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Risk-Taking Behavior: Dopamine D2/D3 Receptors, Feedback, and Frontolimbic Activity
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Decision-making involves frontolimbic and dopaminergic brain
regions, but how prior choice outcomes, dopamine neurotrans-
mission, and frontostriatal activity are integrated to affect choices is
unclear. We tested 60 healthy volunteers using the Balloon Analogue
Risk Task (BART) during functional magnetic resonance imaging. In
the BART, participants can pump virtual balloons to increase poten-
tial monetary reward or cash out to receive accumulated reward;
each pump presents greater risk and potential reward (represented
by the pump number). In a separate session, we measured striatal
D2/D3 dopamine receptor binding potential (BPND) with positron
emission tomography in 13 of the participants. Losses were followed
by fewer risky choices than wins; and during risk-taking after loss,
amygdala and hippocampal activation exhibited greater modulation
by pump number than after a cash-out event. Striatal D2/D3 BPND
was positively related to the modulation of ventral striatal activation
when participants decided to cash out and negatively to the number
of pumps in the subsequent trial; but negatively related to the modu-
lation of prefrontal cortical activation by pump number when partici-
pants took risk, and to overall earnings. These findings provide in
vivo evidence for a potential mechanism by which dopaminergic
neurotransmission may modulate risk-taking behavior through an in-
teractive system of frontal and striatal activity.

Keywords: decision-making, dopamine receptors, fMRI, pet, risk-taking,
striatum

Introduction

Decision-making under risky conditions can be crucial for sur-
vival, but how contextual information and brain processes are
integrated to influence decisions is incompletely understood.
Neuroimaging studies show frontostriatal activation during
risky decision-making (Ernst and Paulus 2005; Krain et al.
2006; Rao et al. 2008). Moreover, while experience-dependent
fluctuations in neural activation likely influence risky decision-
making (Gold and Shadlen 2007; Dayan and Daw 2008; Niv
et al. 2012), the precise relationships between brain activation
during risky decision-making and its neurochemical correlates
in the context of recent outcomes are relatively underexplored.
We aimed to help clarify these relationships using positron
emission tomography (PET) and functional magnetic reson-
ance imaging (fMRI) paired with the Balloon Analogue Risk
Task (BART; Lejuez et al. 2002). The BART presents sequential
choices—pumping a virtual balloon to increase potential gains
while risking loss if the balloon explodes, or cashing out and
avoiding explosion. We used a parametric fMRI design to study
how an increase in risk and potential reward (represented by

pump number in a trial) modulated brain activation during
decision-making.

Because activity in dopaminergic neurons increases with
the magnitude of anticipated rewards (Tobler et al. 2005), and
reward induces dopamine release and activation in the nucleus
accumbens (Schott et al. 2008), we hypothesized that acti-
vation in the ventral striatum during cash-out events would be
positively correlated with a dopaminergic marker. Notably, a
recent study has shown that allelic variants of variable number
tandem repeat polymorphism of the dopamine transporter
gene (DAT1) influence risk-taking (Mata et al. 2012). Here, we
determined D2/D3 dopamine-receptor availability, as binding
potential (BPND), using [18F]fallypride and PET in a subset of
the participants who underwent fMRI. As D2/D3 receptor–
agonist administration attenuates risk-taking in rodents (Simon
et al. 2011), we expected that modulation of ventral striatal acti-
vation by pump number during cashing out would predict
risk-taking in subsequent trials, and that this relationship
would reflect variation in striatal BPND.

Responses to rewards may influence decision-making by
maintaining a balance between reward-seeking, initiated by
activity in the ventral striatum (Schultz 1998), and goal-
directed behavior, guided by the prefrontal cortex (PFC)
(Ridderinkhof et al. 2004). Observations that patients with PFC
lesions have difficulty resisting immediate rewards at the
expense of larger, future rewards suggest that the PFC regu-
lates reward-seeking behavior (Bechara et al. 1998). In this
regard, signaling through corticostriatal pathways may faci-
litate adaptive decision-making through PFC inhibition of
ventral striatal activity. We therefore expected that striatal
D2/D3 BPND would be inversely related to the modulation of
PFC activation by pump number when participants took risk
and also inversely related to overall monetary gain.

We also examined how the outcome of the previous trial is
associated with subsequent risky decision-making by compar-
ing the effects of losses and gains on risk-taking and associated
neural activation. Because the inclination to avoid loss is
greater than the preference to acquire reward (Kahneman and
Tversky 1984), we expected that recent losses would attenuate
risk-taking, and that behavioral effects would be related to
activity in the insula and amygdala, regions that have been
linked to negative affect (Berntson et al. 2011).

