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Bipolar disorder (BD) is characterized by recurrent mood episodes ranging from severe depression to acute full-blown mania. Both states

of this severe psychiatric disorder have been associated with alterations of reward processing in the brain. Here, we present results of a

functional magnetic resonance imaging (fMRI) study on the neural correlates and functional interactions underlying reward gain

processing and reward dismissal in favor of a long-term goal in bipolar patients. Sixteen medicated patients diagnosed with bipolar I

disorder, euthymic to mildly depressed, and sixteen matched healthy controls performed the ‘desire-reason dilemma’ (DRD) paradigm

demanding rejection of priorly conditioned reward stimuli to successfully pursue a superordinate goal. Both groups exhibited significant

activations in reward-related brain regions, particularly in the mesolimbic reward system. However, bipolar patients showed reduced

neural responses of the ventral striatum (vStr) when exploiting a reward stimulus, and exhibited a decreased suppression of the reward-

related activation of the mesolimbic reward system while having to reject immediate reward in favor of the long-term goal. Further,

functional interaction between the anteroventral prefrontal cortex and the vStr in the ‘DRD’ was significantly impaired in the bipolar

group. These findings provide evidence for a reduced responsivity of the vStr to reward stimuli in BD, possibly related to clinical features

like anhedonia. The disturbed top-down control of mesolimbic reward signals by prefrontal brain regions in BD can be interpreted in

terms of a disease-related enhanced impulsivity, a trait marker of BD.
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INTRODUCTION

Bipolar disorder (BD) is a severe psychiatric illness
characterized by recurrent mood episodes ranging from
severe depression to acute full-blown mania. Both depres-
sive and manic mood states have been associated with
dysfunctions of the brain reward system (Alloy et al, 2012;
Hasler, 2006; Johnson et al, 2012b). Previous studies have
shown that bipolar patients exhibit increased behavioral
and emotional responses to reward or its anticipation
compared with healthy controls (Alloy et al, 2012; Gruber,
2011; Johnson et al, 2012a, 2012b). However, bipolar
patients do not appear to be faster to learn stimulus-reward
associations (Johnson et al, 2012b; O’Sullivan et al, 2011)
and even exhibit deficits in probabilistic reversal learning
compared with healthy controls (Dickstein et al, 2010;

Gorrindo et al, 2005). It has been shown that once bipolar
patients have associated a stimulus with reward, they are
slow to realize changes in contingencies and still continue to
choose a previously rewarded response (Johnson et al,
2012b).
Reward processing in the human brain is based on a

neuronal circuitry including regions of the mesolimbic
dopamine system, in particular the ventral striatum (vStr)
and ventral tegmental area (VTA) (Diekhof and Gruber,
2010; Diekhof et al, 2008; Liu et al, 2011). Intriguingly, gray
matter deficits in vStr and mesial prefrontal cortex have
been associated with genetic risk for BD in a volumetric
magnetic resonance imaging (MRI) study (McDonald et al,
2004). So far, only few functional magnetic MRI (fMRI)
studies on reward processing in BD have been implemented.
Some of these studies indicate atypical activation effects in
different parts of the reward circuitry, especially during
hypomania and mania (Abler et al, 2008; Bermpohl et al,
2010; O’Sullivan et al, 2011). During euthymia, Nusslock
et al (2012) reported elevated ventral striatal and orbito-
frontal activity during reward anticipation, but not out-
come, in bipolar I patients, while Caseras et al (2013) found
elevated ventral striatal activity in bipolar II patients rather
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than in bipolar I patients. A study by Linke et al (2012)
using a probabilistic reversal learning task showed
increased activity of the orbitofrontal cortex in response
to reward and an attenuated prediction error signal in
euthymic bipolar patients.
A recent fMRI study by Diekhof and Gruber (2010)

assessed the neural correlates of reward processing as well
as functional interactions between brain areas when actions
promoting a superordinate goal precluded exploitation of
an immediately available reward option. Here, we used a
modified version of this ‘desire-reason dilemma’ (DRD)
paradigm (Diekhof and Gruber, 2010) to investigate the
reward processing circuitry in bipolar patients compared
with healthy controls. We hypothesized that bipolar patients
would fail to consequently pursue a superordinate goal
at the expense of immediate reward because of clinging
to initially established stimulus-reward-contingencies and
enhanced trait impulsivity. Furthermore, we presumed
altered brain activation patterns in the reward circuitry
and impaired top-down control mechanisms underlying
these behavioral deficits in BD.

