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Abstract: The ability to resist immediate rewards is crucial for lifetime success and individual well-being.
Using functional magnetic resonance imaging, we assessed the association between trait impulsivity and
the neural underpinnings of the ability to control immediate reward desiring. Low and high extreme
impulsivity groups were compared with regard to their behavioral performance and brain activation in
situations, in which they had to forego immediate rewards with varying value to achieve a superordinate
long-term goal. We found that highly impulsive (HI) individuals, who successfully compensated for their
lack in behavioral self-control, engaged two complementary brain mechanisms when choosing actions in
favor of a long-term goal, but at the expense of an immediate reward. First, self-controlled decisions led
to a general attenuation of reward-related activation in the nucleus accumbens, which was accompanied
by an increased inverse connectivity with the anteroventral prefrontal cortex. Second, HI subjects con-
trolled their desire for increasingly valuable, but suboptimal rewards through a linear reduction of activa-
tion in the ventromedial prefrontal cortex (VMPFC). This was achieved by an increased inverse coupling
between the VMPEC and the ventral striatum. Importantly, the neural mechanisms observed in the HI
group differed from those in extremely controlled individuals, despite similar behavioral performance.
Collectively, these results suggest trait-specific neural mechanisms that allow HI individuals to control
their desire for immediate reward. Hum Brain Mapp 33:2768-2784, 2012.  © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

In a modern world, in which people often have to pursue
long-term goals to achieve high benefits, the ability to
restrain impulsive desires is crucial for lifetime success. A
lack of self-control contributes to many contemporary prob-
lems, such as overeating or suboptimal financial manage-
ment, which has led to substantial interest in the
mechanistic understanding of the impulsive phenotype
[Congdon and Canli, 2005]. Impulsivity has been concep-
tualized as a heterogeneous personality trait that consists of
multiple dimensions [Evenden, 1999]. Its central character-
istics are the increased seeking of immediate reward, a
reduced delay tolerance, and an inability to plan ahead
[Kalenscher et al., 2006; Patton et al., 1995]. Highly impul-
sive (HI) individuals show difficulties in maximizing
reward on the long run and in adapting to changes in stim-
ulus-reward contingencies [Franken et al., 2008]. Neurophy-
siologically, trait impulsivity has been characterized by an
increased responsiveness of the nucleus accumbens (Nacc)
and ventromedial prefrontal cortex (VMPFC) to predictors
of reward [Hahn et al., 2009; Hariri et al., 2006]. This was
accompanied by altered dopaminergic, opioidergic, and
serotoninergic transmission in these structures in nonclini-
cal impulsive subjects [Cools et al., 2005; Gjedde et al., 2010;
Lee et al., 2009; Love et al., 2009; Oswald et al., 2007; Zald
et al., 2008]. Conversely, the capacity to decouple behavior
from a strongly desired, but suboptimal reward option,
which is a hallmark of self-controlled behavior, depends on
prefrontal control of reward-related activation. Self-con-
trolled decisions that favored a superordinate long-term
goal, but required rejection of immediate reward, were
mediated by the anteroventral prefrontal cortex (avPFC),
which restricted reward-related activation in the Nacc [Die-
khof and Gruber, 2010]. Similarly, declining a liked, but
unhealthy aliment was accompanied by a down-regulation
of activation in the VMPFC [Hare et al., 2009].

The present study was intended to further explore the
association between trait impulsivity and the neural
underpinnings of the ability to successfully deploy self-
control. We specifically investigated, which neural proc-
esses enable nonclinical HI individuals to successfully
decouple behavior from desired reward options to achieve
a higher-order long-term goal. Low and high extreme
impulsivity groups, as defined by the Barratt Impulsive-
ness Scale (BIS-11) [Patton et al., 1995], were compared
with regard to their performance and brain activation in
situations, in which they had to forego an immediate bo-
nus to achieve a long-term goal (i.e., a “desire-reason di-
lemma”) [Diekhof and Gruber, 2010]. We predicted that,
firstly, the increased desire of HI individuals for immedi-
ate gratification should interfere with the ability to work
for a long-term goal in the face of instantly available
reward. HI individuals, who were able to compensate for
this trait-specific shortcoming, were expected to engage
the avPFC more strongly to down-regulate reward-related
mesolimbic activation during rejection of immediate

reward than subjects with low impulsivity scores (LO sub-
jects) [Diekhof and Gruber, 2010]. Second, an increasing
value of the immediate reward option should make it
increasingly difficult to deploy self-control. HI subjects
with normal performance should recruit compensatory
brain mechanisms to devaluate the suboptimal immediate
reward option and to successfully resolve the “desire-rea-
son dilemma.”

MATERIALS AND METHODS
Subjects

Participants were 24 right-handed healthy undergradu-
ate students half of which scored either high or low on the
German version of the BIS-11. Subjects were preselected
from a larger sample of undergraduate students (see
below) and further qualified for inclusion if they did not
fulfill any of the following exclusion criteria: (a) previous
medical diagnosis of neurological or psychiatric disorders;
(b) previous or current use of psychotropic medication
(e.g., antidepressants); or (c) any contraindications for an
MRI scan (e.g., an implanted cardiac pace maker).

After analysis of the behavioral data, five of the 24 pre-
selected participants had to be excluded, because they
failed to sufficiently meet the requirements of the task
(e.g., did not successfully finish the conditioning phase or
failed to acquire any of the 10 point bonuses during MRI
scanning; see Experimental Procedures below). Of the
remaining 19 participants, 10 (five females) subjects were
“highly impulsive individuals” (HI individuals), while 9
subjects (five females) were “controlled individuals” with
extremely low scores on the BIS-11 (LO individuals) (see
Table I for mean BIS-11 scores of the two extreme groups).

Ethical approval from the local ethical committee at the
University Medical Center of the Georg August University
Goettingen and written informed consent were obtained
before the investigation. The nature of the experimental
procedures was explained to all subjects and subjects were
paid for participation.

EXPERIMENTAL PROCEDURES

The experiment started with an operant conditioning
task outside of the scanner, during which subjects learned
to associate specific colors and responses with either an
immediate reward or a neutral outcome [see also Diekhof
and Gruber, 2010]. Button choice was free and subjects
were encouraged to explore the stimulus-response-reward
contingencies to maximize their overall outcome. Three
different colors led to an immediate reward (i.e., 10, 25, or
40 points, respectively) when collected with a left button
press, while all other colors always led to a neutral out-
come (i.e., 0 points) regardless of button choice. The poten-
tially rewarded colors and the colors that always led to a
neutral outcome were presented in a random sequence of
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TABLE I. Personality and demographic characteristics of the participants

HI (n = 10) LO (n =9) P value
BIS-11 total score (mean + SD) 710 £ 44 52.8 £3.2 <0.0001
BIS-11 cognitive impulsiveness (mean + SD) 193 £28 129 +£1.7 <0.0001
BIS-11 motor impulsiveness (mean + SD) 246 £2.1 204 £ 18 0.0003
BIS-11 nonplanning impulsiveness (mean + SD) 271 £22 194 + 24 <0.0001
Age (yr) (mean + SD) 239 £ 2.0 247 +£ 1.8 0.398
Gender 5f/5m 5f/4m 0.809

trials, occurring 30 times each within this sequence. The
goal of the operant conditioning task was to acquire stimu-
lus-response-reward contingencies, which were relevant
for the second phase of the experiment. Since the stimu-
lus-response-reward contingency for selection of a
rewarded color was 100% all subjects reliably acquired the
reward contingencies.