Materials and Methods

Participants
A total of 60 healthy, right-handed research volunteers (18–51 years
of age; 27 females) participated in this study. They were recruited for
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2 separate projects that were approved by the UCLA Office of the
Human Research Protection Program. In both studies, participants per-
formed the BART during fMRI using identical procedures. In one
study, participants had the option of undergoing PET to assess dopa-
mine D2/D3 receptor BPND. Sixty participants performed the BART
during fMRI, and a subset of these participants (n = 13) had PET scans
as well for the determination of D2/D3 receptor BPND. Exclusion cri-
teria, determined by a physical examination and psychiatric evaluation
using the Structured Clinical Interview for DSM-IV, were: Systemic,
neurological, cardiovascular, or pulmonary disease; head trauma with
loss of consciousness; any current Axis I psychiatric diagnoses except
nicotine dependence; and current use of prescribed psychotropic
medications. Participants who tested positive for cocaine, marijuana,
methamphetamine, benzodiazepines, or opiates by urinalysis were ex-
cluded, as were those with MRI contraindications.

Balloon Analogue Risk Task
A version of the BART (Lejuez et al. 2002), adapted for event-related
fMRI, was used (Fig. 1). Balloons were either red or blue on active
trials and white on control trials. When presented with an active
balloon, participants selected between pumping the balloon for a
potential increase in earnings ($0.25/pump) or cashing out to retain
earnings accumulated during that trial. Pumping increased the size of
the balloon and accumulated earnings, or it resulted in balloon
explosion and forfeiture of unrealized earnings accumulated during
the trial. Trials included all pumps starting with the first presentation
of a balloon and ended with the choice to cash out, which resulted in a

2-s display of the total earned, or in a balloon explosion followed by a
2-s display of an exploded balloon with the message, “Total = $0.00.”
Prior to scanning, participants were informed that red and blue bal-
loons were associated with monetary reward and that they would
receive their winnings after scanning, but not that the number of
pumps that would produce an explosion was predetermined. For each
active balloon trial, that number was determined from a uniform prob-
ability distribution, ranging from 1 to 8 and 1 to 12 pumps for red and
blue balloons, respectively. Participants were informed that the white
balloons did not explode and were not associated with potential
reward, and they were instructed to pump each white balloon until the
trial ended. The white-balloon trials were used to control for motor-
and visual-related activation. The number of white-balloon presenta-
tions within the trial varied randomly between 1 and 12 (M = 6.34,
SD = 3.44), according to a uniform distribution. Red, blue, and white-
balloon trials were randomly interspersed throughout the task. The
task was administered in two 10-min runs. As the task was self-paced
and each balloon remained on the screen until the participant pressed a
button, the duration of pump events varied with the participant, as did
the total number of trials (active trials: M = 56.62, SD = 8.47; control
trials: M = 11.40, SD = 2.39). Participants were able to cash out at any
time prior to a balloon explosion, and the number of pumps within a
trial varied with the participant (number of pumps on trials ending with
the choice to cash out: M = 2.92, SD = 0.934; number of pumps on all
active trials: M = 8.48, SD = 2.29). The interstimulus interval for balloon
presentations was randomly sampled from a uniform distribution
ranging from 1 to 3 s, and the intertrial interval was randomly sampled
from an exponential distribution (mean: 4 s; range: 1–14 s). Participants
received their earnings in cash at the end of the scanning session.

fMRI Scanning
Imaging was performed at 3 T on a Siemens Magnetom Trio MRI
system. A set of 302 functional, T2*-weighted, echoplanar images
(EPIs) were acquired (slice thickness = 4 mm; 34 slices; repetition
time = 2 s; echo time = 30 ms; flip angle = 90°; matrix = 64 × 64; field of
view = 200 mm). High-resolution, T2-weighted, matched-bandwidth,
and magnetization-prepared rapid-acquisition gradient echo (MPRAGE)
scans were also acquired. The orientation for matched-bandwidth and
EPI scans was oblique axial to maximize brain coverage and to optimize
signal from ventromedial prefrontal regions.

PET Scanning
Dopamine D2/D3 receptor BPND was assayed using [18F]fallypride, a
high-affinity radioligand for dopamine D2/D3 receptors (Mukherjee
et al. 1995). Images were acquired using a Siemens ECAT EXACT
HR+ scanner [in-plane resolution full-width at half-maximum (FWHM)
4.6 mm, axial FWHM= 3.5 mm, axial field of view = 15.52 cm] in a
3-dimensional mode. A 7-min transmission scan was acquired using a
rotating 68Ge/68Ga rod source for attenuation correction. PET dynamic
data acquisition was initiated with a bolus injection of [18F]fallypride
(∼5 mCi in 30 s). To minimize discomfort and to reduce radiation
exposure to the bladder wall, emission data were acquired in two
80-min sessions separated by a break. Data were reconstructed using
ECAT v7.3 OSEM (Ordered Subset Expectation Maximization; 3 iter-
ations, 16 subsets) after corrections for decay, attenuation, and scatter.

Analysis of Behavioral Data
A general linear mixed model was used to examine risk-taking behav-
ior while simultaneously modeling trial-by-trial data and taking into
account individual subject variables. As trials progressed, risk-taking
behavior may have been confounded by learning as participants re-
ceived feedback reflecting the probabilities associated with the
explosion of red and blue balloons. We therefore included the trial
number (continuing across the 2 fMRI runs) and balloon color (red vs.
blue balloons) into the model to examine the effect of learning on
pumping during the trial. As our main analysis concerned the effects
of recent experience on subsequent behavior, the outcome of the
immediately preceding trial was also included in the model with
pumps per trial as the dependent variable.