MATERIALS AND METHODS

Subjects

Twenty-four patients participated in the study. All patients
met the diagnostic criteria for BD, type 1, according to
ICD-10 and DSM-IV classification standards. Diagnoses
were consented within members of the study group and
the treating clinical psychiatrist. Three patients had to be
excluded because of insufficient task performance, and
another five patients due to poor quality of fMRI data
(motion artifacts). Subsequently, 16 healthy control subjects
out of 24 control subjects recruited for this patient study
were matched to the remaining 16 patients according to age,
gender, and education.
The healthy controls exhibited no past or present

psychiatric or neurological disorder and had no positive
family history of psychiatric disorders. Exclusion criteria in
general were lifetime diagnoses of substance dependence,
substance abuse during the last month, cannabis abuse
during the last 2 weeks, mental retardation, dementia, and
neurological illnesses.
Demographic, personality, and clinical data for the study

sample are given in Table 1. Seven out of sixteen patients
were euthymic as defined by MADRS o7 points and YMRS
o7 points. Eight patients presented with mild depressive
symptoms scoring X10 points on the MADRS with a
maximum of 24 points in one patient. Two patients
displayed mild mixed symptoms scoring on the YMRS with
X10 points. None of the patients included was suffering
from a severe manic, depressive, or mixed episode.
None of the healthy controls or patients reported current

substance abuse. Two patients included reported alcohol
abuse in the past and one patient reported cannabis abuse
in the past (41 year ago). None of the patients included had
been hospitalized for alcohol or drug addiction treatment or
had suffered from withdrawal symptoms. The control
subjects reported no substance abuse (including cannabis)
in the past in our questionnaires.

Written informed consent was obtained from all subjects
before their inclusion into the investigation. The study was
performed in accordance with the ethical standards laid
down in the Declaration of Helsinki (Williams, 2008) and
was approved by the local ethics committee. Subjects were
paid for participation.

Experimental Procedure

First, participants underwent a training session outside the
scanner. The training started with an operant conditioning
task. Squares of eight different colors were presented on a
monitor in a shuffled mode. Subjects were instructed to
respond to each of the presented colored squares (stimulus)
by button press (left button: accept; right button: reject).
Button choice was free in the conditioning phase and
subjects were encouraged to explore the stimulus-response-
reward contingencies. By exploring the stimulus-response-
reward contingencies, subjects were conditioned to
associate two of the eight colors (red and green) with an
immediate reward (bonus of þ 10 points), while the other
colors were associated with a neutral outcome. The goal of
this operant conditioning task was to establish stimulus-
response-reward contingencies for the next phase of the
experiment.
Subsequently, subjects were familiarized with the actual

reward task, the ‘DRD’ paradigm, a sequential forced-choice
task (see Figure 1). Subjects had to pursue a superordinate
long-term goal during task blocks of 4–7 trials to acquire
50 points at the end of each block. Two different types
of blocks had to be performed. In the first type of blocks,
the ‘desire context’ (DC), subjects were allowed to collect
priorly conditioned reward stimuli and win additional
points. In the second type of blocks, the ‘reason context’
(RC), the conditioned reward stimuli had to be rejected
to successfully pursue the long-term goal (50 points at the
end of the block of trials). So, during the RC, subjects
were forced to overcome the tendency to acquire imme-
diate reward to reach the superordinate long-term goal.
This condition therefore constituted a DRD (Diekhof and
Gruber, 2010; Diekhof et al, 2012b). For more information,
see Supplementary Materials.

Behavioral Data Analyses

Statistical analyses of performance data were done using the
software package SPSS for windows (IBM SPSS Statistics
19.0). T-tests were used to test for differences between
groups (two-tailed significance). Normal distribution of
performance data between groups was tested using the
Kolmogorov–Smirnov test.

fMRI Data Acquisition and Analyses

fMRI was performed on a 3 Tesla scanner (Magnetom TIM
Trio; Siemens Healthcare, Erlangen, Germany) equipped
with the standard eight channel phased-array head coil.
First, a T1-weighted anatomical data set with 1mm iso-
tropic resolution was acquired. For fMRI, 31 axial slices
parallel to the anterior commissure-posterior commissure
line were acquired in ascending direction (slice thickness¼
3mm; interslice gap¼ 0.6mm) using a gradient-echo
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echo-planar imaging sequence (echo time 33ms, flip angle
701; field-of-view 192mm, interscan repetition time
1900ms).
In all, 185 volumes each were acquired in 2 functional

runs. Stimuli were viewed through goggles (Resonance
Technology, Nothridge, USA), and subjects responded via
button presses on a fiber optic computer response device
(Current Designs, Philadelphia, USA). Triggering of the
visual stimulation by the scanner impulse during functional
data acquisition and generation of stimuli was performed

using the Presentation Software (Neurobehavioral Systems,
Albany, USA).
Functional images were preprocessed and analyzed with

SPM5 (Statistical Parametric Mapping; www.fil.ion.ucl.
ac.uk/spm/software/spm5/) using a general linear model
(see Supplementary Materials). The study design was event-
related and only correctly answered trials were included in
the analysis.
Linear t-contrasts were defined to assess brain activation

effects in the two contexts. We analyzed the activation

Table 1 Demographic, Personality, and Clinical Data of Study Subjects

Bipolar patients Healthy controls p-Value

Demographic data

Gender 6M, 10 F 7M, 9 F 0.762

Age (years) 35.6±9.2 35.4±9.9 0.971

Range (years) 23–49 21–48

Education (years) 14.9±3.3 14.7±2.5 0.854

Smoker/Non-Smoker 6/10 4/12 0.535

Barratt Impulsiveness Scale scores (BIS-11)

