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Background: Guided by the prediction of response-outcome theory of cognitive control (Alexander and
Brown, 2010a), the present study examined reward-seeking medial prefrontal cortex (mPFC) activity as
a common neuro-functional marker of excessive alcohol consumption, trait disinhibition, and reduced
cognitive capacity; all of which have shown consistent patterns of covariation in previous psychometric
research (e.g., Bogg and Finn, 2010).

Methods: A sample of 18-23-year-old university students with a heterogeneous prevalence of alcohol

ifgg;‘:lds" dependence was assessed with functional magnetic resonance imaging (fMRI) while completing a version
Disinhibition of the Balloon Analogue Risk Task (Lejuez et al., 2002). A follow-back typical weekly alcohol consumption
1Q interview, self-report measures of trait disinhibition and IQ, and a complex span working memory task
Cognitive control also were administered.

mPFC Results: Correlational region-of-interest analyses showed greater typical weekly alcohol consumption,
fMRI greater trait disinhibition, and lower IQ were associated with greater reductions in mPFC activity during

reward-seeking behaviors (successive inflation choices). The results also showed greater typical weekly
alcohol consumption, greater trait disinhibition, and lower IQ were associated with greater increases in
mPFC activity during reward-seeking outcomes (successive successful inflation outcomes). No significant
relations with the measure of working memory were found.
Conclusions: The findings suggest mPFC activity during risk/reward appraisal and performance monitoring
is a common neuro-functional feature of co-varying expressions of excessive alcohol consumption, trait
disinhibition, and lower IQ.

© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Recent statistical modeling research has shown how excessive
and illicit alcohol and drug use, a history of anti-social behaviors,
and disinhibited dispositions can be organized under a coherent
rubric of behavioral disinhibition, or a liability for externalizing ten-
dencies and problems (Bogg and Finn, 2010; Krueger et al., 2007).
Behavioral disinhibition is a coherent pattern of intemperate,
irresponsible, and undercontrolled tendencies, with concomitant
proclivities for various forms of short-term gratification (lacono
et al., 1999; Patrick et al., 2009). Moreover, the common variance
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among alcohol and co-morbid disinhibited tendencies and prob-
lems has been shown to be associated with various forms of reduced
cognitive capacity, including intelligence and working memory
(Finn et al., 2009).

In spite of the advances in depicting the covariation among alco-
hol use and co-morbid forms of behavioral disinhibition and its
connection with reduced cognitive capacity, far less is known about
the neural mechanisms of cognitive control that correspond to
these patterns of diminished self-regulatory control. Optimal cog-
nitive control involves an ongoing organization of smaller discrete
behaviors in the service of larger goals and related actions (Norman
and Shallice, 1986). As such, dysregulated cognitive control likely
represents a key feature of the expression of excessive alcohol con-
sumption, as well as co-varying expressions of disinhibition and
reduced cognitive capacity (Iacono et al., 2008).

In the current study, the larger goal of the cognitive control sys-
tem is to maximize winnings on a version of the Balloon Analogue
Risk Task (BART; Lejuez et al., 2002; see Fig. 1). BART perfor-
mance has shown associations with substance use, disinhibited
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Fig. 1. Overview of Balloon Analogue Risk Task (BART) procedure and presentation.

personality traits, and neural function during decision-making
(Crowley et al., 2009; Lejuez et al., 2002; Skeel et al., 2007). The
implementation of the BART in the current study pairs an increas-
ing risk of explosion (whose exact probabilities are unknown to the
participant) with an increasing wager amount for each successive
inflation response (cf. Rao et al., 2008). The pairing of increasing risk
and reward in a single behavioral response is particularly useful for
examining cognitive control—the function of which is to negotiate
competing signals from current environmental stimuli to facilitate
goal-consistent behavior (Miller and Cohen, 2001).