Figure 1. Balloon Analogue Risk Task. (a) Pumping the balloon increased potential
earnings but carried the risk of the balloon exploding, resulting in a loss of accumulated
earnings during the trial. (b) If participants cashed out before the balloon exploded,
they retained the earnings accumulated. (c) In control trials, white balloons were
presented. These balloons did not increase in size with pumping, did not explode, and
were not associated with reward potential (see Methods).
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The general linear mixed model allows the inclusion of both trial-
level and subject-level covariates and accounts for the nonindepen-
dence of observations clustered within subjects, and as such is a
reasonable approach for the analysis of the BART where these types of
covariates may influence results. It is also robust to missing data or to
the exclusion of data, such as the outcome of white-balloon trials and
pumping behavior on trials following white-balloon trials. The result-
ing estimates are valid and unbiased by missing or excluded obser-
vations, provided that the model accounts for factors associated with
the pattern of exclusion (Laird 1988; Little and Rubin 2002; Fitzmaurice
et al. 2004). That is, the case here since the white control balloons were
not associated with monetary outcome and did not explode, but were
fully modeled. Data were analyzed using the Statistical Package for the
Social Sciences.

Analysis of fMRI Data
Image analysis was performed using the FMRIB Software Library (FSL;
version 4.1.8; www.fmrib.ox.ac.uk/fsl). The image series from each
participant was first realigned to compensate for small head move-
ments (Jenkinson et al. 2002), and then a high-pass temporal filtering
(100 s) was applied. Data were spatially smoothed using a 5-mm
FWHM Gaussian kernel, and skull stripping was performed using the
FSL Brain Extraction Tool. Registration was conducted through a 3-step
procedure, whereby EPI images were first registered to the matched-
bandwidth structural image, then to the high-resolution MPRAGE
structural image, and finally into standard Montreal Neurological Insti-
tute space, using 12-parameter affine transformations. Registration of
MPRAGE structural images to standard space was further refined using
FNIRT nonlinear registration (Andersson et al. 2007). Statistical ana-
lyses were performed on data in native space using the FMRIB’s fMRI
Expert Analysis Tool (FEAT), and the statistical maps were spatially nor-
malized to standard space prior to higher-level analysis.

Four types of events were included in the general linear model
(GLM): Pumps on active balloons, cash outs, balloon explosions, and
pumps on control balloons. Active-balloon and control-balloon pump
events were defined as starting with the onset of the balloon presen-
tation and ending with the button press to pump. Cash-out events were
defined as the time between the appearance of the balloon and the dis-
appearance of the feedback message, giving the total earned. Balloon
explosion events started with the appearance of the exploded balloon
and ended with the message “Total Earned = $0.00.” As a trial pro-
gressed, risk and potential reward increased with each pump, as did
the amount earned with the choice to cash out. For each of the 4 types
of events, estimates of mean activation and of parametric modulation
of activation (Buchel et al. 1998) by pump number were included in a
GLM using FEAT. Parametric regressors tested the linear relationship
between pump number and blood oxygen-level dependent (BOLD)
signal, by using demeaned pump number (pump number minus the
total number of pumps within each trial) as a parametric modulator
with greater weight assigned to later pumps. For example, within a
trial, the second pump event, for which greater reward was at stake,
was given greater weight than the first. The parametric modulator for
cash out and explode events was the number of pumps before the
decision to cash out or before the balloon exploded, respectively. To
maximize statistical power to conduct a more robust test for a linear
relationship between level of risk and brain activation, red and blue
balloons were combined. The nonparametric regressors were used to
estimate the mean response for each event without consideration of
the escalation of potential reward/loss within the trial.

Regressors were created by convolving a set of delta functions
that represented the onset times of the events with a canonical
(double-gamma) hemodynamic response function (HRF). The partici-
pant’s response time to pump and the interstimulus interval deter-
mined the width of the HRF for each event. To allow for the separation
of responses of the cash-out or balloon-explosion event from the
final pump that preceded it, the width of the HRF for the last pump of
each trial was modeled using the participant’s response time.
Additional regressors that represented the first temporal derivatives of
the 8 event-related regressors were included to capture variance associ-
ated with slight variations in the temporal lag of the hemodynamic
response.

Whole-brain statistical analyses, using a fixed-effects model, were
conducted separately for each imaging run per participant, and again
to combine contrast images across the 2 runs. For between-participant
analyses, the FMRIB Local Analysis of Mixed-Effects module was used
with sex and age as covariates. Statistical images were thresholded at a
voxel height of Z > 2.3 and a cluster-probability threshold of P < 0.05,
corrected for whole-brain multiple comparisons using the Theory of
Gaussian Random Fields. Parameter estimates (β-values from the
whole-brain GLM parametric analysis, corresponding to the modu-
lation of activation by pump number) from a priori regions were ex-
tracted and used for subsequent correlation analyses with BART
performance and striatal D2/D3 BPND (see below).

