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Decision-making in the presence of uncertainty, i.e.,
selecting a sequence of responses in an uncertain en-
vironment according to a self-generated plan of ac-
tion, is a complex activity that involves both cognitive
and noncognitive processes. Using functional mag-
netic resonance imaging, the neural substrates of de-
cision-making in the presence of uncertainty are ex-
amined. Normal control subjects show a significant
activation of a frontoparietal and limbic neural sys-
tem during a two-choice prediction task relative to a
two-choice response task. The most prevalent re-
sponse strategy during the two-choice prediction task
was “win–stay/lose–shift,” where subjects will repeat
the previous response if it successfully predicted the
stimulus and switch to the alternative response other-
wise. Increased frequency of responses that are con-
sistent with this strategy is associated with activation
in the superior temporal gyrus. In comparison, in-
creased frequency of response inconsistent with win–
stay/lose–shift is associated with parietal cortex acti-
vation. These results support the hypothesis that
subjects use a frontoparietal neural system to estab-
lish a contingency based decision-making strategy
even in the presence of random reinforcement. © 2001

Academic Press

INTRODUCTION

The prefrontal cortex is an essential brain substrate
for a variety of neuropsychological processes including
executive functioning, planning, reasoning, working
memory, and context maintenance. Neuroimaging
studies in humans have shown that tests of executive
functioning are associated with activation of dorsolat-
eral, ventromedial-orbitofrontal prefrontal, and cingu-
late cortex (Mellers et al., 1995; D’Esposito et al., 1995;

obbins, 1996; Cohen et al., 1997; Owen et al., 1998;
mith, Jonides, 1999; Mellers et al., 1995). One key

unction of the prefrontal cortex is decision-making,

.e., selecting a response in the presence of a number of w
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esponse alternatives. Decision-making involves a set
f cognitive and noncognitive processes, such as atten-
ion, working-memory (Bechara et al., 1998), contin-
ency approximation (Elliott and Dolan, 1998; Tversky
t al., 1988), hypothesis testing (Elliott and Dolan,
998), and rule generation (Seale and Rapoport, 1997).
n some decision-making situations involving judg-
ents, the ventromedial prefrontal cortex appears to

e a critical neural substrate that provides unconscious
iasing steps to guide the subject to find an advanta-
eous response (Bechara et al., 1997). In other decision-
aking situations, i.e., when there is no a priori cor-

ect response and subject is using different rules to
uide responses in the presence of uncertainty, the
ritical neural systems involved are not well under-
tood.
Several decision-making tasks have been developed

ecently to examine the neural substrate underlying
trategic decision-making. Specifically, a two-choice
rediction task has been used by several investigators
Frith and Done, 1983; Elliott et al., 1999; Lyon et al.,
986) to examine decision-making in the presence of
ncertainty. Central to this task is that the subject
oes not know which response is “correct” and does not
now that each response is reinforced randomly. How-
ver, despite the random reinforcement, subjects do
ot select their sequences of responses randomly (Pau-

us, 1997; Paulus et al., 1994). Instead, nonrandom
equences of responses support the basic hypothesis
hat subjects use rules that govern the decision-mak-
ng process even in the presence of randomness. Re-

arkably, similar behavior has been observed in ro-
ents on an animal analog of this task (Evenden,
988).
A common decision-making strategy is called win–

tay/lose–shift (Evenden and Robbins, 1983). When us-
ng this strategy, subjects select their current response
ased on the outcome of the previous situation. For
xample, if the previous response was reinforced, i.e.,
he subject was informed that the selected response

as a “correct,” the subject chooses the same response
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92 PAULUS ET AL.
again (win–stay). If the previous response was not
reinforced, the subject switches to a different response
(lose–shift). This investigation addressed the central
question whether circumscribed neural substrates are
activated when the subject is influenced by a specific
strategy. Specifically, nonlinear assessment tools are
used to quantify the degree to which sequences of re-
sponses during the two-choice prediction task are con-
sistent with different possible strategies.

Previous neuroimaging studies support the notion
that the neural substrate underlying the behavior ob-
served in these tasks involves the both ventromedial
and dorsolateral prefrontal cortex (Elliott and Dolan,
1998; Elliott et al., 1999; Rogers et al., 1999).