The prediction of response-outcome (PRO; Alexander and
Brown, 201043, 2011) theory was recently proposed as a synthesis
of various accounts of the medial prefrontal cortex (mPFC) in cog-
nitive control, including conflict, discrepancy, and error likelihood
models (Brown and Braver, 2005; Scheffers and Coles, 2000; Yeung
et al., 2004). Under PRO theory, the first role of mPFC is to appraise
the costs and benefits of an action (Kennerley et al., 2009; Alexander
and Brown, 2010b), with a preference for maximal rewards and
the least effort or risk (Magno et al., 2006). In normal individu-
als, mPFC activity is weighted toward appraising and avoiding the
risks of an action (Brown and Braver, 2007; Magno et al., 2006). The
second role of the mPFC according to PRO theory is to identify dif-
ferences between anticipated and actual action outcomes (Ito et al.,
2003), including unexpected outcomes, and then use those differ-
ences to update future action responses. As it relates to individual
differences in excessive alcohol consumption, trait disinhibition,
and reduced cognitive capacity, PRO theory provides for two sets
of mPFC-related hypotheses for reward-seeking decisions (inflation
choices) and reward-seeking outcomes (explosions and successful
inflations) during the BART.

First, most individuals should show a decrease in mPFC activ-
ity during choices to inflate as the probability of explosion
increases parametrically. This decrease is expected under PRO the-
ory because enacting successive inflation responses should involve

a de-escalation of risk appraisal or even non-appraisal of risk.
Heavier drinkers with greater disinhibition and reduced cognitive
capacity should show an even greater decrease in mPFC activity
as the probability of explosion increases parametrically and they,
nevertheless, choose to inflate. These individuals are more likely to
be biased toward the increasing wager amounts and be less able
to gauge the risk of explosion over successive inflations. Lighter
drinkers with less disinhibition and increased cognitive capacity
should show a smaller decrease in mPFC activity, owing to a com-
paratively reduced bias for the increasing wager amounts and an
increased ability to gauge the risk of explosion.

Second, and consistent with the performance monitoring role
of the mPFC, most individuals should show an increase in activ-
ity during reward-seeking outcomes (explosions and successful
inflations) as the probability of explosion increases parametrically.
These increases are expected for two reasons: (1) although explo-
sions are more likely with successive inflations, they represent
an increasingly aversive outcome, as the magnitude of the loss
increases with the number of prior successful inflations; (2) suc-
cessful inflations, while being wholly consistent with the desired
outcome, are less likely as the probability of explosion increases.
PRO theory predicts greater activity when the prior probability
of an actual event is low or the outcome is somewhat surprising
or unexpected (Alexander and Brown, 2010a; Braver et al., 2001).
Heavier drinkers with greater disinhibition and reduced cognitive
capacity should show greater increases in mPFC activity during
successful inflations and explosions because their stronger bias
for anticipated reward does not sufficiently compensate for their
reduced ability to appraise explosion risk, leading to an experi-
ence of greater unexpectedness for both explosions and successful
inflations. Conversely, lighter drinkers with less disinhibition and
increased cognitive capacity should show smaller increases in
mPFC activity during successful inflations and explosions due to
their increased ability to appraise explosion risk.
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2. Methods
2.1. Participants

The recruitment procedure was designed to yield a sample of 18-23-year-old
students from Indiana University that varied in its expression of alcohol consump-
tion and disinhibited tendencies. Among college students, one of the most prevalent
disinhibitory problems is excessive alcohol use (Hingson et al., 2005). As a result,
study advertisements targeted a range of alcohol consumption behaviors, as well
as related disinhibited tendencies (e.g., “drink modest amounts of alcohol and who
do not take drugs” versus “heavy drinker”; “adventurous” and “impulsive,” versus
“introverted” and “reserved”). This approach has been effective in recruiting partic-
ipants that vary in alcohol use and disinhibited tendencies (Bauer and Hesselbrock,
1993; Finn et al., 2002). Participants were excluded if they [1] were not between
18 and 23 years of age, [2] could not read and/or speak English, [3] had never
consumed alcohol, [4] reported any serious head injuries, [5] had a history of psy-
chosis, and [6] were not enrolled in post-secondary coursework (i.e., university
classes).

At the beginning of the assessment session, participants were asked about alco-
hol and drug use in the past 12 h, the number of hours of sleep during the previous
night, the most recent meal, and were given a breath alcohol test using an AlcoSensor
IV (Intoximeters, Inc., St. Louis, MO). Participants were rescheduled if their breath
alcohol level was greater than 0.000%, if they consumed any drug within the past
12 h, if they felt hung-over, or if they reported or appeared to be impaired, high,
overly sleepy, or if they were unable to answer questions. All participants (N=30)
met safety requirements for magnetic resonance imaging and were paid $25, in addi-
tion to 25% of banked winnings from the BART. Data for 3 participants were excluded
due to an insufficient number of responses or outcomes needed to compute contrast
regressors.

