coherently in any one direction
again systematically varied the difficulty of the discrimina-
tion. Shadlen and Newsome found that neuronal activity
in both parietal cortex [18,19••] and prefrontal cortex [20•]
gradually accrued as the monkey viewed the motion stim-
ulus. More importantly, the average activity of neurons in
these two cortical association areas increased more rapidly
when the motion discrimination was easier than when it
was more difficult (Figure 3b). The temporal profile of
activity in parietal and prefrontal cortex is consistent with
the integration of motion signals, such as those carried by
neurons in area MT. Taken together, these studies suggest
that judgements made on current sensory inputs occur
through the gradual accumulation of signals favoring one
sensory interpretation over others.

Remembrance of things past: neural correlates
of decisions derived from prior knowledge
Although many decisions surely depend on making 
accurate sensory discriminations, such as determining the
direction of an infant monkey’s distress call or judging 
the color of a traffic light, numerous decisions are also
informed by prior experience. In the behavioral example
cited above, a monkey may come to the aid of another
monkey if the two animals have cooperated in the past. In
fact, many approaches to decision-making, within the
social and behavioral sciences, begin from the premise that
individuals choose between options, depending on the
outcomes associated with each alternative in the past
[21–23]. Normative theories of decision-making developed
within economics [24] and mathematics [25] argue that
individuals should choose the option with the highest

expected value or utility, which can be computed on the
basis of the expected profits or losses associated with each
alternative. In the absence of complete knowledge of the
environment, these values can be estimated from the 
outcomes of choosing each option in the past. A wealth of
behavioral data indicates that the choices made both by
animals [26,27] and humans [28] in simple situations are
often consistent with such models, although expected
value and expected utility theories often fail to predict
behavior in more complex situations [29,30]. These data
suggest that many decisions do indeed incorporate 
estimates of behavioral value derived from prior experi-
ence, implicating the engagement of reward systems of the
brain during decision-making (Figure 2).

Although behavioral theory and data strongly indicate that
prior experience often guides behavioral choices, most
neurobiological studies of decision-making have focused
primarily on the processes that convert sensory discrimina-
tions into action, as described above. Recently, however,
several groups of neurophysiologists have begun to explore
the impact of prior experience on behavioral choice 
and the underlying decision processes that unfold in 
sensory–motor pathways. In a series of studies, Platt and
Glimcher [31] explicitly probed the representation of
behavioral value by neurons in the lateral intraparietal area
(LIP). Shadlen and Newsome previously showed this
same region of the brain to carry signals correlated with
judgements of motion direction in the random dot eye
movement task. 

Platt and Glimcher [31] carried out two sets of experi-
ments. In the first, monkeys were cued by the color of a
fixation stimulus to shift gaze to one of two peripheral
visual targets, while the activity of single LIP neurons was
monitored electrophysiologically. Behavioral value was
systematically varied by either delivering different
amounts of fruit juice for correct gaze shifts to each of the
targets, or by altering the probability that each of the 
possible gaze shifts would be cued across blocks of trials.
In both cases, the authors found that, when cue color, 
target location, and movement metrics were held constant,
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Figure 2

A simple decision circuit. Sensory inputs
inform neurons in sensory–motor association
areas of the cortex, which accumulate
information favoring one alternative over
another and weigh this evidence against the
likely prospects of choosing each option.
Neurons in downstream motor structures
reflect the categorical output of the decision
process and a single behavioral response is
produced. Neurons in the basal ganglia and
limbic structures encode the outcome of
behavior, and relay this information to
association cortex in order to inform future
decisions.
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the activity of many neurons in area LIP was proportional
to behavioral value (Figure 4a,b). Similar correlations
between neuronal activity and the behavioral value of a
particular eye movement (either movement probability or
expected reward) have been found in prefrontal cortex
[32], the caudate nucleus [33] and substantia nigra pars

reticulata (SNr) [34•] of the basal ganglia, and the SC
[35,36]. In the second study, Platt and Glimcher [31] fur-
ther demonstrated that, in the absence of an instructional
cue, monkeys choose to shift gaze to the most rewarding
target in the visual array and the activity of many LIP neu-
rons parallels these value-based decisions (Figure 4b,c).

4 Cognitive neuroscience

Figure 3

Neural correlates of a perceptual decision.
(a) Motion discrimination task used to study
neuronal activity in pathways linking visual
inputs with eye movements. A monkey subject
views a patch of randomly-moving dots and,
after a delay, indicates its judgement of
motion direction by shifting gaze to T1 or T2,
one of which is positioned with the response
field of the neuron under study. Task difficulty
is controlled by varying the proportion of dots
moving coherently in one direction or another.
(b) Temporal integration of signals favoring a
judgement of motion in one direction over
another. Average neuronal activity in a
population of 104 neurons in area LIP, plotted
as a function of time during the motion task
for different motion strengths (see inset), and
aligned on either motion stimulus onset (left
panel) or saccade onset (right panel). Similar
signals have been found in prefrontal cortex
and the SC using the same task. RF, neuron’s
preferred target, or response field. Adapted
with permission from [19•• ].
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Taken together, the results of these studies indicate that
brain areas implicated in the conversion of sensory judge-
ments into behavioral reports also encode the behavioral
outcome that can be expected from each available option
on the basis of prior experience. This makes sense because
even purely sensory discriminations require prior knowl-
edge of the goal of behavior in any context. Thus,
expectations, goals, and prior experience must, by necessity,
be included in any adaptive decision process. From the
viewpoint of optimal design [37,38], it seems reasonable
that neurons involved in the decision process would 
adjudicate current sensory inputs in the context of past
experience. Indeed, Gold and Shadlen [39••] recently 
proposed that neurons in parietal and prefrontal cortex
compute a decision variable that combines current sensory
evidence with estimates of behavioral value. The resultant
value represents the logarithm of the likelihood ratio of
one response over another, which is then compared to a 
criterion in order to decide upon a single behavioral
response [40]. 