Therefore, the following hypotheses were examined.
If the subject uses self-generated strategies while per-
forming the two-choice prediction task and self-gener-
ated actions are associated with the activation of pre-
frontal cortex, then one would expect to see prefrontal
activation confirming these previous reports. More-
over, if win–stay/lose–shift is the prominent strategy
influencing the sequences of responses on this task and
the prefrontal cortex is part of a neural network that
underlies the behavior of this task, one would expect to
see significant activation of the prefrontal cortex or
associated areas with the fluctuating frequency of the
win–stay/lose–shift rule during this task.

METHODS

Subjects. This study was approved by the UCSD
Human Subjects Committee. Twelve normal control,
right-handed subjects (2 females and 10 males) age
40.0 years 6 1.95 (range 28–50) with an average edu-

FIG. 1. Two-choice response task and two-choice guessing task.
f the screen with a person to the left and right. Two-choice predictio
r the right side and to push a left or right button accordingly. After
nd the car is presented for 300 ms on the left or right side by chanc
r Right button depending on which side the car is shown. For both ta
re self-paced, i.e., the next trial is initiated after a brief (300 ms) t
cation level of 15.0 6 0.43 years (range 12–18) partic-
ipated in this study. Subjects were screened for psy-
chopathology using a structured clinical interview for
DSM IV diagnosis and a MMPI-2 personality question-
naire. These subjects were given the two-choice re-
sponse task and the two-choice prediction task prior to
the experiment in the fMRI environment.

Task. The two-choice prediction task has been de-
scribed in detail elsewhere (Paulus, 1997). A simple
situation is presented graphically on a computer screen
(see Fig. 1). The task for the subject is to predict the
occurrence of a stimulus. The reinforcement schedule
is determined beforehand such that 50% of the re-
sponses will be reinforced, i.e., each subject will “cor-
rectly” predict half of the presentations of the car. The
two-choice response task requires the subject to select
a response based on the presence of a stimulus. The
duration of each trial for both the two-choice prediction
and the two-choice response task depends on the la-
tency between the presentation of the situation and the
selection of the response. Therefore, the number of
trials per experimental block depends on the subject’s
average latency to select a response during the block.
The key difference between these two tasks is that in
the two-choice response task the subject knows the
correct response before selecting a response and, there-
fore, does not have to invoke a strategy to select the
correct response. In comparison, during the two choice
prediction task, the subject does not know the correct
response in advance and the sequence of previous re-
sponses and outcomes comprises the only information
for the subject to guide the selection of the current
response.

Behavioral measures. For both the two-choice pre-

subject sits in front of a computer. A house is shown in the center
ask. The task is to decide whether a car will be presented on the left
essing a button, a bridge is shown on the left or right, respectively,
Two-choice response task: the subject is instructed to press the Left
, the computer randomly generates the location of the car. Both tasks
-out period.
The
n t
pr

e.
sks
diction task and the two-choice response task, the fol-
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93PREFRONTAL CORTEX AND DECISION-MAKING
lowing variables were recorded: (1) the choice selected
by the subject (left or right), (2) the computer selected
response (left or right), and (3) the latency to select a
response or decision time (time from the presentation
of the current situation to the selection of the re-
sponse). Based on these variables, the strategies of
decision making in the presence of uncertainty were
assessed by two sets of measures: (1) General response
biases: the number of left or right responses or stay (a
left response followed by left response), versus switch
(left followed by right response), responses. (2) The
degree to which the current response is determined by
the previous response, the previous stimulus, or a com-
bination of both is quantified by mutual information
measures. Mutual information functions (Herzel and
Grosse, 1997) are based on the logarithmic likelihood
ratio between the observed frequency of an event and
the expected frequency of an event. These functions
quantify the degree to which the co-occurrence of two
observations is above chance level in units of bits. For
example, if the subject selects the left response more
often when the car was shown previously on the left
side, the mutual information will quantify the bits of
information contained in the response selection due to
knowing the previous location of the car. The largest
possible value of the mutual information is the number
of bits necessary to predict the response. For example,
if the subject chooses left 50% of the time, 1 bit is
needed to determine any given response. If knowing
the previous location of the car completely predicts the
response then the mutual information between the
location of the car and the response is 1 bit.