The resultant sample (N=27) was sex-balanced (14 women) and mostly
European-American/Caucasian (26), with a mean age of 20.11 years (SD=1.37
years). Consistent with the recruitment goal of producing a sample with a heteroge-
neous representation of disinhibited tendencies, 11 participants (5 men, 6 women)
met lifetime diagnostic criteria for alcohol dependence using the Semi-Structured
Assessment for the Genetics of Alcoholism (SSAGA; Bucholz et al., 1994) which uses
criteria from the Diagnostic and Statistical Manual of Mental Disorders, 4th edition
(DSM-IV; American Psychiatric Association, 1994).

2.2. Measures

2.2.1. Balloon Analogue Risk Task (BART). The implementation of the BART was
guided, in part, by prior imaging work using the task (cf. Rao et al., 2008). Partici-
pants completed one 8-min block outside of the scanner using a laptop to become
familiar with the response options and task procedure. Participants were instructed
to “inflate the balloon as much as possible without popping it” and to “maximize the
number of points earned.” Twelve inflation responses were possible for a given trial,
with a parametric increase in the probability of explosion over successive inflation
responses (i.e., 0% for $0.0; 2.1% for $0.05; 4.2% for $0.15; 6.3% for $0.25; 14.6% for
$0.55; 23.9% for $0.95; 31.3% for $1.45; 43.8% for $2.05; 56.3% for $2.75; 68.8% for
$3.45; 79.2% for $4.25; 89.6% for $5.15).

During fMRI scanning, participants completed two 8-min blocks of the BART.
At the beginning and end of each block, the screen displayed a fixation cross (“+")
for approximately 30s to establish baseline activity. At the start of each trial, an
image of a balloon, a square green decision cue, the current wager amount, and the
banked winnings across all balloon trials through the most recently completed trial
were displayed from the top to the bottom of the screen (see Fig. 1). Participants
had unlimited time to respond (to inflate the balloon or to take the accumulated
wager amount for a given trial). After a response, there was an exponentially dis-
tributed delay of 0, 2, 4, or 6 (with a 60% stopping probability after each 2 second
interval up to 6s). During the delay, no feedback was given, which allowed separate
estimation of the blood-oxygen-level-dependent (BOLD) responses during (infla-
tion) choice and (explosion or successful inflation) outcome periods (Dale, 1999).
Following the delay, the outcome was presented. Total winnings were updated
after outcome presentation. If the balloon inflated, then the decision cue turned
red for an equiprobable 1500, 2000, or 2500 ms, during which further responses
were disallowed. After that, the decision cue turned green again to indicate the next
choice could be made. Following a win or explosion, the screen was cleared for an
equiprobable 2000, 3000, or 4000 ms, after which a new balloon trial was presented.

2.2.2. Typical weekly alcohol consumption interview. Typical weekly alcohol con-
sumption was determined using an interview during which the participantindicated
the typical number and type of alcoholic drinks consumed each day of the week
over the past three months. Typical was defined as being “more than half of the
[day of week] over the past three months.” Alcohol use was quantified as the total
typical number of standard drinks in a week over the past three months. Accord-
ing to skewness and kurtosis diagnostic tests, typical weekly alcohol use deviated
from normality by small amounts. Blom transformations—which rank order, then
z-transform raw scores—were used to reduce skewness and kurtosis close to zero.
These transformed scores are used in all analyses.

2.2.3. Trait disinhibition. The Sensation Seeking Scale disinhibition subscale (SSS-
Dis; Zuckerman, 1979) consists of 10 forced-choice items assessing preferences for
exciting, novel, or unrestrained activities or values (e.g., “I am not interested in
experience for its own sake” versus “I like to have new and exciting experiences and
sensations even if they are a little frightening, unconventional or illegal”). Due to
the assessment of alcohol consumption in the present study, three items referencing
drinking or drug use were dropped from the scale: “I often like to get high (drinking
liquor or smoking marijuana)”; “Keeping drinks full is the key to a good party”; and
“I feel best after taking a couple of drinks”; «=.77.