During the second phase of the experiment, which took
part in the MR scanner, participants performed a modified
version of the sequential forced-choice task introduced by
Diekhof and Gruber [2010]. In this task, subjects had to
pursue a superordinate long-term goal during task blocks
of four to seven trials to acquire 50 points at the end of
the block. The superordinate goal of an individual task
block was to collect two target colors that were defined by
a cue at the beginning of each block. Apart from this, sub-
jects also had to incorporate one of two context rules into
their decisions, which determined how to treat the nontar-
get colors to successfully finish a block (i.e., to gain 50
points for achievement of the long-term goal). In the “rea-
son context” all nontarget colors had to be rejected regard-
less of their immediate reward association to achieve the
superordinate goal. Conversely, in the “desire context”
subjects were free to also collect the three conditioned
nontarget colors for an immediate bonus, whereas all
remaining neutral nontarget colors had to be rejected (see
Fig. 1). Bonuses acquired in this context were added to the
50 points at the end of a block, if the long-term goal was
successfully reached. Although subjects were free to
decide whether to collect or reject conditioned nontargets
in the “desire context,” the optimal strategy for reward
maximization was (apart from collecting the targets and
rejecting neutral nontargets) to give into the “desire” and
acquire the immediately rewarded nontarget colors. Con-
versely, during the “reason context” subjects were forced
to overcome the tendency to acquire immediate rewards,
which contradicted the superordinate long-term goal (i.e.,
this condition constituted a “desire-reason dilemma”) [Die-
khof and Gruber, 2010]. Since the three conditioned
(rewarding) stimuli were associated with parametrically
increasing values of immediate reward (i.e., 10, 25, or 40
points, respectively), they were further expected to inter-
fere with the increased sensitivity of HI individuals for the
value of immediate reward [e.g., Hariri et al., 2006], which
should make it increasingly difficult for HI subjects to
reject the immediate reward in the “reason context.”

The context changed every 10th block, which facilitated
the correct implementation of the different context rules
and was expected to make it easier for HI subjects to cor-
rectly reject rewarded trials during the dilemma. The first
five blocks in a context incorporated four trials, in which
subjects had to collect the target colors and reject or collect
the other trials as required by the current context (short
blocks; see Fig. 1). The remaining five blocks contained
seven trials each (long blocks; not shown here). This task
structure was different from the one used in our previous
study [Diekhof and Gruber, 2010], in which blocks with
bonus trials or trials that required the rejection of an im-
mediate reward were pseudorandomly presented and it
was more difficult for HI subjects to retrieve the appropri-
ate action, in particular during a “desire-reason dilemma.”

In all, the participants completed 180 blocks over the
course of three fMRI runs (the total duration of the three
runs excluding breaks was approximately 50 min). Half of
the blocks were performed in the “desire context” and the
“reason context”, respectively (see also Fig. 1). Cues indi-
cating a change in context always appeared for 2,600 ms.
The relevant target colors changed every block. A block
started with a blank screen of 200 ms duration followed
by a cue displaying the two target colors (duration = 1,500
ms) and a subsequent blank screen delay of 200 ms. Indi-
vidual squares within the blocks appeared for 900 ms after
which a blank screen appeared for 200 ms before a feed-
back for the current choice the subject had made was
given. This feedback had a duration of 700 ms and was
followed by a blank screen with a duration of 100 ms. The
total feedback, which indicated the overall outcome of a
block (including bonuses), was always presented at the
end of a block (for 3,900 ms) before the next block began.
Failure to implement the superordinate task goal or failure
to answer within 900 ms led to termination of the current
block and zero outcome (goal failure).

Throughout the three functional runs, 180 cues with the
two relevant target colors were presented at the beginning
of each block. Within a context (“desire” or “reason”), the
individually presented trials comprised maximally 279 tar-
get trials, 90 trails with a neutral nontarget, and 126 trials
with a conditioned nontarget that was (potentially)
rewarded with 10 points (42 trials), 25 points (42 trials), or
40 points (42 trials). If subjects committed an error (e.g.
selected a neutral nontarget) before the actual end of the
block, the block ended immediately and subjects received
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Figure I.

Experimental design of the modified sequential forced-choice
task. (A) “Desire context”: Subjects had to select all targets and
had to reject all neutral nontargets. They were further free to
select the conditioned (rewarding) nontargets (i.e., to follow
previously acquired stimulus-response-reward associations) to
acquire bonuses during pursuit of the superordinate long-term
task goal. (B) “Reason context”: Subjects had to select all tar-
gets and had to reject all neutral nontargets. In addition, partici-

the “goal failure” feedback. If a block was successfully fin-
ished, the overall block outcome was displayed (see Fig.
1). In all, there were 180 trials with a total feedback,
whereby the number of “goal failure” trials depended on
the subject’s performance. Trials within blocks were pre-
sented pseudorandomly and counter-balanced for trial-
type transitions.

All points acquired in the second part of the experiment
were cashed into real money. Subjects could receive up to
€30, which were added to the general reimbursement of
€15 for participation.

Assessment of Trait Impulsivity

Participants completed the German version of the BIS-
11, which was used to determine interindividual differen-
ces in trait impulsivity in the nonclinical population of
undergraduate students. The BIS-11 contains 30 items ask-
ing about impulsivity-related behaviors and cognitions.

pants always had to reject the conditioned (rewarding)
nontargets in this context. This led to a “desire-reason dilemma”
during which participants had to counteract the behavioral bias
oriented toward immediate reward and had to abandon the
potential immediate bonuses to achieve the superordinate long-
term task goal. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Items are presented as questions that are scored on a 4-
point Likert scale [Barratt, 1994]. The BIS-11 total score is a
combined measure of motor and decision impulsiveness
(e.g., acting without thinking and making decisions “on
the spur of the moment”) as well as the inability to plan
ahead. The three subtraits (i.e., motor impulsiveness with
11 items, cognitive impulsiveness with 8 items, and non-
planning impulsiveness with 11 items) can also be meas-
ured independently. The BIS-11 has a high internal
consistency [Cronbach’s [alpha] of 0.82 in a sample of
undergraduate students; Patton et al., 1995] and individual
scores are very stable over time (e.g. retest reliability of
0.85 over 3 years) [Manuck et al., 1998]. There is also some
evidence that high levels of impulsivity as measured by
BIS-11 are inversely correlated with serotoninergic and do-
paminergic responsivity [Buckholtz et al., 2010, Manuck
et al.,, 1998]. Further, increased BIS-11 scores have been
observed in patients with substance abuse disorders [Lee
et al., 2009; O'Boyle and Barratt, 1993]. Finally, BIS-11
scores were found to be correlated with the ability to
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control the behavioral impulse during a “desire-reason di-
lemma” and also significantly scaled with the degree of
the functional interaction between avPFC and Nacc, when
the desire for immediate reward and the long-term goal
competed for action control [Diekhof and Gruber, 2010].