FMRI protocol and image analysis pathway. A
standard fMRI protocol was used. Specifically, mag-
netic resonance images were obtained using a 1.5 Tesla
whole body system (Siemens, Erlangen). Anatomical
T1-weighted images of the whole brain (MPRAGE,
TR/TE 11.4/4.4 ms, flip angle 5 10°, FOV 5 256 3 256

mm pixels, 1 mm slice thickness) were obtained sagi-
ally to identify the anterior/posterior commissure, to
oregister the functional image and to transform the
mages into Talairach space. Thirty-two slices of T2*-
eighted images were obtained in the transverse plane
sing echo planar imaging (TR/TE 60/40 ms, flip an-
le 5 90°, 64 3 64 pixel FOV 5 220 3 220 mm, 3-mm
lice thickness) every 3000 ms for 112 repetitions. The
n-plane resolution of the functional images was 3.43 3
.43 3 3 mm. The slice thickness was chosen to mini-
ize signal dropout related to magnetic susceptibility

ariations in the orbitofrontal cortex.
The image analysis pathway and statistical analysis

f the images encompassed the following steps. First,
he anatomical and functional images were recon-
tructed using programs developed by the UCSD fMRI
roup. All subsequent image processing was done us-

ng the Analysis of Functional Neuroimages (AFNI)
oftware package (Cox, 1996). Second, the echoplanar
mages were coregistered using a 3-D-coregistration
lgorithm to the echoplanar image that resulted in the
mallest amount of image translation and rotation rel-
tive to all other images. Third, a regression analysis
as carried out with a 0-1 boxcar reference function to
redict the fluctuation in the linearly de-trended
choplanar image intensities as measured by a voxel-
ise regression or fit-coefficient. Fourth, a Gaussian
lter with FWHM 3.4 mm was applied to the regres-
ion-coefficient image to account for individual varia-
ions of the anatomical landmarks. Fifth, a voxelwise
-test with the null-hypothesis that the regression co-
fficient, predicting the signal intensity fluctuations
etween the two-choice prediction task and the two-
hoice response task equals to zero was conducted
cross all subjects to obtain a voxel-wise t-score image.
ixth, to control for false-positive regions of activation

n the statistical images, the activation significance
hreshold was adjusted based on a Monte-Carlo simu-
ation of filtered voxels’ activation patterns, which
akes into account spatial correlations (Gaussian
WHM 3.4), a priori significance thresholds (P , 0.05),
lice characteristics (3.4 3 3.4 3 3 mm), and number of
oxels in an average brain volume (44 3 51 3 36)
Forman et al., 1995). Based on these simulations, it
as determined that a voxel-wise a priori probability
f 0.05 would result in an a posteriori, cluster-wise
ctivation probability of 0.05 if a minimum volume of
50 ml and a connectivity radius of 3.43 mm was con-
idered. This statistical threshold was applied to all
ubsequent analyses and corresponds to an a posteriori
oxel-wise probability of P , 8.83 3 1026. All results

are presented as volume-thresholded t scores of the
regression coefficient between the off-task condition
(two choice response task) and the on-task condition
(two-choice prediction task).

Behavioral reference function. The image analysis
pathway described above used a reference vector based
on the experimental block design comparing the two-
choice prediction task with the two-choice response
task. In addition, a reference vector was developed
based on the response characteristics of each individ-
ual subject during the two-choice prediction task. Spe-
cifically, the behavioral reference function was ob-
tained from the sequences of left/right responses and
the presentation of the car obtained during the two-
choice prediction task blocks. First, each response was
classified as consistent with a win–stay/lose–shift
strategy (11), i.e., the subject selected the same re-
sponse if it was previously reinforced (win-stay) or
shifted to the other response if it was not reinforced
(lose-shift). Otherwise the response was classified as
inconsistent with a win–stay/lose–shift strategy (21),
e.g., if the subject switched from one response to the

other despite correctly predicting the previous re-
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94 PAULUS ET AL.
sponse (win–shift). Second, a cumulative behavioral
record was obtained from the sequences of win–stay/
lose–shift strategy consistent or inconsistent responses
(see Fig. 4A, gray line with black points). Third, in
order to assess the fluctuation of win–stay/lose–shift
consistent responses around the general tendency of
the individual subject to select responses consistent
with this strategy, a linear regression analysis was
performed. Specifically, the cumulative behavioral
record was fitted to a linear function. The residual or
detrended behavioral record, i.e., the difference be-
tween the linear function and the cumulative behav-
ioral record, quantifies when the subject was more or
less likely to select responses consistent with a win–
stay/lose–shift strategy during the two-choice predic-
tion task blocks (see Fig. 4A, thin black line). Fourth,
the detrended behavioral record of win–stay/lose–shift
fluctuations was convolved with a Gaussian kernel (SD
2.8 s (Frackoviak et al., 1997)) to account for the he-
modynamic response inherent in the fMRI signal (see
Fig. 4A, thick black line). Fifth, a regression analysis
analogous to the analysis with the boxcar reference
function described above was performed with the de-
trended behavioral record as a predictor for the echo-
planar image intensity fluctuations during the two-
choice prediction task. Sixth, the statistical analysis of
the regression coefficients was conducted analogously
to that described for the boxcar reference function. To
summarize, a positive volume-threshold t score derived
from the behavioral reference function signifies that
the increased frequency of responses consistent with a
win–stay/lose–shift strategy predicted increased
echoplanar image intensity. In comparison, a negative
t score signifies that an increase frequency of responses
inconsistent with a win–stay/lose–shift strategy pre-
dicted an increased echoplanar image intensity.