2.2.4. Intelligence. Intelligence was measured with the Shipley Institute of Living
Scale estimates of 1Q (Zachary, 1986), a self-administered measure of intelligence
that strongly correlates (median correlation r=.79) with the WAIS Full Scale 1Q
(Zachary, 1986).

2.2.4.1. Working memory capacity. Working memory functions of dual task ability,
divided attention, and maintenance capacity were assessed with the Auditory Con-
sonant Trigram test (ACT: Brown, 1958). The ACT was modified to include four and
five nonsensical strings of consonants, in addition to the original three-string stim-
uli to increase the load on working memory. The dependent variable is the number
of correct consonants recalled across all string lengths and delay intervals. This task
taps divided attention and the strength of the maintenance/decay of the contents of
working memory over time (Brown, 1958; Stuss et al., 1987).

2.3. fMRI acquisition and data processing

Imaging data were collected using a Siemens Magnetom Trio 3.0 Tesla MRI
scanner and a 32-channel head coil. Functional BOLD data were collected using
a gradient echo T2*-weighted echo-planar imaging sequence with free induc-
tion decay for two blocks of 240 whole brain volumes (echo time [TE]=25ms,
repetition time [TR]=2000ms, flip angle=70°) with 35 axial slices (64 x 64 grid,
3.4mm x 3.4mm x 3.8 mm voxels, interleaved order, 3.8-mm thickness, 0-mm
spacing). A structural scan was collected at the end of each session using three-
dimensional MP-RAGE imaging using a high resolution T1-weighted imaging
sequence (TE=2.67ms, TR=1800ms, flip angle 9°) with nonselective excitation
consisting of 192 sagittal slices (512 x 448 grid, 1.0 mm x 1.0 mm x 1.0 mm voxels,
1-mm thickness).

Preprocessing was done using SPM5 (Wellcome Trust Centre for Neuroimaging,
2005), except where otherwise specified. The structural scan was skull-stripped
using FSL's BET2 with default parameters (Péchaud et al., 2006). Functional data
were spike-corrected on a voxel-by-voxel basis to reduce the impact of artifacts
using AFNI's 3dDespike. The functional images were slice-timing corrected using
sinc-interpolation (Oppenheim et al., 1999), motion corrected by means of a least-
squares 6-parameter rigid-body, and coregistered with the structural scan. Once the
structural scan was normalized to the SPM MNI template and the warps applied to
the functional data, the normalized images were smoothed with an 8 mm? FWHM
isotropic Gaussian kernel.

2.4. fMRI analysis

A general linear model (GLM) with random effects was computed for each par-
ticipant with a canonical hemodynamic response function with no derivatives, a
microtime resolution of 16 time bins per scan, a high-pass filter cutoffat 128 susing a
residual forming matrix, autoregressive AR(1) to account for serial correlations, and
restricted maximum likelihood (ReML) for model estimation. The model included
a constant term, 6 motion regressors using the parameters from the preprocessing
motion correction, and event-related regressors to model activation during the deci-
sion and outcome periods. The decision periods for each trial included regressors for
inflation choices. Inflation choice events were aligned to the time of response. The
outcome events for each trial were modeled with separate regressors for success-
ful inflations or explosions. Win decision and win outcome event regressors also
were included to account for variance from these events, although these regressors
are not analyzed further here. The estimated activation for each of these regres-
sors is relative to a baseline of any remaining unmodeled event-related activation.
Because regressors were included for all events, the remaining unmodeled activity
can be expected to be negligible. Parametrically modulated (by probability of bal-
loon explosion) inflation choice, successful inflation, and explosion event contrasts
were included and represent the focus of the group-level analyses.

The second-level analyses used linear regression on the per-participant mea-
sures with ReML estimation in SPM5. The statistical threshold for cluster-level
significance was determined using p <.01, with false-discovery rate (FDR) correc-
tion, with a minimum cluster size of 20 voxels. Peak Montreal Neurological Institute
(MNI) coordinates with family-wise error (FWE) voxel-level correction of p <.05 and
voxels contiguous with those passing this corrected threshold are reported and pre-
sented. The WFU PickAtlas (Maldjian et al., 2003) and Talairach Daemon (Lancaster
etal., 2000) were used for anatomical labeling. MRIcron software was used to display
the regions of interest.