Effects of the Outcome of the Preceding Trial
A separate GLM was used to examine the effects of the outcome of the
previous trial on the modulation of activation by pump number. For
each participant, pump events in a trial were categorized on the basis
of the outcome of the previous trial. The GLM included parametric and
nonparametric regressors separately for pumps that followed cash
outs, balloon explosions, control balloon trials, and the first trial of
each run (with no preceding contextual outcome). The contrast of in-
terest was: “Pumps Following a Cash Out versus Pumps Following a
Balloon Explosion” (parametric regressors). The analysis was per-
formed using a voxel-height threshold of Z > 2.3 and a cluster-
probability threshold of P < 0.05, corrected for whole-brain multiple
comparisons.

Analysis of PET Data
Reconstructed PET data were combined into 16 images, each contain-
ing an average of 10-min dynamic frames. PET images were corrected
for head motion by aligning the other 15 images to the second image
in the series using rigid-body transformation with FSL FLIRT. Coregis-
tration of the second PET image to the structural MRI using the ART
software package was computed using a 6-parameter, rigid-body trans-
formation and was subsequently applied to all 16 PET images in the
series (Ardekani et al. 1995). Bilateral caudate, putamen, and nucleus
accumbens regions were defined on the participant’s MPRAGE using
FSL FIRST (http://www.fmrib.ox.ac.uk/fsl/first/index.html).

Time-radioactivity data from the caudate, putamen, and nucleus ac-
cumbens were extracted from the motion-corrected, coregistered
images and imported into the PMOD 3.2 for kinetic modeling (PMOD
Technologies Ltd., Zurich, Switzerland). Time-radioactivity curves
were fit using the simplified reference tissue model (SRTM; Lammertsma
and Hume 1996); to provide an estimation of k2′, the rate constant for
the transfer of the tracer from the reference region to the plasma. As the
cerebellum is nearly devoid of specific binding sites for the radiotracer,
a cerebellar volume of interest (VOI) was used as a reference region
(Mukherjee et al. 2002). A volume-weighted average of k2′ estimates
from high-radioactivity regions (i.e., the caudate and putamen) was com-
puted. The time-radioactivity curves were refit using the SRTM2 model
(Wu and Carson 2002), with the computed k2′ value held constant
across all VOIs. BPND was then calculated by subtracting 1.0 from the
product of the tracer delivery (R1) and the tracer washout (k2′/k2a).

Analysis of fMRI Parameter Estimates, D2/D3 Receptor
Availability, and Behavior
The relationships between fMRI parameter estimates, striatal D2/D3
dopamine receptor BPND, risk-taking behavior following gains and
losses, and total earnings were assessed. Parameter estimates (β-values
from the whole-brain GLM parametric analysis that correspond to the
modulation of activation by pump number) during pump and cash-out
events were extracted from VOIs anatomically defined on the basis of a
priori hypotheses. The dorsolateral PFC (DLPFC) was sampled as a
spherical VOI with a 10-mm radius around the peak voxel (Montreal
Neurological Institute, MNI, coordinates: x = 30, y = 36, z = 20) from a
cluster previously associated with risk-taking on the BART (Rao et al.
2008). Bilateral caudate, putamen, and nucleus accumbens regions
were anatomically derived from the Harvard-Oxford subcortical atlas
and were combined to create a VOI of the whole striatum. To ensure

238 Risk-Taking on the BART: an fMRI and PET Study • Kohno et al.

www.fmrib.ox.ac.uk/fsl
www.fmrib.ox.ac.uk/fsl
www.fmrib.ox.ac.uk/fsl
www.fmrib.ox.ac.uk/fsl
www.fmrib.ox.ac.uk/fsl
http://www.fmrib.ox.ac.uk/fsl/first/index.html
http://www.fmrib.ox.ac.uk/fsl/first/index.html
http://www.fmrib.ox.ac.uk/fsl/first/index.html
http://www.fmrib.ox.ac.uk/fsl/first/index.html
http://www.fmrib.ox.ac.uk/fsl/first/index.html
http://www.fmrib.ox.ac.uk/fsl/first/index.html
http://www.fmrib.ox.ac.uk/fsl/first/index.html
http://www.fmrib.ox.ac.uk/fsl/first/index.html


that the correlations with striatal D2/D3 dopamine receptor BPND were
specific to our hypothesized VOIs, we tested the correlation of D2/D3
dopamine receptor BPND with parameter estimates from the insula and
visual cortex, regions that were not hypothesized to have activation
correlated with striatal BPND. VOIs of the insula and visual cortex were
anatomically defined from the Harvard-Oxford cortical atlas. To assess
pumping behavior that was not limited by a balloon explosion, an ad-
justed average number of pumps was calculated by dividing the total
number of pumps in trials without explosions by the number of such
trials. “Risk-taking after reward” was calculated by subtracting the ad-
justed number of pumps following control-balloon trials from those
following cash-out events. “Risk-taking after loss”was calculated as the
difference between the adjusted number of pumps following explosion
events and following control-balloon trials. Overall performance was
defined as total earnings on the BART. Sex and age were entered as
covariates for all correlation analyses, and multiple-comparison correc-
tion was performed by controlling for the rate of false discoveries (FDR;
5% α-level) (Benjamini and Hochberg 1995).