Statistical analysis. A mixed model ANOVA was
sed to analyze the behavioral measures. Specifically,
wo within-subjects factors (block: two-choice predic-
ion task or two-choice response task; repetition: 5
locks) were used to determine whether the behavior
iffered across the two task conditions. In order to
djust the degrees of freedom for the correlations in
ithin-subjects designs (violations of sphericity),
reenhouse–Geisser (GG) corrections were applied.

RESULTS AND DISCUSSION

Behavioral measures. For each 30-s block, subjects
elected on average 33.1 (62.3) responses during the

two-choice prediction task and 34.3 (61.2) responses
uring the two-choice response task. The response fre-
uency per block did not differ across task conditions
FGG(1,11.0) 5 0.48, NS) or repetitions (FGG(2.1,23.8) 5

2.92, NS), indicating that both tasks pose similar sen-
sorimotor demands on the subject’s response selection.

The subjects selected the right response 47.7% (61.6)
of the time during the two-choice prediction task and
50.3% (60.8) of the time during the two-choice re-
sponse task. There was no significant difference in the
number of right choices during the two-choice predic-
tion task relative to the two-choice response task
(FGG(1,11.0) 5 3.55, NS). However, there was an effect
of repetition (FGG(3.0,33.5) 5 4.12, P , 0.05) and a
epetition by task-type interaction (FGG(3.3,36.1) 5

2.93, P , 0.05), indicating the number of right versus
left response fluctuated more during the two-choice
response task when compared to the two-choice predic-
tion task. The subject switched responses (from left to
right or right to left) 46.9% (62.0) during the two-choice
prediction task and 49.6% (60.4) during the two-choice
response task. Response switching did not differ signifi-
cantly across task conditions (FGG(1,11.0) 5 1.95, NS) but
did differ across repetitions (FGG(2.9,31.7) 5 9.89, P ,
0.01), indicating that while on the average subjects
switched with similar frequency during the two-choice
prediction task and the two-choice response task, differ-
ent blocks during testing resulted in different rates of
switching.

During the two-choice prediction task 4% of the in-
formation contained in the current response (or
0.042 6 0.008 bits per choice) was related to the selec-
tion of the previous response as determined by the
mutual information measure whereas only 2% (or
0.02 6 0.004 bits per choice) of the current response
was predictable by the previous response during the
two-choice response task. The degree to which the pre-
vious response predicted the current response differed
significantly across task-type (FGG(1,11.0) 5 9.36, P ,
0.05) but did not vary significantly across repetition
(FGG(1.57,17.3) 5 3.55, NS). Therefore, the previous
response determined the current response during the
two-choice prediction task but not during the two-
choice response task. Ten percent (or 0.108 6 0.027 bits

er choice) of the uncertainty underlying the current
esponse selection could be accounted for by a win–
tay/lose–shift strategy of during the two-choice pre-
iction task. In comparison only 2% (or 0.020 6 0.004

bits per choice) of the uncertainty in the current re-
sponse selection could be accounted for by a win–stay/
lose–shift strategy during the two-choice response
task. There was a significant effect of task-type
(FGG(2.9,31.7) 5 9.36, P , 0.01) but not repetition
FGG(2.2,24.6) 5 0.47, NS), indicating that response

selection was significantly influenced by a win–stay/
lose–shift strategy during the two-choice prediction
task but not during the two-choice response task.

fMRI measures. As shown in Fig. 3, the activation
differences between the two-choice prediction task and
the two-choice response task support the hypothesis
that prefrontal structures are involved in decision-
making and are in support of previous findings. Spe-

cifically, as shown in Table 1, in comparison to the
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two-choice response task, subjects showed significant
bilateral activation during the two-choice prediction
task in Brodmann Area 10 (superior/middle frontal

FIG. 2. The degree to which the previous outcome (win–stay/
lose–shift MI) influences the current response during each trial
block. The mutual information measures the degree to which the
previous outcome predicts the selection of the current response dur-
ing the on-task (two-choice prediction) and off-task (two-choice re-
sponse) condition.