In the present study, participants were part of a larger
sample of undergraduate students of the Georg August
University in Goettingen (n = 67) with comparable socioe-
conomic status and educational background, who were
screened with the BIS-11. The mean BIS-11 total score of
the complete student sample was 62.4 + 8.6, which was
similar to the population mean reported by Patton et al.
[1995] and also resembled the mean of the group assessed
by Diekhof and Gruber [2010], which had been 61.9 + 7.2
(n = 18). The present study was restricted to two age- and
gender-matched subgroups selected from the student sam-
ple of 67 individuals. The mean BIS-11 total scores of these
groups were located at the extreme ends of the distribu-
tion of trait impulsivity in the healthy population (i.e., at
least one standard deviation above or below the mean of
the student sample; see Table I).

Behavioral Data Analyses

Statistical analyses of the reaction times (RTs) and error
rates for conditioned (rewarding) stimuli in the two con-
texts were done using the software package SPSS for win-
dows (version 17.0; SPSS Inc.). Analyses of variance
(ANOVAs) were performed on the delta values of RTs
and error rates from the two contexts (i.e., the difference
in RTs and percentage of erroneous responses observed in
the “reason context” vs. the “desire context”), which corre-
spond to the respective subtraction contrasts used in the
fMRI analysis, by introducing “value” (10, 25, or 40 points)
as within-subject factor and “group” (HI vs. LO) as
between-subject factor.

FMRI Data Acquisition and Analyses

Imaging was performed on a 3T system (Magnetom
TRIO, Siemens Healthcare, Erlangen, Germany) equipped
with the standard eight channel phased-array head coil.
First, a T1-weighted anatomical dataset at 1 mm isotropic
resolution was acquired. For fMRI, 27 axial slices parallel
to the anterior commissure-posterior commissure line were
obtained in ascending acquisition order (slice thickness =
3 mm; interslice gap = 0.6 mm) using a gradient-echo
echo-planar imaging (EPI) sequence (echo time of 33 ms;
flip angle of 70°; field-of-view of 192 mm; interscan repeti-
tion time (TR) of 2,000 ms).

A total of 1,602 volumes was acquired in three functional
runs. At the start of each run a fixation cross was presented
for the duration of four TRs to allow time for magnetization
to reach steady state. The images acquired during this pe-
riod were discarded from data analysis. Stimuli were
viewed through goggles (Resonance Technology, North-

ridge) during fMRI acquisition and subjects responded via
button press on a fiber optic computer response device
(Current Designs Inc., Philadelphia). The head was stabi-
lized by small cushions to avoid head movements during
scanning. Triggering of the visual stimulation by the scan-
ner impulse during functional data acquisition and genera-
tion of stimuli was conducted through the Presentation®”
Software (Neurobehavioral Systems, Albany).

Functional images were preprocessed and analyzed with
SPM2 (Wellcome Department of Cognitive Neurology,
University College London, London, UK). Preprocessing
comprised coregistration, correction of movement-related
artifacts (realignment and unwarping), corrections for
slice-time acquisition differences and low-frequency fluctu-
ations, normalization into standard stereotactic space
(skull-stripped EPI template by the Montreal Neurological
Institute (MNI)), and spatial smoothing with an isotropic
Gaussian kernel filter of 9 mm full-width half-maximum.

Statistical analyses used a general linear model (GLM),
which comprised three regressors [i.e., goal-relevant tar-
gets, neutral nontargets, conditioned (rewarding) nontar-
gets] for the “desire context” and for the “reason context,”
respectively. The cues and the block feedback for either
successful goal completion or overall goal failure were
also modeled as independent regressors, which resulted in
a total of nine onset regressors. In addition, we also mod-
eled two linear parametrical modulators that included the
individual reward values (i.e., 10, 25, and 40 points) of the
conditioned (rewarding) nontargets in either the “desire
context” or the “reason context.” These parametric modu-
lators signified how well the blood oxygenation level-de-
pendent (BOLD) signal correlated with the continuous
variable “reward value” on a trial-by-trial basis. Erroneous
trials and trials in which a conditioned (rewarding) stimu-
lus was not selected for an immediate bonus in the “desire
context” were excluded from the analyses.

A vector representing the temporal onsets of stimulus
presentation was convolved with a canonical hemody-
namic response function (hrf) to produce a predicted he-
modynamic response to each experimental condition and
the parametric modulators. Linear ¢ contrasts were defined
for assessing the specific effects elicited by the conditioned
(rewarding) nontargets and the parametrical modulators
in the two contexts in each of the two groups. To test for
differences in reward-related activation in the two con-
texts, we compared conditioned (rewarding) nontargets in
the “desire context” with the same stimuli when being
presented in the “reason context.” This contrast assessed
the down-regulation of activation during a competition
between the superordinate goal and the proximal reward
option in the “reason context” (i.e., during a “desire-reason
dilemma,” which required subjects to reject the immediate
reward to achieve the superordinate goal; see also Diekhof
and Gruber [2010]), when compared with activation
observed during reward acquisition in the “desire con-
text.” To assess the effect of the linear increase of the
“reward value” of conditioned (rewarding) nontargets on
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TABLE Il. Down-regulation of reward-related activation
during the “desire-reason dilemma”

Brain regions showing reduced activation
during the “desire-reason dilemma”
[conditioned (rewarding) nontargets in
reason context vs. desire context]

HI LO

MNI coordinates MNI coordinates

Region (t-value) (t-value)
R Nacc 1512 —6 (—3.80) n.s.
L/R VTA/midbrain —6 —18 —21 (—3.87)" n.s.

Activations are reported at P < 0.05, corrected for small volume,
if not otherwise indicated.
*Activation is reported at P < 0.001, uncorrected.

brain activation in the two contexts, we further compared
each parametric modulator against implicit baseline. In
addition, we also calculated a direct contrast between the
two parametric modulators. We thereby sought to identify
brain regions that were differentially correlated with trial-
by-trail changes in “reward value” during the “desire con-
text” and the “reason context.”

For extraction of the parameter estimates of the three
regressors representing immediate “reward value” (10, 25,
and 40 points) it was necessary to construct and estimate a
second GLM, which included three onset-regressors for
each value in the “desire context” and in the “reason con-
text,” respectively. Parameter estimates from the local acti-
vation maximum in the VMPFC (0 24 —9) for each of these
six regressors were extracted with marsbar (available at:
http:/ /marsbar.sourceforge.net/).

Single-subject contrast images were taken to the second
level to assess group effects with random-effects analyses.
ANOVAs were used to test for differences between HI and
LO participants. The standard statistical criterion for group
statistics was P < 0.001, uncorrected, with a minimum clus-
ter size of 10 voxels, if not otherwise indicated. For brain
regions with a specific a priori hypothesis based on previ-
ous observations [i.e., Diekhof and Gruber, 2010; Hare et al.,
2009], we used small-volume-corrections to account for the
multiple comparisons problem [Worsley et al., 1996]. Acti-
vations corrected for small volume are reported at a thresh-
old of P < 0.05, corrected for family-wise error (FWE). For
display purposes, we applied the more lenient criterion of P
< 0.005, uncorrected, to all figures in the article.