Region-of-interest (ROI) analyses were performed using SPM5 and MarsBaR
(Brett et al., 2002) within significant regions from the group analyses. Mean parame-
ter estimates within ROIs are reported as percent magnetic resonance signal change
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Table 1
BART, typical weekly alcohol use, trait disinhibition, IQ, and working memory and descriptive statistics and intercorrelations.
BART responses and outcomes Typical weekly SSS-Dis Shipley IQ M (SD)
alcohol use
Total Inflations Total Total win Winnings
trials per trial explosions choices per trial
Total trials - - - - - - - - 36.63 (4.79)
Inflations per trial —.83" - - - - - - - 5.04 (.86)
Total explosions .38 .55 - - - - - - 12.56 (4.70)
Total win choices 84 -.83" .83 - - - - - 24.07 (7.89)
Winnings per trial -.75 79 .16 —-.55 - - - - $0.64 ($0.13)
Typical weekly alcohol use .14 -.22 -.31 27 -.13 - - - 10.65(11.70)
SSS-Dis .36 —41" —41 46 -.25 72" - - 3.04(2.18)
Shipley IQ -.32 40 22 -.33 .29 -.30 —.40 - 110.26 (7.81)
ACT working memory -.18 32 .30 -29 .20 .01 .05 .30 35.62 (7.76)

Note: BART, Balloon Analogue Risk Task; SSS-Dis, Sensation Seeking Scale - Disinhibition; ACT, Auditory consonant trigram. Mean (M) and standard deviation (SD) of typical
weekly alcohol use is based on raw scores. All correlations with typical weekly alcohol use are based on Blom-transformed scores.

" p<.05.

within the region. The ROI analyses were used to examine relationships between
the measures of trait disinhibition, IQ, ACT working memory, and alcohol consump-
tion and the neural correlates of BART-related decision and outcome signals found
using the whole-brain voxel-by-voxel tests. In order to avoid selection bias, these
correlation analyses were used only in ROIs identified by other contrasts.

3. Results
3.1. Behavioral data

Table 1 displays descriptive statistics and intercorrelations for
BART responses and outcomes, typical weekly alcohol use, trait
disinhibition, Shipley IQ, and ACT working memory. These results
show individuals with more balloon trials tended to have fewer
inflations per trial, more explosions, more win choices, and less
winnings per trial than individuals who had fewer total trials. In
addition, individuals with more inflations per trial tended to have
more explosions, fewer win choices, and more winnings per trial
than individuals with fewer inflations per trial. Moreover, individ-
uals with more inflations per trial tended to score lower on trait
disinhibition and higher on IQ than those who had fewer inflations
per trial. Individuals scoring lower on trait disinhibition also tended
to have more explosions and fewer win choices than individu-
als scoring higher on trait disinhibition. Consistent with research
showing relations between forms of behavioral disinhibition and
cognitive capacity, the correlational results showed individuals
scoring higher on trait disinhibition reported greater typical weekly
alcohol use and tended to score lower on IQ and than individuals
scoring lower on trait disinhibition. ACT working memory capacity
did not show significant relations with typical weekly alcohol use,
trait disinhibition, IQ, or BART responses or outcomes.

3.2. mPFC signal change during inflation choices, successful
inflations, and explosions

Table 2 presents the cluster size, peak voxel coordinates, Brod-
mann area, and z scores for BOLD signal changes during inflation
choices and successful inflation outcomes when these regressors

are parametrically modulated by the probability of explosion (see
Fig. 2 for displays of clusters). As was expected under PRO theory,
there was a significant decrease in BOLD signal in the mPFC during
inflation choices and a significant increase in signal during success-
ful inflation outcomes as a function of the increasing probability
of explosion across successive inflation responses. Specifically, the
clusters peaked in the right anterior cingulate cortex (ACC). No
mPFC clusters or peak voxels passed significance thresholds for
explosion outcomes. The results show ACC down-regulation dur-
ing inflation choices and, conversely, up-regulation for successful
inflation outcomes, both as a function of the probability of explo-
sion. Supplementary material presents additional regions of signal
change during inflation choices, successful inflations outcomes, and
explosion outcomes that were not considered in the mPFC-specific
hypotheses derived from PRO theory.