FIG. 3. Volume-thresholded t map rendering of 12 controls. An
coordinates. The two-choice prediction task relative to the two-choice

gyrus, bilateral precuneus, and deactivates posterior cingulate (Cluster
gyrus) and Brodmann Area 7 (precuneus) (Fig. 3A). In
addition the two-choice prediction task relative to the
two-choice response task was associated with activa-
tion in the right insula, inferior parietal lobule, and
MD thalamus nucleus. These results support the find-
ings of a recent study using a similar experimental
design, i.e., comparing a two-choice prediction task
with a two choice reporting task (Elliott et al., 1999). In
contrast, there was significantly more activation dur-
ing the two-choice response task relative to the two-
choice prediction task in the corpus callosum and the
posterior cingulate gyrus.

In order to link the win–stay/lose–shift strategy spe-
cifically to the activation pattern of a neural substrate,
a behavioral reference function was generated for each
subject based on the choice sequences during the two-
choice prediction task. As shown in Fig. 4B, the degree
to which an individual utilizes this strategy fluctuates
substantially during the trial blocks, which is consis-
tent with the notion that subjects use varying strate-
gies during this task. In contrast to the hypothesis,
there was no significant activation of the prefrontal
cortex with fluctuations of win–stay/lose–shift. In-

or–posterior (x) cutpoints of the rendering are shown in Talairach
ponse task activates bilateral prefrontal cortex, right middle frontal
teri
res
coordinates are shown in Table 1).
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stead, as shown in Fig. 5 and Table 2, two areas pos-
terior to the activation associated with the two-choice
prediction task relative to the two-choice response task
are involved in generating the win–stay/lose–shift
strategy.

First, increased right superior temporal gyrus (BA
22) activation is associated with an increased response
selection consistent with a win–stay/lose–shift strat-
egy. Second, increased bilateral precuneus activation
(BA 7) was associated with decreased response selec-
tion that consistent with a win–stay/lose–shift strat-
egy. These results support the hypothesis that changes
in frequency of win–stay/lose–shift is associated with
temporal and parietal cortex and not with prefrontal
areas.

Decision-making in the presence of uncertainty in-
volves a network of structures including prefrontal (BA
10) and parietal cortex (BA 7, 40). The relative fre-
quency with which a subject selects a response that is
consistent or inconsistent with a win–stay/lose–shift
strategy was associated with fluctuating activation in
the temporal (BA 22) and parietal (BA 7) cortex but not
in the prefrontal cortex. The response frequency and
decision times were similar for both tasks, which sup-
ports the notion that similar efforts are exerted during

TAB

Clusters Activated during the Two-Choice Predicti

Cluster location

Volume Location BA L/R

1134 Precuneus BA 7 R
378 Middle frontal gyrus BA 10 L 2
405 Precuneus BA 7 L
567 Superior frontal gyrus BA 10 R
486 Inferior parietal lobule BA 40 R
756 Precuneus BA 7 R
378 Insula R
378 MD thalamus R

675 Cropus callosum L 2
432 Cingulate gyrus BA 31 L 2

Note. Each voxel was threshholded at t . 2.06 (voxel-wise P , 0.05)
connectivity radius of 3.43 mm. The Tmax indicates the largest t valu
is more activated during the two-choice prediction task relative to th
increased activation during the two-choice response task relative to

TAB

Cluster Activated with the Behaviorally Defi

Cluster location

Volume Location BA L/R

351 Superior temporal gyrus BA 22 R
459 Precuneus BA 7 L
Note. Labels and statistics are analogous to those described in Table
both tasks. Finally, the main difference between the
two tasks is the utilization of information about past
responses and past outcomes when generating the cur-
rent response. Therefore, the activation differences be-
tween the two tasks are primarily related to the dy-
namical aspects of decision-making, i.e., how the
current response is part of a sequence of responses that
are generated according to a plan of action.