Results

Behavioral Performance
On average, participants decided to cash out on 52% of all
trials (SD = 10.22%) and pumped active balloons 8.48 times

(SD = 2.29) across all trials and 2.92 times (SD = 0.97) on trials
ending with a choice to cash out. Taking the number of
pumps on active balloons as the dependent variable, there
were significant main effects of balloon color (F1, 1,450 = 38.665,
P < 0.001) and previous trial outcome (F1, 1,463 = 12.061,
P = 0.001); however, there was no significant main effect of
the trial number (F88, 1,452 = 1.194, P = 0.112). The results
also showed no significant interactions between trial number
and balloon color (F80, 1,455 = 0.664, P = 0.990) or between
trial number and previous trial outcome (F76, 1,455 = 1.238,
P = 0.085). Post hoc analyses showed that participants made
significantly fewer pumps on red than blue balloons and on
trials following balloon explosion compared with cash-out
events (P < 0.05).

fMRI Analysis

Modulation of Activation by the Pump Number
Activation in the right inferior and right middle frontal gyri,
right orbitofrontal cortex, right insula, anterior cingulate, thala-
mus, and brainstem was modulated by pump number during
active balloon pumps (P < 0.05, whole-brain cluster corrected;
Fig. 2a and Table 1). In cash-out events, activation in nucleus

Figure 2. Modulation of striatal and prefrontal cortical activation by pump number and the relationship with striatal BPND. (a) The modulation of activation by pump number was
exhibited during active balloon pumps (see Methods for details of parametric modulation analysis) (see Table 1 for the list of regions). (b) The fMRI parameter estimates
(in β-values) extracted from DLPFC (independently defined VOI) from pump events were negatively correlated with striatal BPND (x-axis). (c) In cash-out events, the modulation of
activation by pump number was seen in the ventral striatum (see Table 1 for the list of regions). (d) The fMRI parameter estimates (in β-values) for the whole striatum (anatomically
defined VOI) from cash-out events (y-axis) were positively correlated with striatal BPND (x-axis). Color maps represent Z-statistic values (whole-brain cluster-corrected).
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accumbens, right caudate, subcallosal and precuneus cortices,
and parahippocampal and postcentral gyri was modulated by
pump number (P < 0.05, whole-brain cluster corrected)
(Fig. 2c and Table 1).

Effects of Loss on Activation During Subsequent Risk-Taking
Activation in the left amygdala, hippocampus, parahippocam-
pal gyrus, posterior cingulate cortex, and precuneus showed
greater modulation by pump number during active balloon

pumps following a balloon explosion than following a
cash-out event number (P < 0.05, whole-brain cluster cor-
rected) (Fig. 3 and Table 2). No regions showed greater modu-
lation of activation by pump number during pumping after
a cash-out than balloon-explosion event.

Relationships Between Striatal D2/D3 BPND,
Frontostriatal Activation, and Risk-Taking Behavior

Striatal D2/D3 BPND and Frontostriatal Activation
The fMRI parameter estimates (β-values from the whole-brain
GLM parametric analysis that correspond to the modulation of
activation by pump number) extracted from the DLPFC during
pump events showed significant negative correlations with
D2/D3 BPND for the whole striatum (Fig. 2b). Post hoc analyses
showed significant negative correlations with D2/D3 BPND for
the caudate nucleus (r =−0.911, P < 0.001), putamen
(r =−0.725, P = 0.006), and nucleus accumbens (r =−0.495,
P = 0.05) (FDR corrected). In contrast, fMRI parameter esti-
mates of the whole striatum for cash-out events showed signifi-
cant positive correlations with whole-striatal D2/D3 BPND

(Fig. 2d). Post hoc analyses showed positive correlations with
D2/D3 BPND for the caudate nucleus (r = 0.600, P = 0.025),
putamen (r = 0.523, P = 0.049), and nucleus accumbens
(r = 0.502, P = 0.05) (FDR uncorrected). There were no signifi-
cant correlations between striatal D2/D3 BPND and the fMRI
parameter estimates of activation in the control regions: Insula
(r = 0.099, P = 0.772) and visual cortex (r = 0.269, P = 0.424),
demonstrating that the effects were not generalized.