Psychophysiological Interaction Analyses

To test the first prediction and as a replication of Die-
khof and Gruber [2010], we first assessed the functional
interactions between the right Nacc and the avPFC, when
the immediate reward contingency and the superordinate

goal competed for action control (i.e., during a “desire-rea-
son dilemma”) using psychophysiological interaction (PPI)
analyses [Friston et al., 1997]. The local maximum in the
right Nacc (15 12 —6), which showed a significant reduc-
tion of reward-related activation in the “reason context”
(see Table II; Fig. 2A), was selected as seed area for the
first PPI analysis (see Diekhof and Gruber [2010], for a
similar procedure).

In a second PPI analysis we further explored any
changes in connectivity pattern arising from the VMPFC
during the successful resolution of the “desire-reason

Down-regulation of activation of right Nacc
during the ‘desire-reason dilemma’
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Figure 2.

Down-regulation of reward-related striatal activation in highly im-
pulsive subjects during the “desire-reason dilemma.” Significant
down-regulation of activation in the right Nacc during the desire-
reason dilemma” in HI subjects (dilemma-related deactivations are
displayed on a coronal slice of the MNI template; see also Table II).
The bar graph shows the mean parameter estimates for the
reward signal in the right Nacc (in the comparison against implicit
baseline) in the “desire context” in which the conditioned
(rewarding) stimulus was selected when it occurred as a nontar-
get, and during a “desire-reason dilemma,” which required a rejec-
tion of the (same) conditioned stimulus in the “reason context.”
Error bars depict the standard error of the mean. A significant
down-regulation of striatal activation during the dilemma could
only be observed in the HI group. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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dilemma.” The VMPFC plays an important role in the rep-
resentation of incentive value during decision making
[e.g., Hare et al., 2008, Plassman et al., 2008]. Further, both
in the present study and in a previous one [Hare et al,,
2009] activity in the VMPFC was found to be significantly
attenuated when impulsive subjects exercised self-control
in the face of increasingly desirable incentives. The second
PPI analysis thus sought to identify those brain regions,
whose functional connectivity with the VMPFC was
modulated by the immediate reward value of conditioned
(rewarding) stimuli when these had to be rejected during
a “desire-reason dilemma.” As seed area for this PPI anal-
ysis we selected the maximum in the VMPFC (0 24 —9),
which showed a significant decrease in activation with
increasing immediate reward value in the “reason context”
(see Table IV below).

Individual BOLD signal time courses were extracted
from the two local activation maxima, which served as
physiological vectors in the two PPI analyses (see above).
In the first PPI analysis the psychological vector consisted
of the contrast that compared conditioned (rewarding)
stimuli presented in the “reason context” with those in the
“desire context”. In the second PPI analysis the psycholog-
ical vector consisted of the comparison between the two
parametrical modulators reflecting trial-by-trial changes in
immediate reward value in the two contexts (i.e., the com-
parison of the parametrical modulator of increasing value
in the “reason context” with that in the “desire context”).

Using Matlab and SPM2, the hemodynamic signals were
first deconvolved using a parametric empirical Bayesian
formulation [Gitelman et al., 2003] and mean-corrected.
Then the PPI term was built separately for each of the
regions by multiplying the deconvolved and mean-cor-
rected BOLD signal with the respective psychological vec-
tor. After convolution with the hrf, mean correction, and
orthogonalization, the three regressors (PPI term, physio-
logical vector, and psychological vector) went into the sta-
tistical analysis to determine context-dependent changes of
functional connectivity over and above any main effect of
task or any main effect of activity in the corresponding
brain areas. In the two PPI contrasts, the PPI term was com-
puted against implicit baseline. Random-effects analyses
(P < 0.001, uncorrected) were performed on single-subject
PPI contrast images. ANOVAs were used to test for differ-
ences in functional interactions in HI and LO participants.

In addition, we also performed two additional PPI anal-
yses, in which we separately assessed the functional inter-
actions between the right Nacc (as the seed) and the left
avPFC either when conditioned (rewarding) stimuli were
presented in the “reason context” or in the “desire con-
text”. For this purpose we extracted the signal time
courses from the Nacc and used the respective compari-
sons against implicit baseline as psychological vector (e.g.,
the contrast of “bonus acquisition vs. implicit baseline in
the desire context”). We then further proceeded as
described above. These additional analyses were intended
to assess whether the difference in functional connectivity

between the two contexts resulted (1) from a more positive
PPI in the “desire context,” meaning that the slope of the
regression line was more positive in the bonus condition
than the general connectivity in the implicit baseline, or
(2) from a more negative PPI in the “reason context”. The
results from these PPI analyses are reported in the Sup-
porting Information of this article.

The parameter estimates of the subject-specific coupling
strength between ventral striatum/Nacc and VMPFC for
the three values of the immediately available, but rejected
rewards are the results of three additional PPI analyses.
These analyses explored the connectivity of the VMPFC in
the individual comparisons of the three value regressors in
the “reason context” and the “desire context” used in the
second GLM (see above). This means that the psychologi-
cal vector of the first PPI consisted of the contrast that
tested for activation elicited by the rejection of an immedi-
ate option offering 10 points in the “reason context” versus
acquisition of 10 points in the “desire context.” The second
and third PPI analyses were also based on the comparison
between the two contexts, but for the immediate reward
values of 25 or 40 points, respectively. As seed area for
these PPI analyses we again selected the maximum in
VMPFC (0 24 —9; see above for the further procedures
used in the PPI analyses).

RESULTS
Behavioral Results

Mean reaction times and the mean percentage of correct
responses to conditioned (rewarding) stimuli in the two
contexts are reported in Supporting Information, Table S1.
The analysis of the delta values of RTs and error rates from
the two contexts (i.e., the difference in RTs and rates of cor-
rect responses observed in the “reason context” vs. the
“desire context”) revealed a significant, relative perform-
ance decline in both groups during the “desire-reason di-
lemma.” This deterioration of behavioral performance
thereby scaled with the increasing value of immediate
reward in the “reason context,” when participants had to
reject the immediate reward for the long-term goal. This
performance decline with increasing value was significant
(main effect of value on performance: Frrs = 15.92, P <
0.0001; Ferror = 4.00, P = 0.025), whereas a significant main
effect of group (Frrs = 1.12, P = 0.296; Feppor = 0.35, P =
0.555) and a significant “group x value interaction” (Fgrs =
0.05, P = 0.960; Feror = 0.55, P = 0.583) were absent. These
results suggest that for both highly impulsive and
extremely controlled individuals it became increasingly dif-
ficult to abstain from the increasingly valuable immediate
reward option during pursuit of the superordinate goal.

fMRI Results

On the neural level, decisions that favored the superor-
dinate long-term goal at the expense of immediate reward
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TABLE lll. Inverse functional connectivity between the right Nacc and left avPFC during the “desire-reason
dilemma” in HI subjects

Brain regions exhibiting an inverse functional connectivity with the right Nacc during the “desire-reason di-
lemma” [conditioned (rewarding) nontargets in reason context vs. desire context]

HI LO HI > LO
Region MNI coordinates (t-value) MNI coordinates (-value) MNIcoordinates (t-value)
L avPFC —24 459 (4.76); —27 51 12 (3.67) n.s. —24 48 9 (4.94); —39 51 3 (4.70)

Activations are reported at P < 0.001, uncorrected, with a minimum cluster size of 10 voxels.

led to a significant attenuation of hemodynamic responses
to the conditioned (rewarding) stimuli in the right Nacc
and ventral tegmental area (VTA) in HI subjects (Table II).
Notably, a relative decline of reward-related activation in
the Nacc in relation to the implicit baseline was already
evident in the “desire context” in the HI group, and the
“desire-reason dilemma” led to a further suppression of
the reward-related response (see Fig. 2). Additionally, in
line with our previous findings [Diekhof and Gruber,
2010], this context-sensitive down-regulation of reward-
related activation in the right Nacc during the dilemma
was accompanied by a negative functional connectivity
with the left avPFC also when compared with LO individ-
uals (see Table III; Fig. 3A,B). HI subjects thereby dis-
played a significant change (i.e., a decrease) in the
prefrontostriatal connectivity when comparing the “reason
context” with the “desire context” (see Supporting Infor-
mation, Table S2; Fig. 3C).