The Talairach coordinates of activation clusters in
this study match several areas reported in a previous
investigation comparing a two-choice guessing task
with a choice reporting task reported activation (Elliott
et al., 1999). Specifically, the areas that activated dur-
ing a two-choice prediction task relative to a choice
reporting task were labeled BA 9/46 but the center of
mass of the activated areas are in proximity to BA 10,
which correspond to the area activated in this study.
Moreover, in the previous study, the right precuneus
was activated during the two-choice prediction task
relative to the choice reporting task. Finally, in the
previous study activation of MD thalamus was found in
the two-choice prediction task relative to the choice
reporting or two-choice response task. More recently,
using PET technique and a two-choice gambling task,
Rogers et al. (1999) reported that resolving conflicting

1

Task Compared to the Two-Choice Response Task

Coordinates T statistics

y z Mean SEM TMax

273.3 49.6 3.8648 0.1666 6.3194
.1 55.5 6.5 3.4088 0.2612 5.6757
.6 277.4 45.3 3.8315 0.2331 5.3493
.2 43.8 18 3.0018 0.1656 5.1332
.5 253.6 43.5 3.0768 0.2009 5.0252
.3 257 43.3 2.8741 0.1291 4.5723
.1 18.5 8.1 3.2603 0.1782 4.3976
.1 213.1 10.8 2.2221 0.1307 3.0022

237.5 6.7 22.5466 0.1215 23.8735
.1 241.5 34 22.768 0.1582 23.7148

d a minimum volume of 350 ml (.10 contiguous voxels) with a cluster
ithin the cluster. A t score greater than zero signifies that the area
o-choice response task, t less than zero corresponds to an area with
two-choice prediction task.

2

d Wins–Stay/Lose–Shift Reference Function

Coordinates T statistics

x y z Mean SEM TMax

.9 225.2 15.1 2.6455 0.1081 3.533

.3 259.9 56.5 23.185 0.2196 25.229
LE

on

x

9
28
27
28
40
3

33
8

17
10

an
e w
e tw
LE

ne

46
24
1.
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decisions was associated with activation in BA 10, BA
11, and BA 47. These results support the current find-
ing that in the presence of equally conflicting response
alternatives, i.e., choosing the left or right response
with equally uncertain outcome, the prefrontal cortex
provides important modulatory information that
guides the selection of the responses. The modest over-
all degree to which win–stay/lose–shift predicted the
current response (Fig. 2) and the significant fluctua-
tions of the win–stay/lose–shift consistent responses

FIG. 4. (A) The derivation of the behavioral reference function
(for details see text). The y-axis for the cumulative record is plotted
on the left, the y-axis for the residual fluctuation following linear
detrending and convolution with a Gaussian function is shown on the
right. (B) The choice response (off) and two-choice prediction (on)
boxcar reference function and the behaviorally derived win–stay/
lose–shift reference function for a representative subject. The echo-
planar image intensity fluctuation of a voxel in the right STG, which
correlated with the behavioral reference function r 5 0.47, is shown
elow.
throughout the task (Fig. 4) support the notion that
subjects switch among different strategies, which is
consistent with the maintenance of prefrontal activa-
tion throughout the two-choice prediction task. There-
fore, subjects do not select one strategy exclusively and
select response according to one rule only, instead, the
sequences of choices result from the combination of
different rules.

In contrast to the proposed hypothesis, fluctuation of
the win–stay/lose–shift strategy during the two-choice
prediction task was not associated with fluctuation of
prefrontal activation. Instead, fMRI signal intensity
fluctuations in the superior temporal gyrus and the
precuneus correlated with response selection consis-
tent or inconsistent with this strategy, respectively.
According to posttest reports from subjects, this task
involves two complementary cognitive processes. First,
subjects generate a strategy that is based on the re-
sponse and/or stimulus history to “predict” the current
presentation of the stimulus. Second, subjects modify
their strategy based on their prediction “success.” Ac-
cordingly, subjects may alternate between initiation of
a new strategy and maintaining the current strategy
and assessing its success. The behavioral reference
functions constructed here are able to quantify the
latter but not the former. Both STG and precuneus
have been associated with subprocesses that are con-
sistent with the maintenance of strategies in the pres-
ence of uncertainty. For example, the left superior tem-
poral gyrus activation has been associated with higher
semantic associations (Jessen et al., 1999), context-
dependent processing (Opitz et al., 1999), and with
detecting the degree of predictability in a variably ran-
dom sequence of stimulus presentations (Bischoff-
Grethe et al., 2000). Therefore, the activation in this
area may relate to assessing the success of the win–
stay/lose–shift strategy during the two-choice predic-
tion task.