3.3. Alcohol consumption, trait disinhibition, cognitive capacity,
and mPFC signal change during inflation choices and successful
inflations

Pearson product-moment correlations were used to examine
relations between mPFC/ACC signal change and typical weekly
alcohol use, trait disinhibition, IQ, and working memory capacity.
Fig. 3, Panels A-C, displays the scatter plots for the correlations
between the ROI clusters of the mPFC/ACC identified above during
inflation choices and successful inflation outcomes and the scores
for typical weekly alcohol use, trait disinhibition, and IQ. Over
successive inflation responses, individuals who showed greater
down-regulation (i.e., greater signal decrease with increasing prob-
ability of explosion) in the mPFC/ACC during inflation choices
tended to have greater typical weekly alcohol use (r=-.55, p<.05),
score higher on trait disinhibition (r=-.40, p<.05), and score
lower on IQ (r=.50, p<.05). Moreover, individuals who showed
greater up-regulation (i.e., greater signal increase with increas-
ing probability of explosion) in the mPFC/ACC during successful
inflation outcomes tended to have greater typical weekly alco-
hol use (r=.54, p<.05), score higher on trait disinhibition (r=.39,

-lf/?:;iealzprefrontal cortical regions with BOLD signal change during inflation choices and successful inflations.
BART contrast Region Cluster size Peak MNIcoordinates ~ Brodmann area Z score
X y z
Decision period decreased signal: inflation choice x P(explode) R. anterior cingulate 1322 8 26 24 32 5.36
Outcome period increased signal: successful inflation x P(explode) R. anterior cingulate 232 8 28 24 32 5.13

Note. Peak Montreal Neurological Institute (MNI) coordinates with family-wise error (FWE) voxel-level correction of p <.05 are presented. BART contrast effects are computed
as increasing or decreasing blood-oxygen-level-dependent (BOLD) signal as a parametric function of the increasing probability of explosion across successive inflation

responses, i.e., P(explode).
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Decision Period
Inflation Choices:
Decreased mPFC/ACC Signal

QOutcome Period
Successful Inflation Outcomes:
Increased ACC Signal

Fig. 2. Clusters of medial prefrontal cortex (mPFC) and anterior cingulate cortex (ACC) showing decreased or increased activity as a function of the probability of balloon
explosion for choices to inflate and successful inflation outcomes. The cluster on the left in blue shows a region with significant negative loading on the parametrically
modulated regressor of inflation choice x P(explode). The cluster on the right in green shows a region with significant positive loading on the parametrically modulated

regressor of Successful Inflation x P(explode).

p<.05), and score lower on IQ (r=-.69, p<.05). There were no
significant relations between ACT working memory capacity and
signal change during inflation choices (r=—.03, p>.05) or success-
ful inflation outcomes (r=-.23, p>.05). The results indicate that
heavier-drinking, disinhibited, and less intelligent individuals tend
to show greater functional fluctuations in the mPFC/ACC during
reward-seeking choices and successful reward-seeking outcomes
compared to lighter-drinking, less disinhibited, and more intelli-
gent individuals.

4. Discussion

The goal of the present study was to examine cognitive control
via reward-seeking medial prefrontal cortex (mPFC) activity as a
common neuro-functional marker of excessive alcohol consump-
tion, trait disinhibition, and reduced cognitive capacity. Using the
prediction of response-outcome (PRO) theory as a model for the
role of the medial prefrontal cortex (mPFC) in cognitive control
and using the Balloon Analogue Risk Task (BART) to elicit reward-
seeking behavior and outcomes, two sets of hypotheses related to
the postulated mPFC functions of risk/reward appraisal and perfor-
mance monitoring were formulated (Alexander and Brown, 2010a).
The results, which were generally consistent with these predic-
tions, and their implications are discussed below.