In the LO group a down-regulation of reward-related
activation in the right Nacc and VTA during the dilemma
was only observed when lowering the statistical threshold
to P < 0.05, uncorrected for multiple comparisons [MNI
coordinates x y z (t-value): Nacc 12 12 —6 (—1.89); VTA -9
—18 —24 (—2.21)]. Further, in controlled individuals the
functional interaction between the avPFC and Nacc failed
to decrease in the “reason context” (i.e., the relative decline
of the prefrontostriatal coupling was absent when rejecting
an immediate bonus for the higher-order long-term goal;
see Supporting Information, Table S2 and Fig. 3D).

To test the second prediction that especially HI individu-
als need to control the interference of the increasing value
of the immediate reward option when deploying self-con-
trol, we assessed the effect of the linearly increasing
reward value on neural processing during the successful
resolution of the “desire-reason dilemma.” We predicted
that brain activation representing the immediate reward
value would be significantly reduced when HI individuals
successfully rejected the conditioned (rewarding) stimuli in
the “reason context” [see for example Hare et al., 2009].
This analysis identified one brain region, which exhibited a
significant linear decrease in activity that scaled with
increasing reward value during the dilemma. Accordingly,
the rejection of conditioned (rewarding) stimuli with line-
arly increasing reward value concurrently led to a reduc-

tion of activation in the subgenual anterior cingulate cortex
and adjacent gyrus rectus in the HI group (Table IV; Fig.
4A,B). We will refer to this brain region as “VMPFC” in the
remainder of the paper. Interestingly, when lowering the
statistical criterion to P < 0.05, uncorrected, we further
observed a relative increase of the ventromedial prefrontal
signal in HI individuals in the “desire context” (i.e., a
reduction of the degree of deactivation in the VMPFC)
[MNI coordinates x y z (t-value): 0 27 0 (2.84)], which
scaled with the value of immediate reward. Conversely, in
the LO group a value-sensitive attenuation of activation in
the VMPFC was absent during the dilemma and LO sub-
jects also failed to show the linear value-related increase
during successful bonus acquisition, even when lowering
the statistical threshold to P < 0.05, uncorrected (see also
Fig. 4B).

To further examine whether this value-sensitive
decrease in ventromedial frontal activation during the
“desire-reason dilemma” was accompanied by changes in
functional connectivity with other regions of the brain’s
reward system or higher-order prefrontal regions as sug-
gested by Hare et al. [2009], we explored the functional
connectivity of the VMPFC. We observed that the VMPFC
exhibited an increased inverse functional interaction with
only one brain region, which comprised the Nacc and the
adjacent ventromedial caudate nucleus. But again, the
change in functional connectivity could only be observed
in the HI group (Table V; Fig. 5A). We will refer to this
brain region as “ventral striatum” in the remainder of the
article. By plotting the parameter estimates of individual
value regressors from the PPI, we found that functional
coupling strength negatively scaled with the value of the
immediately available but ultimately rejected reward
option in HI individuals, but not in the LO group
(Fig. 5B).

For completeness, brain regions, whose activation posi-
tively scaled with the increasing value of immediate
reward in either the “desire context” or the “reason con-
text,” can be found in Supporting Information, Table S3.
We observed that both HI and LO groups showed a simi-
lar increase of brain activation with increasing value of the
immediate option in the right parietal cortex and the right
middle frontal gyrus (MFG) in the “desire context” (Sup-
porting Information, Table S3A). All remaining regions
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Figure 3.

Context-related changes in prefrontostriatal connectivity during
the “desire-reason dilemma.” (A) Reduced connectivity between
right Nacc and left avPFC during the dilemma in the HI group
(dilemma-related reductions in prefrontostriatal connectivity are
displayed on a coronal slice of the MNI template, color bars
show associated t-values; see also Table lll). Importantly, on the
group level this inverse functional connectivity was a result of a
reduced positive coupling, rather than an increase in the nega-
tive functional connectivity between the two brain regions (see
also Supporting Information, Table S2). (B) Reduced connectivity
between right Nacc and left avPFC during the “desire-reason di-
lemma,” which was more negative for HI compared with LO
subjects. (C) PPl of the right Nacc for a representative single
subject from the HI group. Mean-corrected activity (in arbitrary
units) in left avPFC (MNI coordinates (x y z): —24 48 9; box of

were exclusively activated in the HI group in either the
“desire context” (Supporting Information, Table S3A) or
the “reason context” (Supporting Information, Table S3B),

3 x 3 x 3 mm’) is displayed as a function of mean-corrected
activity in right Nacc (MNI coordinates (x y z): 15 12 —6; box
of 3 x 3 x 3 mm?®). Black diamonds represent measurements
during bonus acquisition in the “desire context,” red squares
denote measurements during rejection of immediate reward in
the “reason context.” To take into account the hemodynamic lag
in the BOLD response when assigning data points to conditions,
the onset of conditions was delayed by 6 s (for a similar proce-
dure please see Stephan et al. [2003]. (D) PPI of the right Nacc
for a representative single subject from the LO group. Mean-
corrected activity (in arbitrary units) in left avPFC is displayed as
a function of mean-corrected activity in right Nacc. [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

apart from a single area in the right IFS, which was acti-
vated by increasing reward value in both contexts in the
HI group (Supporting Information, Table S3C).
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TABLE IV. Parametrical down-regulation of value-related activation during the “desire-reason dilemma”

Activation decrease with parametrically increasing immediate reward value during the “desire-reason dilemma”

Parametrical contrast [conditioned
(rewarding) nontargets in reason
context vs. desire context]

Parametrical contrast [conditioned
(rewarding) nontargets in reason
context vs. implicit baseline]

HI LO

HI > LO HI

LO HI > LO

MNI coordinates
(t-value)

MNI coordinates

Region (t-value)

MNI coordinates
(t-value)

MNI coordinates
(t-value)

MNI coordinates
(t-value)

MNI coordinates
(t-value)

L/R VMPFC 033 —12 (—4.33) ns.

030 —12 (—3.33)°

024 —9 (—5.04)° ns. —324 —9 (—4.94)°

Activations are reported at P < 0.05, corrected for small volume, if not otherwise indicated.

*Activation is reported at P < 0.005, uncorrected.

P Activation is reported at P < 0.001, uncorrected, with a minimum clustersize of 10 voxels.