The extensive activation of the precuneus is consis-
tent with previous reports that have implicated this
structure in temporal order retrieval (Cabeza et al.,
1997), attentive tracking (Culham et al., 1998), cate-
gory shifting (Nagahama et al., 1998), generation of
response sequences (de Zubicaray et al., 1998), se-
quence learning (Sakai et al., 1998), hypothesis testing
(Elliott and Dolan, 1998), episodic memory retrieval
(Fletcher et al., 1995; Krause et al., 1999; Shallice et
al., 1994), and temporal context recognition (Zorrilla et
al., 1996). Therefore, the inverse correlation between
the win–stay/lose–shift behavioral reference function
and the activation in the precuneus may signify that
this structure is critical in supplying alternative strat-
egies, that take into account stored contingencies be-
tween the generated responses and their outcome.

This role of the precuneus is consistent with a model
that has been put forth recently, which combines sen-
sory-motor processing, attentional modulation of sen-

sory and motor signals with reward contingent infor-
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mation (Platt and Glimcher, 1999). The contingencies
represent the subject’s cognitive rule set. Accordingly,
the decision-making process involves attentional and
postattentional processes that enable the subject to
form response strategies that are based on the previous
responses and stimuli as well as their associated out-
come. The current data support the hypothesis that
there is a close connection between brain areas that
have been associated with executive functioning (pre-
frontal cortex) and areas that show activation to vary-
ing contingencies with stimulus presentation (parietal
cortex).

Decision-making is a complex process and may in-
volve different neural networks based on the task de-
mands. As opposed to other decision-making tasks,
e.g., the Bechara and Rogers Gamble Task, there is no

FIG. 5. Volume thresholded t map rendering of the behaviorall
precuneus (A) and activation in right temporal cortex (B). Anter
coordinates.
advantageous or disadvantageous strategy during the
two-choice prediction task. The feedback, i.e., whether
the prediction was correct or incorrect, does not assist
the subject to find a “best” strategy. There is converg-
ing evidence from imaging studies (Rogers et al., 1999)
and studies with ventromedial prefrontal cortex lesion
subjects (Bechara et al., 1998) that the ventromedial
prefrontal cortex is a critical neural substrate to help
guide selecting advantageous strategies via noncogni-
tive hunches. The current finding supports the hypoth-
esis that areas more dorsal than the ventromedial pre-
frontal cortex are involved in initiating decision-
strategies in a completely random environment. Thus,
there may be a continuum of decision-making situa-
tions in the presence of uncertainty between searching
for a “best” strategy in absence of an a-priori optimum
rule and finding rules that result in advantageous de-

erived reference function in 11 controls shows deactivation in left
posterior (x) cutpoints of the rendering are shown in Talairach
y d
ior–
cision-making. This hypothesis can be examined using
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the two-choice prediction task by assigning differential
“success” rates to a priori defined sequences of re-
sponses.

Alternatively, the decision-making process may par-
allel attentive processes during a visuospatial task. It
has been proposed that attention draws upon the func-
tional neuroanatomy of more basic sensory and motor
processes for its instantiation (Nobre et al., 2000). It
appears that transmodal centers of higher association
areas are critical computational centers for large-scale
neurocognitive networks and may provide the key sub-
strate for attentional, motivational, and emotional
modulations of sensorimotor data (Mesulam, 1998).
Thus, it is not surprising that the key areas reported
here also correspond to neural substrates that have
been reported with spatial processing and neglect (Me-
sulam, 1999). Therefore decision-making may corre-
spond to the computational activity of transmodal cen-
ters of visuospatial processing areas with volitional
components. Future studies can examine this hypoth-
esis by systematically varying the visuospatial, atten-
tional, and volitional processing demands of the two-
choice prediction task. In conclusion, decision-making
in the presence of uncertainty involves a network of
structures including parietal, prefrontal, and cingulate
cortex, which support attentional, working memory,
evaluative processes, respectively. Moreover, these
processes are highly dynamic and fluctuate signifi-
cantly across the test session.

ACKNOWLEDGMENTS

We acknowledge the invaluable help of Rick Buxton and Eric
Wong in supporting the fMRI experiments. This work was supported
by grants from NIMH (MH R37-42228; D.L.B.), (MH5358; M.P.P.),
and support from the Veterans Administration via a VISN 22 MI-
RECC (D.L.B., G.B.).

REFERENCES

Bechara, A., Damasio, H., Tranel, D., and Anderson, S. W. 1998.
Dissociation of working memory from decision making within the
human prefrontal cortex. J. Neurosci. 18: 428–437.