Striatal D2/D3 BPND, Risk-Taking After Reward or
After Loss, and Overall Performance
The number of risky choices that a participant took after a
reward (the number of pumps after cash-out trials minus after
control trials was negatively correlated with D2/D3 BPND for
the whole striatum; Fig. 4a). Post hoc analyses revealed that
this correlation was significant for each striatal subregion
(caudate, putamen, and nucleus accumbens; P < 0.011, FDR
corrected; Fig. 4a). There were no significant correlations

Table 1
Brain regions that exhibited activation modulated by the pump numbera in the pump and cash-out
events

Brain region Cluster size
(voxels)

xb y z Z-statistic

Contrast: Pumping an active balloon
Cluster #1c 2414

Occipital cortex (L/Rd) 2 −84 −6 5.52
Cluster #2 1749

Insula cortex (R) 32 24 −2 5.52
Middle frontal gyrus (R) 38 46 26 4.52
Orbital frontal cortex (R) 30 22 −12 4.51
Inferior frontal gyrus (R) 54 12 4 3.55

Cluster #3 1312
Anterior cingulate cortex 6 28 28 4.57

Cluster #4 460
Brainstem 6 −24 −8 3.75
Thalamus 4 −2 0 3.75

Contrast: Cashing out an active balloon
Cluster #1c 1027

Precuneus cortex (L/Rd) −14 −58 18 4.05
Cluster #2 980

Postcentral gyrus (L) −28 −32 66 4.03
Cluster #3 687

Nucleus accumbens (L/R) 12 8 −8 3.40
Caudate (R) 10 22 2 3.34
Subcallosal cortex 2 18 −6 3.33

aAmplitudes of BOLD responses associated with pumps and cash outs on active balloons were
modeled as a function of parametrically varied levels of risk and reward (represented by the pump
number) (see Methods). Z-statistic maps were thresholded using cluster-corrected statistics with
a height-threshold of Z> 2.3 and cluster-forming threshold of P< 0.05.
bx, y, and z reflect coordinates for peak voxel or for other local maxima in MNI space.
cClusters are numbered and presented in the order of decreasing size.
dL or R refers to the left or right hemisphere.

Figure 3. Effect of balloon explosions on the modulation of brain activation by pump number while pumping in subsequent trials. The modulation of activation by pump number was
greater in the left amygdala, hippocampus, parahippocampal gyrus, posterior cingulate, and precuneus cortices for pumps after a balloon explosion compared with pumps after
cashing out. Color maps represent Z-statistic values (whole-brain cluster-corrected).
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between the number of risky choices after a loss (the number
of pumps after balloon explosions minus the number of
pumps after control trials and striatal D2/D3 BPND; r =−0.350,
P = 0.291). Overall performance on the BART, measured by
total earnings, was negatively correlated with D2/D3 BPND for
the whole striatum and for each subregion; caudate nucleus

(r =−0.645, P = 0.016), putamen (r =−0.555, P = 0.038), and
nucleus accumbens (r =−0.633, P = 0.018) (FDR uncorrected;
Fig. 5a).

Frontostriatal Activation, Risk-Taking After Reward or After
Loss, and Overall Performance
The number of risky choices after a reward was also negatively
correlated with fMRI parameter estimates for cash-out events
for the whole striatum (Fig. 4b). Post hoc analyses showed sig-
nificant negative correlations for the caudate nucleus and
putamen (P < 0.03, FDR corrected; Fig. 4b). In the larger
sample (n = 60), the number of risky choices after a reward
was also negatively correlated with fMRI parameter estimates
for cash-out events for the whole striatum and each striatal sub-
region (P < 0.05). There were no significant correlations
between the number of risky choices after a loss (the number
of pumps after balloon explosions minus the number of
pumps after control trials) and striatal fMRI parameter esti-
mates for cash-out events (r =−0.388, P = 0.238). Total earn-
ings, which was negatively correlated with striatal D2/D3
BPND, was positively correlated with DLPFC fMRI parameter
estimates for pump events (n = 13: r = 0.545, P = 0.005, n = 60;
r = 0.200, P = 0.06; Fig. 5b).

Table 2
Brain regions that exhibited greater modulation of activation by the pump numbera in pump events
following a balloon explosion compared with after a cash-out event

Brain region Cluster size (voxels) xb y z Z-statistic

Contrast: Pumping following an explosion > pumping following a cash out
Cluster #1c 946
Posterior cingulate cortex (Ld) −8 −38 36 3.38

Cluster #2 767
Hippocampus (L) −14 −8 −20 3.83
Amygdala (L) −16 −4 −20 3.78
Parahippocampal gyrus (L) −16 −28 −14 3.38

aAmplitudes of BOLD responses associated with pumps on active balloons were modeled as a
function of parametrically varied levels of risk and reward (represented by the pump number) (see
Methods). Z-statistic maps were thresholded using cluster-corrected statistics with a
height-threshold of Z> 2.3 and cluster-forming threshold of P< 0.05.
bx, y, and z reflect coordinates for peak voxel or for other local maxima in MNI space.
cClusters are numbered and presented in the order of decreasing size.
dL or R refers to the left or right hemisphere.

Figure 4. Relationship between risk-taking after a reward, striatal BPND, and modulation of striatal fMRI activation. Shown are scatter plots, correlation coefficients (r), and
associated significance values (P) from post hoc Pearson’s correlations. (a) Risk-taking after a reward was negatively correlated with striatal BPND. (b) Negative relationship between
the modulation of striatal activation by pump number in cash-out events and risk-taking in subsequent trials. Risk-taking after a reward was the difference between the number of
pumps following trials that ended in a cash-out and those following control trials. Results were controlled for age and sex and remained significant (*) after correcting for the
number of tests by controlling the FDR. There were no significant correlations between the difference in the number of pumps after an explosion and the number of pumps after
control trials and BPND in the striatum or striatal parameter estimates.
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Discussion

The findings reported here show that the outcomes of previous
decisions, striatal D2/D3 BPND, and modulation of frontal
and subcortical activation are all associated with risky
decision-making. Presenting direct evidence for the involve-
ment of striatal D2/D3 receptors in risk-taking behavior, our
results extend previous findings of frontostriatal activation in
decision-making (Ernst and Paulus 2005; Krain et al. 2006; Rao
et al. 2008) and suggest a potential mechanism by which stria-
tal dopamine may modulate frontal and striatal regions during
risky choices.