DISCUSSION

The ability to restrain immediate reward desiring is cru-
cial for lifetime success and individual well-being. Here
we show that nonclinical individuals, who rated them-
selves as highly impulsive on the BIS-11, succeeded in
controlling their desire for immediate reward by engaging
two complementary brain mechanisms. First of all, deci-
sions that successfully counteracted immediate reward
desiring led to a general attenuation of reward-related acti-
vation in mesolimbic structures of the reward system
(Table II). Replicating our previous findings [Diekhof and
Gruber, 2010] this was accompanied by an inverse func-
tional interaction between the avPFC and the right Nacc

[HI]024-9

(see Fig. 3). Second, highly impulsive subjects exhibited a
linear attenuation of activation in the VMPFC, when they
had to reject the increasingly valuable immediate rewards
in the “reason context” (see Fig. 4). This devaluation of the
foregone reward option scaled with changes in functional
connectivity between the VMPFC and the right ventral
striatum (i.e., the Nacc and adjacent ventrodmedial nu-
cleus caudatus), which probably reduced the desire to col-
lect the suboptimal immediate rewards (see Fig. 5).

Even more importantly, we observed that the neural
mechanisms characteristic for the HI group were distinct
from those employed by individuals that classified them-
selves as extremely controlled. Notably, LO subjects
showed no inverse functional connectivity between the

B

Desire context Reason context

r ] 1
value 10 value 25 value 40 value 10 value 25 value 40

47

Beta

EH OLO

Figure 4.

Parametrical deactivation of the VMPFC during the rejection of
immediate reward options scaling with increasing reward value
during the “desire-reason dilemma” in HI subjects. (A) Signifi-
cant parametrical decrease in the value-related signal in the
VMPFC during the “desire-reason dilemma” in HI subjects
(value-related deactivations are displayed on a coronal slice of
the MNI template, color bar shows associated t-values; see also

Table 1V). (B) Parameter estimates for the reward signal tied to
individual values in the VMPFC (in the comparison against
implicit baseline). In the HI group the parameter estimates
exhibited a significant decrease with increasing reward value in
the “reason context.” [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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TABLE V. Parametrical increase in the inverse connectivity between the VMPFC and right ventral striatum during
the “desire-reason dilemma” in HI subjects

Brain regions exhibiting a parametrical increase in the inverse connectivity with the VMPFC during rejec-
tion of increasingly valuable immediate rewards (i.e., during the “desire-reason dilemma”)

Parametrical contrast [conditioned (rewarding) nontargets in reason context vs. desire context]

HI

LO HI > LO

Region MNI coordinates (f-value)

MNI coordinates (t-value) MNI coordinates (t-value)

R ventral striatum 12 21 —6 (4.44); 12 12 —6 (2.96)7

ns. 15 24 —6 (2.93)°

Activations are reported at P < 0.001, uncorrected, with a minimum clustersize of 10 voxels, if not otherwise indicated.

“Activation is reported at P < 0.005, uncorrected.

Nacc and avPFC during the “desire-reason dilemma.”
Apart from that, the LO group also exhibited no linear
decrease in ventromedial frontal activation in response to
the value of the foregone reward option (Table IV; Fig.
4B), and also failed to show a context- and value-sensitive
change in the functional interaction with the ventral stria-
tum (Table V; Fig. 5B). Collectively, these results suggest
that nonclinical individuals from the extreme ends of the
continuum of trait impulsivity may recruit somewhat dif-
ferent neural mechanisms that may reflect diverse cogni-

‘Desire-reason dilemma’

\ Negative

\

\ connectivity
[HI]

tive strategies, when facing a situation that requires the
deployment of self control.

A Trait-Specific Mechanism to Control the
General Desire for Immediate Reward in the
Highly Impulsive Phenotype

It has been assumed that a fundamental difference
between individuals classified as either high or low in trait

PPl parameter estimates

Hi group

Functional coupling with VMPFC
I S ™ I S R T S I T VR R

value 10 value 25  value 40

Figure 5.

Value-related increase in the inverse functional interaction
between the VMPFC and the right ventral striatum with increas-
ing value of the foregone reward option during the “desire-rea-
son dilemma” in the HI group. (A) Parametrical increase in the
inverse connectivity between VMPFC and ventral striatum with
increasing value of conditioned (rewarding) nontargets that had
to be rejected in the “reason context” (dilemma-related reduc-
tions in prefrontostriatal connectivity are displayed on a coronal
slice of the MNI template, color bar shows associated t-values;
see also Table V). (B) Contrast values of the psychophysiological

interaction parameters from the ventral striatum in the HI and
in the LO group (in the comparison of individual bonus values
presented in the “reason context” vs. the “desire context”).
Only in HI individuals the parameter estimates of functional
interaction strength between the VMPFC and the ventral stria-
tum exhibited a significant decrease with increasing reward value
in the “reason context” relative to the “desire context”. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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impulsivity is their ability to deploy self-control (e.g., the
ability to achieve higher-order plans when being tempted
by immediately available, but suboptimal reward) [Even-
den, 1999; Patton et al., 1995]. A lack of self-control has
been associated with abnormalities in frontostriatal connec-
tivity [Diekhof and Gruber, 2010; Hare et al., 2009; Jentsch
and Taylor, 1999; Sonuga-Barke, 2002], alterations in dopa-
minergic autoregulation and reward-related activity in
mesolimbic structures [Abler et al., 2006; Buckholtz et al.,
2010; Hariri et al., 2006; Zald et al., 2008]; see also Marinelli
and White [2000], as well as structural changes in the
VMPEFC [Matsuo et al., 2008]. In the present study, the two
extreme impulsivity groups did not differ in their (behav-
ioral) ability to control the desire for an immediate reward
(see Behavioral results). This suggests that nonclinical HI
subjects were able to control their lack of self-control,
which enabled them to successfully resolve the “desire-rea-
son dilemma.” Given the behavioral data, it follows that
significant group-differences in functional brain activation
and connectivity during the successful resolution of the di-
lemma probably reflected trait-specific and supposedly in
part compensatory brain mechanisms. In clinical popula-
tions compensation for disorder-specific deficits is often
accompanied by an increased recruitment of task-relevant
brain regions [Manoach, 2003]. Consistent with this hy-
pothesis, we found a stronger inverse functional coupling
between the avPFC and Nacc in the nonclinical HI group
than in the LO sample (Table III; Fig. 3A,B). In HI subjects
the inverse connectivity further accompanied the successful
down-regulation of reward-related activation in the Nacc
(Table II; Fig. 2). This conforms well with previous evi-
dence including our own that implicated the avPFC in the
successful promotion of behavioral flexibility, which ena-
bles decisions decoupled from the impact of immediately
available reward [Boorman et al.,, 2009; Daw et al., 2006;
Diekhof and Gruber, 2010].