Consistent with the risk/reward appraisal role of mPFC func-
tion in cognitive control, there was a decrease in mPFC/ACC signal
during inflation choices as the probability of balloon explosion
increased. That is, across successive inflation choices (ongo-
ing reward-seeking behavior), there was down-regulation (signal
decrease) in the mPFC/ACC, indicating a failure of the mPFC/ACC to
drive risk avoidance (Magno et al., 2006). In line with PRO theory’s
posited performance-monitoring role of the mPFC in cognitive con-
trol, there was an increase in mPFC signal during successful inflation
outcomes as the probability of balloon explosion increased. That is,
across successive inflation responses, there was up-regulation (sig-
nal increase) in the mPFC (specifically, the ACC) during successful
inflation outcomes. This is consistent with a role for the mPFC in
detecting surprising outcomes (Jessup et al., 2010), as accounted
for by PRO theory. It should be noted that the parametrically mod-
ulated effect for explosion outcomes (reward-seeking failures) did
not pass therelatively conservative thresholds and corrections used
in the present study. Moreover, as is shown in Supplementary

Table 1, a number of brain regions outside the mPFC were asso-
ciated with BART responses and outcomes. Currently, PRO theory
focuses on the mPFC, but other regions play a complementary role
in BART performance and are likely involved in the larger expres-
sion of cognitive control.

The findings suggest cognitive control vis-a-vis the mPFC
shows increased down-regulation during reward-seeking choices
as the probability of an aversive outcome increases. Moreover, this
decrease as a function of greater explosion probability is larger in
those with greater typical alcohol use and trait disinhibition, and
lower IQ. The findings also suggest the presentation of a successful
reward-seeking outcome tends to result in an up-regulation of the
mPFC as the probability of a reward-seeking failure increases, and
this effect is larger in those with greater typical alcohol use and
trait disinhibition, and lower 1Q. The dearth of relations between
working memory and mPFC/ACC function suggests BART-related
mPFC/ACC activity is more closely tied to general cognitive and ana-
lytic ability than it is to dual task ability and maintenance capacity.

The greater reward-seeking down-regulation of the mPFC for
heavier-drinking, disinhibited, and less intelligent individuals sug-
gests amore precipitous decrease in cognitive control, which, under
PRO theory, is consistent with a more pronounced attenuation of
the risk appraisal role of the mPFC during reward-seeking behavior.
The greater up-regulation of the mPFC during successful reward-
seeking outcomes aligns with the PRO theory prediction of greater
activity when the prior probability of an actual event is low. As
the probability of a balloon explosion increases, a successful infla-
tion outcome becomes less likely and therefore, more unexpected,
especially when an individual does not recognize or understand the
nature of the probabilities.

Over many trials, BART winnings are maximized when infla-
tions are made until the balloons are approximately half-inflated.
Too few or too many inflations result in less winnings. For heavier-
drinking, disinhibited, and less intelligent individuals, the greater
up-regulation in the mPFC during successful reward-seeking out-
comes might reflect a poorer comprehension of the probabilities
for success or failure, and hence, greater unexpectedness. The
behavioral results for the BART support this contention, showing
disinhibited and less intelligent individuals being more likely to
make fewer inflation choices per trial (which predicts less win-
nings per trial). The behavioral results suggest these individuals
could be characterized as loss-averse reward takers, in that they
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Fig. 3. Scatter plots for the correlations between the ROI clusters of the mPFC/ACC identified during choices to inflate and successful inflation outcomes and the scores for

typical weekly alcohol use (Panel A), trait disinhibition (Panel B), and IQ (Panel C).

tend to bank winnings too soon. Conversely, lighter drinking, less
disinhibited, and smarter individuals could be characterized as
loss-tolerant reward optimizers, requiring less cognitive control
via the mPFC/ACC to maximize winnings. At first glance, the
findings related to these two patterns are slightly counterintuitive.
One might expect disinhibited individuals to seek out the largest
reward possible (i.e., more liberal inflation style), whereas the

less disinhibited individuals might attempt to avoid explosions
(i.e., more conservative inflation style). While the results showed
the opposite trend, the findings are consistent with studies using
delay discounting tasks, which have shown that disinhibited and
impulsive individuals tend to choose short-term (more immedi-
ate) payoffs and more intelligent individuals tend to choose larger
long-term payoffs (Bobova et al., 2009; Shamosh and Gray, 2008).
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In recent years, a great deal of research has focused on the role
of the mPFC in cognitive control. The current study shows how
mPFC/ACC function during risk/reward appraisal and performance
monitoring can be understood as a common neuro-functional fac-
tor of co-varying expressions of excessive alcohol consumption,
trait disinhibition, and lower IQ.
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