The findings indicate that risky decision-making is, in part,
associated with previous trial outcomes. Participants took
fewer risks when the preceding trial resulted in a loss rather
than a gain, consistent with reports that prior outcomes biased
decision-making (Leland and Paulus 2005; Mata et al. 2012).
Greater modulation of activation in the amygdala, by pump
number, following a loss than after a gain suggests that amyg-
dala signaling attenuates risky behavior following aversive out-
comes. This view is in line with observations that loss-aversion
behavior is positively correlated with amygdala activation in a
risky monetary-choice task (Sokol-Hessner et al. 2012), and
that patients with amygdala lesions are less loss-averse than
healthy controls (De Martino et al. 2010). Although our results
confirm the involvement of the insula during risky decision-
making (Paulus et al. 2003), the lack of insula activation

related to previous trial outcomes suggests that the insula is in-
sensitive to recent experience. The hippocampus, which is im-
plicated in encoding recent experiences (Ferbinteanu and
Shapiro 2003), showed a greater response after a loss than
after a win. Given the involvement of the hippocampus in pro-
cessing associations among different experiences (Burgess
et al. 2002) and of the amygdala in promoting cautious behav-
ior in uncertain situations (Mason et al. 2006), the results
suggest a neural mechanism by which recent losses promote
risk aversion by signaling the potential for further negative
outcomes and by guiding subsequent choices accordingly.

Our results also highlight the importance of rewarding
experiences in shaping behavior. The modulation of striatal
activation by pump number during the cash-out condition was
related to striatal D2/D3 BPND, and both predicted risk-taking
behavior on the subsequent trial. These results are consistent
with prior observations that ventral striatal activation (Knutson
et al. 2001) and firing in dopaminergic neurons (Tobler et al.
2005) are related to the magnitude of anticipated reward. It has
been suggested that anticipatory responses of the dopamine
system promote reinforcement learning (Schultz 1998) and
modulate risk preferences (St Onge and Floresco 2009; Sugam
et al. 2012). It has also been observed that D2/D3 receptor ago-
nists enhance reward-expectancy signaling via dopaminergic
transmission (Winstanley et al. 2011) and reduce risky choices
(Simon et al. 2011). We extend these findings by showing that

Figure 5. Relationship between BART performance, striatal BPND, and modulation of DLPFC activation by pump number. (a) Total earned on the BARTwas negatively correlated with
striatal BPND. Shown are correlation coefficients (r) and associated significance values (P) from post hoc Pearson’s correlations for the relationship between total earnings on the
BART and striatal BPND for each striatal subregion. (b) The modulation of the DLPFC activation by pump number in pump events showed a positive relationship with amount earned
on the BART (P= 0.005). Results are controlled for age and sex.
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striatal D2/D3 BPND is directly related to striatal activation
during reward-seeking behavior that involves risk in humans.

Risky decisions are determined, in part, by motivational
states that reflect activity in the ventral striatum (Salamone
et al. 2005) and by assessment and maintenance of goal states
supported by PFC activity (Ridderinkhof et al. 2004). Pharma-
cological studies in rodents have demonstrated a crucial role of
striatal dopamine in the adaptation of these processes by the
flexible updating of reinforcement contingencies (Seamans
and Yang 2004; Cools and D’Esposito 2011). The PFC and stria-
tum interact through an elaborate system of interconnections
(Cummings 1995; Sesack and Grace 2010) that likely contrib-
utes to goal-directed states. In the context of decision-making
involving risk and reward, these interactions may be described
in a framework (described below) in which reinforcement
values are reflected in activity-dependent plasticity that is gov-
erned by differences in striatal D2/D3 receptor BPND. Such
changes can effectively bias decisions in favor of reward-
seeking or goal-directed behavior.

Corticostriatal computational models show a modulatory
role of the PFC on striatal activity (Doll et al. 2009; Frank
2011). The PFC can influence striatal activity through various
signaling pathways including mesocortical glutamatergic pro-
jections that enhance tonic striatal dopamine release, which, in
turn, increases the effective threshold for striatal firing (Grace
1991; Frank et al. 2001), other corticostriatal projections that
enhance non-AMPA-mediated glutamatergic synaptic trans-
mission (Cepeda et al. 1992, 1993; Levine and Cepeda 1998),
and a cortico-subthalamic-striatal hyperdirect pathway that has
been implicated in inhibiting premature responses in high-
conflict situations (Frank 2006, 2011). As presynaptic striatal
D2/D3 receptors play a critical role in inhibiting glutamate
release in these pathways (Cepeda et al. 2001; Gonzalez et al.
2012), striatal D2/D3 receptor availability may thereby deter-
mine the extent to which PFC activity and associated glutamate
release can activate GABAergic striatal neurons to inhibit
activity and maintain goal-directed behavior.