However, there are also some apparent inconsistencies
with our previous results [Diekhof and Gruber, 2010] that
need to be addressed in detail: First, in contrast to our pre-
vious observations [Diekhof and Gruber, 2010] the right
Nacc was deactivated in both groups and across contexts,
and only in the HI group the dilemma led to a further
down-regulation of an already negative signal change that
was also statistically significant (see Fig. 2). Second, in the
present study the inverse prefrontostriatal coupling during
the dilemma was only observed in the HI group (Table III),
who, notably, exhibited a normal performance in the deci-
sion task. Finally, this inverse functional connectivity was a
result of a reduced positive coupling (see Supporting Infor-
mation, Table S2), rather than an increase in the negative
functional connectivity between the two regions like in our
previous study [Diekhof and Gruber, 2010]. Modifications
of the sequential forced choice task used in the present
study may probably account for these discrepancies: First
of all, it should be noted that the modified version of the
sequential forced-choice task was less demanding than
the original one used by Diekhof and Gruber [2010]. In the

modified task, subjects used the same decision rule over
the course of 10 consecutive blocks (i.e., either rejected all
conditioned (rewarding) nontargets in the “reason context”
or collected the same conditioned stimuli to acquire
bonuses in the “desire context”). This was probably the
reason why even HI subjects achieved a normal behavioral
performance when facing the dilemma in the present
study. In the original version “desire” and “dilemma trials”
could occur within identical blocks, namely, when condi-
tioned (rewarding) targets were repeatedly presented dur-
ing a block, which required their rejection (see Diekhof and
Gruber for further details on the original design). This
made it more difficult to prepare the correct action when
being confronted with conditioned (rewarding) stimuli,
which may also explain why impulsive subjects failed to
recruit the avPFC and performed poorly in our previous
study [Diekhof and Gruber, 2010]. In that way, our obser-
vations also conform with the notion that compensation is
only possible, if task requirements match individual
capacity. If task demands exceed this capacity, like in the
HI subjects in our original study, a failure to recruit the rel-
evant brain regions and a decline in behavioral perform-
ance may be inevitable consequences [Jansma et al., 2004;
Manoach, 2003]. Taken together, the discrepant findings in
the present study may thus be rather understood as a con-
sequence of differences in task design and difficulty than
representing true inconsistencies.

At the same time, presenting consecutive blocks with
similar task requirements in the present study may have
further affected the underlying functional neural architec-
ture necessary to cope with reoccurring “desire-reason
dilemmas.” There is already evidence that behavioral
enhancement following practice is often accompanied by a
functional reorganization of brain activity in task-relevant
regions [Kelly and Garavan, 2005], which can also reflect
the refinement of cognitive strategies. Such a functional
reorganization may change levels of inter-regional connec-
tivity, for example through strengthening of inhibitory con-
nections [Fletcher et al, 1999], and can sharpen the
response in task-relevant regions of the network [Poldrack,
2000]. One could speculate that in order to cope with the
demands of this self-control task in particular HI subjects
may have maintained a sustained negative connectivity
between the avPFC and the Nacc throughout the course of
the experiment, which may have controlled reward-related
mesolimbic activation across the whole experiment. A
release of this increased control of mesolimbic activation
was then only necessary on individual bonus trials in the
“desire context,” which could have led to the relative
decrease in negative functional connectivity that appeared
as a relative increase in positive connectivity in the com-
parison against implicit baseline (see Supporting Informa-
tion, Table S2). This would also explain why we found that
(1) the Nacc was deactivated across the whole experiment
(see Fig. 2), and (2) that the observed inverse functional
connectivity during the dilemma actually reflected a
reduced positive connectivity between the avPFC and Nacc
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in the HI group (Table III and Supporting Information, Ta-
ble S2). Since our experiment lacked a low-level control
condition [like those used in common mixed designs, see
for example Visscher et al. 2003], we cannot directly test
this theory of a sustained negative prefrontostriatal connec-
tivity across desire and reason contexts in HI subjects.
However, from the above described observations in this
group it seems plausible to put forward this possibility.

A Trait-Specific Mechanism to Allow Highly
Impulsive Subjects to Overcome Their Desire for
Increasing Reward Value

Our data further show that the response of the VMPFC
parametrically decreased with the increasing value of the
rejected immediate reward option in subjects scoring high
on the BIS-11 (Table IV; Fig. 4). This is consistent with pre-
vious evidence suggesting a general role for the VMPFC in
the representation of relative reward value especially
when choosing between different reward options [Boor-
man et al., 2009; DeMartino et al., 2009; Grabenhorst et al.,
2008; Hare et al., 2008; Kable and Glimcher, 2007; McClure
et al., 2004, 2007; Plassmann et al., 2008; Smith et al., 2010].
Moreover, a similar reduction of ventromedial frontal acti-
vation has already been observed during the successful
deployment of self-control in nonclinical populations
[Campbell-Meiklejohn et al., 2008; Hare et al., 2009]. Simi-
larly, the devaluation of food reward following sensory-
specific satiety [Small et al., 2001] as well as the devalua-
tion of low calorie items in reference to high calorie ali-
ments in the hungry state [Goldstone et al., 2009] resulted
in a significant decrease in activation in the VMPFC. In
animals, a maladaptive assignment of incentive value to
conditioned stimuli that are no longer predictive of imme-
diate reward has been described as a defining attribute of
impulsivity [Flagel et al., 2009]. It is therefore plausible to
assume that the attenuation of activation in the VMPFC in
the “reason context” was vital to cope with this maladap-
tive trait in HI subjects. By supporting their capacity to
decouple behavior from the conditioned reward contin-
gency, the value-sensitive reduction in ventromedial fron-
tal activity probably enabled HI individuals to execute the
necessary behavioral reversal. Conversely, in the “desire
context” we observed a relative—although nonsignifi-
cant—increase in the ventromedial frontal signal in the HI
group, which positively scaled with the magnitude of the
immediate reward option and thus might have promoted
successful bonus acquisition (see Fig. 4B). In that way, our
data indeed support the view that the VMPFC codes the
relative rather than the absolute value of a chosen option
[e.g., Boorman et al., 2009; Daw et al., 2006], representing
the relative devaluation of rejected immediate incentives
in the “reason context” as well as the relative incentive
value of the increasingly desirable immediate bonuses in
the “desire context.” Further, one may speculate that the
observed decline in the ventromedial prefrontal response

in the “reason context” may have also reflected a relative
reduction of positive affect experienced (e.g., disappoint-
ment). Especially for HI subjects it should have been
extremely frustrating to reject the increasingly valuable im-
mediate rewards for the higher-order long-term goal. This
assumption would also be consistent with data from emo-
tion regulation studies, which found that the extent of
deactivation in the VMPEFC signal scaled with the degree
of negative affect experienced [e.g., Delgado et al., 2008;
Diekhof et al., 2011].