Bechara, A., Damasio, H., Tranel, D., and Damasio, A. R. 1997.
Deciding advantageously before knowing the advantageous strat-
egy. Science 275: 1293–1295.

Bischoff-Grethe, A., Proper, S. M., Mao, H., Daniels, K. A., and
Berns, G. S. 2000. Conscious and unconscious processing of non-
verbal predictability in Wernicke’s area. J. Neurosci. 20: 1975–
1981.

Cabeza, R., Mangels, J., Nyberg, L., Habib, R., Houle, S., McIntosh,
A. R., and Tulving, E. 1997. Brain regions differentially involved in
remembering what and when: A PET study. Neuron 19: 863–870.

Cohen, J. D., Perlstein, W. M., Braver, T. S., Nystrom, L. E., Noll,
D. C., Jonides, J., and Smith, E. E. 1997. Temporal dynamics of
brain activation during a working memory task. Nature 386: 604–
608.

Cox, R. W. 1996. AFNI: Software for analysis and visualization of
functional magnetic resonance neuroimages. Comput. Biomed.

Res. 29: 162–173.
Culham, J. C., Brandt, S. A., Cavanagh, P., Kanwisher, N. G., Dale,
A. M., and Tootell, R. B. 1998. Cortical fMRI activation produced
by attentive tracking of moving targets. J. Neurophysiol. 80: 2657–
2670.

D’Esposito, M., Detre, J. A., Alsop, D. C., Shin, R. K., Atlas, S., and
Grossman, M. 1995. The neural basis of the central executive
system of working memory. Nature 378: 279–281.

de Zubicaray, G. I., Williams, S. C., Wilson, S. J., Rose, S. E.,
Brammer, M. J., Bullmore, E. T., Simmons, A., Chalk, J. B.,
Semple, J., Brown, A. P., Smith, G. A., Ashton, R., and Doddrell,
D. M. 1998. Prefrontal cortex involvement in selective letter gen-
eration: A functional magnetic resonance imaging study. Cortex
34: 389–401.

Elliott, R., and Dolan, R. J. 1998. Activation of different anterior
cingulate foci in association with hypothesis testing and response
selection. Neuroimage 8: 17–29.

Elliott, R., Rees, G., and Dolan, R. J. 1999. Ventromedial prefrontal
cortex mediates guessing. Neuropsychologia 37: 403–411.

Evenden, J. L., and Robbins, T. W. 1983. Dissociable effects of d-
amphetamine, chlordiazepoxide and alpha-flupenthixol on choice
and rate measures of reinforcement in the rat. Psychopharmacol-
ogy (Berlin) 79: 180–186.

Evenden, J. L. 1988. Reinforcers and sequential choice: “Win-stay”
and the role of dopamine in reinforcement. In Biological Determi-
nants of Reinforcement. (M. L. Commons and R. L. Church, Eds.),
pp. 183–206. Lawrence Erlbaum, Hillsdale, NJ.

Fletcher, P. C., Frith, C. D., Grasby, P. M., Shallice, T., Frackowiak,
R. S., and Dolan, R. J. 1995. Brain systems for encoding and
retrieval of auditory-verbal memory. An in vivo study in humans.
Brain 118: 401–416.

Forman, S. D., Cohen, J. D., Fitzgerald, M., Eddy, W. F., Mintun,
M. A., and Noll, D. C. 1995. Improved assessment of significant
activation in functional magnetic resonance imaging (fMRI): Use
of a cluster-size threshold. Magn. Reson. Med. 33: 636–647.

Frackoviak, R. S. J., Friston, K. J., Frith, C. D., and Mazziotta, J. C.
1997. Human Brain Function. Academic Press, New York.

Frith, C. D., and Done, D. J. 1983. Stereotyped responding by schizo-
phrenic patients on a two-choice guessing task. Psychol. Med. 13:
779–786.

Herzel, H., and Grosse, I. 1997. Correlations in DNA sequences: The
role of protein coding segments. Phys. Rev. E. 55: 800–810.

Jessen, F., Erb, M., Klose, U., Lotze, M., Grodd, W., and Heun, R.
1999. Activation of human language processing brain regions after
the presentation of random letter strings demonstrated with
event-related functional magnetic resonance imaging. Neurosci.
Lett. 270: 13–16.

Krause, B. J., Schmidt, D., Mottaghy, F. M., Taylor, J., Halsband, U.,
Herzog, H., Tellmann, L., and Mèuller-Gèartner, H. W. 1999.
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