While presynaptic D2/D3 receptors can limit prefrontal
influence over striatal activity (Cepeda et al. 2001), postsyn-
aptic striatal D2/D3 receptor activation can attenuate the
spiking of prefrontal neurons (Seamans and Yang 2004). Post-
synaptic striatal D2/D3 receptor activation can indirectly disin-
hibit the dorsomedial nucleus of the thalamus through
afferents to the ventral pallidum or substantia nigra pars reticu-
lata, which both provide inhibitory inputs to GABAergic
inhibitory neurons in the thalamus (Montaron et al. 1996;
Sesack and Grace 2010). As the disinhibition of the dorsome-
dial nucleus of the thalamus results in the excitation of prefron-
tal pyramidal neurons that have been implicated in
motivational states, striatal D2/D3 receptor activation has the
capacity to modify goal-directed behavior governed by the
PFC (Cohen et al. 1996; Frank 2011).

Since presynaptic and postsynaptic striatal D2/D3 receptors
affect glutamatergic and GABAergic signaling in the striatum
(Seamans and Yang 2004), D2/D3 receptor availability may
contribute to changes in the computational properties of fron-
tostriatal circuits during risky decision-making. Supporting
this view is our observation that participants with low D2/D3
BPND exhibited less ventral striatal response to reward,
but greater modulation of DLPFC activation while pumping
and better performance on the BART. Given that lesions to
corticostriatal projections shift decisions related to reward

contingencies in rodents (St Onge et al. 2012) and neurocom-
putational models suggest that PFC activity can directly over-
ride striatal representations of the reinforcement value (Doll
et al. 2009), the inverse relationship between ventral striatal
activation when taking reward and DLPFC activation when
taking risk may reflect corticostriatal regulation of reward-
driven responses through D2-receptor-mediated effects on glu-
tamate release.

Individuals with high D2/D3 BPND exhibited both greater
reward-driven activation in the ventral striatum and more
immediate reward-seeking behavior following reward than
counterparts with low D2/D3 BPND. The results suggest that
individuals with high striatal D2/D3 receptor BPND are more
sensitive to reward and have less-effective cortical inhibi-
tion of reward-driven responses that lead to a preference for
immediate smaller gains over potentially larger delayed ones.
Striatal D2/D3 receptors may thereby determine the capacity
to respond to striatal dopamine release that signals for immi-
nent reward, and this signal, in turn, would update reinforce-
ment values represented in the PFC. The results presented
here, however, are inconsistent with the observation that
stimulant-dependent individuals, who exhibit low striatal
BPND (Volkow et al. 2001), exhibit temporal discounting of
rewards (Monterosso et al. 2007). One possible explanation is
that there is a nonlinear relationship between dopaminergic
function and temporal discounting of rewards, as suggested by
the observation that low doses of amphetamine significantly
increased the preference for rats to work harder or to wait
longer for larger rewards, while high doses had the opposite
effect (Floresco et al. 2008). Our findings may reflect the des-
cending limb of an inverted U-shaped function that describes
the relationship between dopamine function and adaptive
risky decision-making, although small sample size and limited
dynamic range in binding potentials prevent definitive
interpretation. In view of the preceding discussion, it is plaus-
ible that individual differences in striatal D2/D3 receptors that
contribute to individual differences in reward sensitivity
(Cohen et al. 2005) may determine variation in goal-directed
behavior and associated modulation of frontal and striatal acti-
vation. This may be accomplished by facilitating or inhibiting
glutamate and dopamine release in various signaling pathways
linking the striatum and PFC.

This study has some limitations. The combination of the
temporal resolution of fMRI with the BART was not sufficient
to allow clear dissociation between the decision to cash out
and receipt of reward. Thus, activation related to cash-out
events reflects both decision processes and reward receipt.
In addition, as potential earnings and the risk of forfeiting
earnings increased in tandem with each pump, it was not poss-
ible to discern whether the level of risk or reward modulated
the activation. Since striatal activation has been observed in the
response to both aversive (Jensen et al. 2003) and rewarding
(Knutson et al. 2001) stimuli, the modulation of activation of
the ventral striatum during cash-out events may reflect antici-
pation of an aversive outcome (balloon explosion) and not
only expectation of reward. Therefore, caution should be taken
when attempting to assign function to brain activations via
reverse inference (Poldrack 2006).

Despite these limitations, our results not only corroborate,
but also extend previous findings of activation in frontostriatal
regions during decision-making by highlighting the molecular
basis of such activation. They strengthen support for the role
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of dopamine in risky decision-making by showing that D2/D3
receptor availability is associated with risky choices as well as
the risk sensitivity of a relevant frontostriatal network during
decision-making. This study provides evidence that the neural
substrates of decision-making vary as a function of individual
differences in the striatal dopamine system and the context in
which decisions are made.
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