These studies also indicate that motivational systems of
the brain are deployed when individuals make even simple
choices. Indeed, adaptive decision-making requires encod-
ing the outcome, either good or bad, of prior action. Signals
correlated with the reward outcome of events have been
found in the basal ganglia, including the activation of
dopaminergic neurons of the substantia nigra pars com-
pacta [41], and modulations in activity in the caudate

nucleus [42] and nucleus accumbens [43••,44•]. Such sig-
nals have also been uncovered in largely midline cortical
areas such as the orbitofrontal cortex [45,46•,47••], cingu-
late cortex [48], and the supplementary eye fields [49••].
These areas presumably contribute to the extraction and
maintenance of representations of behavioral value upon
which future decisions may be informed (Figure 2).

Arbitration without a judge: conversion of analog
decision signals into a categorical response
Recent studies suggest that decisions are made by com-
bining gradually accumulating sensory evidence, favoring
one alternative over others, with prior knowledge about
the likely consequences of each action. This process leaves
a signature in the activity of neurons at various stages in
sensory–motor pathways. But where does the decision
actually occur? Which regions of the brain convert neu-
ronal activity favoring competing alternatives into a single
behavioral response? A recent study by Gold and Shadlen
[50••] directly tested this question by applying microstim-
ulation to the FEF, while monkeys performed the random
dot motion discrimination task. As previously observed
[51], stimulation in the FEF during passive fixation
evoked a saccade of fixed direction and amplitude
(Figure 5a). Microstimulation applied while monkeys
judged motion direction in the random dot stimulus, how-
ever, evoked saccades that deviated systematically in the
direction reported by the monkey when no stimulation was
delivered (Figure 5a). More importantly, the magnitude of
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Figure 4

Neural correlates of behavioral value.
(a) Average firing rate of a single LIP neuron
plotted as a function of time, on trials in which a
saccade in the preferred direction (RF) of the
neuron was cued. Neuronal activity was greater
when a large reward was associated with the
cued saccade (red curve) than when a small
reward was associated with the same movement
(blue curve). Arrows indicate, successively, mean
times of instruction cue onset, central fixation
stimulus offset, and saccade onset in high (red)
and low (blue) reward blocks. (b) Neuronal
activity for a second LIP neuron was greater
when the cued movement was more probable
(red curve) than when the same movement was
less probable (blue curve). Conventions as in (a).
(c) When free to choose, monkeys shift gaze to
the target associated with the larger reward.
Relative reward size reflects the volume of juice
available for a saccade in the neuron’s preferred
direction, divided by the total volume of juice
available from both possible saccades, within a
block of trials. Data are from a single experiment.
(d) Average activity (± standard error) of a single
LIP neuron measured after target onset and
plotted as a function of relative reward size, for
trials in which the monkey shifted gaze in the
neuron’s preferred direction. Data are from the
same experiment as in (c). Adapted with
permission from [60]. RF, response field.
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deviation depended on both the proportion of coherently
moving dots and the amount of time the monkey had
spent viewing the stimulus (Figure 5b). These data 
suggest that developing eye movement plans reflect the
gradual accumulation of motion information, as if decision
formation and movement preparation shared a common
neural organization. However, once decision signals reach
brain structures more closely associated with movement
production — such as the FEFs [52] and SC [53,54], for
eye movements, and the primary motor cortex, for skeleto-
muscular movements [55] — the activity of many neurons

more closely reflects the categorical output of these 
decision processes and a single movement is produced.

Conclusions
Recent research is consistent with the view that decision 
signals evolving in higher sensory–motor areas gradually
specify a particular movement. In speeded tasks, the rate at
which these signals accrue determines the time it actually
takes to unleash the movement [56,57]. At present, the 
contribution of prior experience and motivation to move-
ment preparation and reaction time remains obscure [58].
Moreover, the overwhelming array of neurological and psy-
chiatric disorders in which decision-making is compromised,
such as schizophrenia, obsessive–compulsive disorder, and
addiction, argues for the importance of particular brain 
areas, such as the frontal lobe, in making decisions. These 
syndromes may impact decision processes through the
assignment of improper behavioral value to available options. 

Neurobiological models of the decision process described in
this review, derived from simple sensory discrimination and
choice psychology, eschew executive control mechanisms.
However, these mechanisms might be required for the delib-
erative and sometimes conscious process of making decisions
that occurs within complex social and cultural situations. One
intriguing possibility is that frontal cortical areas implement
executive control mechanisms on gradually evolving decision
signals in higher sensory–motor areas [59]. The decision-mak-
ing process offers several challenges to neurobiologists. First,
we need to determine whether particular brain areas con-
tribute more specifically to decision processes than to sensory
discrimination or motor preparation. Second, the mechanisms
by which prior knowledge and expectations are combined
with sensory data during ongoing decision processing need to
be elucidated. Third, the processes that select the appropri-
ate information upon which a decision should be informed in
a particular context need clarification. In order to address
these issues, neurophysiological approaches to decision-mak-
ing must begin to study the process of behavioral selection in
contexts that more closely approximate the complex and fluid
situations in which decision mechanisms evolved. The 
combination of judgement and decision theory, neurophysio-
logical techniques, and ethological approaches to behavior
should provide a powerful paradigm for future explorations of
the neurobiology of decision [60].
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