In addition to that, the present data demonstrate that
the ability to devaluate the suboptimal reward option was
further accompanied by an inverse functional coupling
between the VMPFC and the ventral striatum (Table V;
Fig. 5). Such a functional relationship accords well with
previous human fMRI and diffusion tensor imaging data
[DiMartino et al., 2008; Draganski et al., 2008; Lehéricy
et al., 2004] as well as data from tracer studies in nonhu-
man primates [Alexander and Crutcher, 1990; Haber and
Knutson, 2010; Haber et al., 1995, 2006; Schilman et al.,
2008] demonstrating tight anatomical connections between
these brain regions. The identified area in the ventral stria-
tum coincides with the part of the ventral striatum that
receives inputs from the VMPFC and adjacent orbitofron-
tal cortex [Haber and Knutson, 2010]. Our data show for
the first time that the degree of the inverse prefrontostria-
tal coupling increased with the value of the foregone
reward option, which probably helped HI subjects to over-
come the desire to exploit the suboptimal immediate
reward during the dilemma. This is also in line with the
assumption that the ventral striatum plays an essential
role in action control oriented toward reward maximiza-
tion. Increased activation in similar parts of the ventral
striatum has previously been observed to represent stimu-
lus-action-reward contingencies [Lauwereyns et al., 2002;
Schlund and Cataldo, 2005; Tricomi et al.,, 2004] and
reward magnitude [Ballard and Knutson, 2008; Cromwell
and Schultz, 2003; Delgado et al.,, 2003; Knutson and
Cooper, 2005; Knutson et al., 2001]. Regional activation,
especially in the human ventromedial caudate nucleus has
further been found to increase during reversal of reward-
related choice [Cools et al., 2004; Rogers et al., 2000; Wata-
nabe and Hikosaka, 2005] and new learning of stimulus-
response-reward associations [Delgado et al., 2005; Haruno
and Kawato, 2006; O’Doherty et al., 2004]. In rats and non-
human primates, it has been demonstrated that lesions of
the ventral and medial striatum, which correspond to the
region identified in the present study, as well as the
VMPEFC disrupted the ability to reverse response-reward-
contingencies [Clarke et al., 2008; Ferry et al., 2000; Li and
Shao, 1998]. Given these findings and the particular role of
the caudate nucleus in the focused inhibition of competing
actions [Jiang et al., 2003; Mink, 1996; Redgrave et al.,
1999], it follows that in the present study the reciprocal
interaction with the VMPFC was probably crucial to over-
come the maladaptive behavioral impulse to collect the
increasingly valuable immediate rewards in the “reason
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context” In that way, the present data may also support
the view that these interconnected regions may modify
currently suboptimal reward contingencies to allow that
actions associated with higher long-term reward are cho-
sen more frequently [O’Doherty et al., 2004]. Future stud-
ies using model-based methods to determine causality in
measures of connectivity [e.g., dynamic causal modeling;
Friston et al., 2003; Stephan et al., 2008] have to further
examine whether (1) a lack of prefrontal input into the
ventral striatum or (2) an increased influence of the ventral
striatum on the VMPFC may have helped subjects to over-
come the suboptimal reward contingencies during the di-
lemma, or whether (3.) a third brain region may have
mediated the frontostriatal interplay.

Brain Mechanisms Mediating Self-Control in the
Highly Controlled Phenotype

In the present study the highly controlled sample (LO)
was characterized by comparably small changes in re-
gional brain activation between the two decision contexts,
in particular as compared to the HI group (Tables II, IV,
and Supporting Information, Table S3). One possibility is
that trait-specific differences in individual processing effi-
ciency or variations in capacity limitations may explain the
discrepancies between the impulsive and the controlled
phenotype. Given similar behavioral performance, it has
already been shown that different populations (e.g., psy-
chiatric patients and healthy controls) can vary in the
extent of neural activation in task-relevant regions,
whereby a higher processing capacity was often accompa-
nied by decreased activation [Jansma et al., 2004; Manoach
et al., 2003]. In addition, controlled individuals may also
differ from the HI group in the (neural) efficiency with
which fundamental cognitive operations are performed
[i.e., less task-related activity in subjects with higher effi-
ciency; see Rypma and Prabhakaran, 2009]. The observa-
tion that LO subjects show the down-regulation of reward-
related activation during the “desire-reason dilemma”
only at a more lenient statistical threshold of P < 0.05,
uncorrected, and further failed to show the expected
change in the prefrontostriatal connectivity (Table III)
strongly argues for this assumption. Alternatively, these
trait-specific differences may have arisen from discrepant
cognitive strategies or differences in the ability to keep up
a once chosen cognitive strategy [Miller et al., 2002], or
may have simply reflected a differential sensitivity of mes-
olimbic brain regions to the value of immediate reward
[Bodi et al., 2009]. This latter assumption would also con-
form with the observation made by Hare et al. [2009], who
found that subjects with a strong ability to control their
eating behavior failed to exhibit a value-sensitive ventro-
medial frontal response when viewing food items of dif-
ferent caloric value. Future studies should concern
themselves in more detail with this highly controlled phe-
notype, which has been widely ignored by psychological

and neuroimaging research so far. It will thereby be im-
portant to examine, which of the above described reasons
for trait-specific differences may hold true. From the pres-
ent data we can only infer that HI and LO subjects dif-
fered in the neural mechanisms employed to resolve the
“desire-reason dilemma.”

Shared Neural Mechanisms Underlying Bonus
Acquisition or Rejection in High and Low
Impulsivity

In contrast to the abovementioned differences between
HI and LO subjects, we found that activation in the right
MFG and the parietal cortex linearly increased during bo-
nus acquisition with the value of immediate reward in
both groups (Supporting Information, Table S3). Given the
proposed roles of these regions in higher-order cognitive
processing (e.g., value integration) and mental calculation
[e.g., Gruber et al., 2001; Hoshi, 2006; Kahnt et al., 2011;
van Eimeren et al., 2010], one may assume that the value-
sensitive increase of activation in these brain regions most
likely reflected cognitive operations during the decision in
favor of the available bonuses. This accords well with pre-
vious findings in nonhuman primates that put forward a
role for the parietal cortex in voluntary value-based choice
[Platt and Glimcher, 1999; Sugrue et al., 2004] and reward-
related attention [Peck et al., 2009]. Similarly, findings in
humans suggest these brain regions were activated during
intertemporal choice in general [McClure et al., 2004,
2007], during multiattribute decision making [Kahnt et al.,
2011; Zysset et al., 2006], and also during voluntary value-
based choice [Dorris and Glimcher, 2004, Kable and
Glimcher, 2007].

Finally, we identified one brain region in the right inferior
frontal sulcus (IFS), which tracked the increasing reward
value independent of context, but only in HI subjects (Sup-
porting Information, Table S3). This suggests a complemen-
tary role of this brain region in value representations. One
possibility is that the IFS contributed in the (automatic) re-
trieval or active maintenance of the reward value of individ-
ual conditioned stimuli. This would be consistent with
previous findings that had implicated this brain region in
working memory and mental calculation [Goldman-Rakic,
1996; Gruber et al., 2001; Ungerleider, 1995]. However, value
tracking or retrieval was only important during bonus acqui-
sition in the “desire context,” whereas it was rather maladap-
tive in the “reason context.” The observation that only HI
subjects showed a linear increase of activation in this brain
region may be another indicator of their heightened sensitiv-
ity for the value of immediate reward that was more directly
tied to the conditioned stimuli than in the LO group.

CONCLUSION

Taken together our findings support the view that non-
clinical HI undergraduate students can engage trait-specific
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and supposedly in part compensatory brain mechanisms
to successfully deploy self-control. The observed reduction
of reward-related activation in subcortical mesolimbic
structures and the VMPFC thereby probably enabled
highly impulsive subjects to counteract the desire for im-
mediate reward when this was required by the superordi-
nate long-term goal. Interestingly, the neural mechanisms
(i.e., the activation and connectivity patterns) underlying
this ability in HI subjects differed from those in extremely
controlled individuals, despite similar behavioral perform-
ance. This further suggests that the two extreme impulsiv-
ity groups could have used different cognitive strategies
to achieve long-term goals in the face of instantly available
incentives.
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