BIS-11 motor impulsiveness 18.56±3.6 16.63±3.0 0.109

BIS-11 cognitive impulsiveness 23.31±5.3 21.94±2.7 0.367

BIS-11 non-planning impulsiveness 26.88±4.2 23.38±3.9 0.020a

BIS-11 total score 68.75±7.7 61.94±7.1 0.014a

Psychopathology rating scales

MADRS 10.0±8.9

MADRS item 8 (inability to feel) 1.0±1.5

CGI 3.7±1.0

YMRS 2.3±5.6

Clinical data

Age of onset (years) 24.5±6.8

Polarity of first episode Manic n¼ 10, depressive n¼ 6

Duration of illness (years) 11.1±7.2

Number of episodes 5.9±3.6

Number of manic episodes 2.5±1.6

Number of depressive episodes 3.4±3.1

Psychotropic medication at the time of the investigation

Mood stabilizer 6/16

Lithium 7/16

Mood stabilizerþ Lithium 1/16

Antidepressants 9/16

Atypical antipsychotics 8/16

Benzodiazepines 0/16

Unmedicated patients 2/16

CPZ equivalents (daily) 148.4±191.7

Abbreviations: CGI, Clinical Global Impression Score; CPZ, chlorpromazine equivalent dose; F, female; M, male; MADRS, Montgomery-Asberg Depression Rating
Scale; n, number; YMRS, Young Mania Rating Scale.
Data are presented as mean±standard deviation unless otherwise indicated.
aSignificant po0.05.
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effects elicited by the conditioned reward stimuli in the DC
and compared these effects with the effects of the same
conditioned stimuli when being presented in the RC.
We contrasted DC with RC to assess the extent of
downregulation (suppression) of reward-related activation
during a competition between the superordinate goal and
the proximal reward option in the RC.
Second-level analyses were performed using single subject

contrast images to assess group effects. The statistical
search criterion for group statistics was po0.005, uncor-
rected, if not otherwise indicated.
To control for multiple testing, region of interest (ROI)

analyses were performed around a priori coordinates
from previous studies (Diekhof and Gruber, 2010; Diekhof
et al, 2012a, 2012b) employing a significance threshold
of po0.05, FWE-corrected for small volume. Small volume
correction was performed for the bilateral vStr and bilateral
VTA ( vStr ±12 12 � 3; 6mm box, VTA ±6 � 21 � 18;
6mm box, coordinates taken from Diekhof and Gruber
(2010)) and the anteroventral prefrontal cortex (avPFC)
(median from previous publications ±30 51 3; 6mm box,
taken from Diekhof and Gruber (Diekhof and Gruber,
2010; Diekhof et al, 2012a, 2012b); small volume correction
done in psychophysiological interaction (PPI) contrast, see
below).
For further analyses of ROI data, the MARSBAR (http://

marsbar.sourceforge.net) software was used to extract each
ROI’s mean BOLD parameter estimate value (beta value)
for each participant. Mean beta values were extracted from
coordinate-centered spheres around the bilateral vStr
(3mm radius; ±12 12 � 3) and the avPFC (5mm radius;
mean coordinates from previous studies 30 51 3), a priori
ROIs from Diekhof and Gruber (Diekhof and Gruber, 2010;
Diekhof et al, 2012a, 2012b). Post hoc, we extracted beta
values (coordinate-centered sphere 5mm radius) from all
differentially activated brain regions between groups in the
DC and the RC (see Tables 2 and 3; bipolar patients
ohealthy controls). On an exploratory basis, Pearson

correlation coefficients were calculated between beta values
and clinical parameters, performance data, and BIS-11
scores.

PPI Analyses

We assessed the functional interactions of the vStr (nucleus
accumbens) with prefrontal brain regions, especially the
avPFC in the DRD situation using PPI analyses (Friston
et al, 1997). Prior investigations of our group had shown
negative functional interactions between the vStr and the
avPFC in healthy subjects successfully performing the DRD
(Diekhof and Gruber, 2010). We selected the bilateral vStr
(±12 12 � 3) as seed areas for the PPI. For more
information, see Supplementary Materials.

RESULTS

Behavioral Results

Performance data were normally distributed according to
the Kolmogorov–Smirnov test for two samples. Overall
performance rates for correct acceptance of non-rewarded
target stimuli and correct rejection of non-rewarded non-
target stimuli slightly differed between groups (bipolar
patients: 84.5±9.8%; healthy controls: 87.3±7.3%), but this
difference was not significant. However, the bipolar patients
exhibited significantly lower mean percentage rates of
correct acceptance of conditioned reward stimuli in the
DC (bipolar patients: 72.2±17.7%; healthy controls:
86.0±12.9%; p¼ 0.029). Likewise in the RC, in which the
subjects had to refrain from accepting the reward stimulus
to pursue the superordinate task goal, patients performed
significantly worse than the controls (bipolar patients:
79.7±22.3%; healthy controls: 92.1±14.9%; p¼ 0.040).
Furthermore, the bipolar patients showed significantly
lower percentage rates of correct target detection, inter-
pretable as a reduced working memory capacity for color

Figure 1 Experimental design of the ‘desire-reason dilemma’ paradigm. ‘Desire context’ (DC, left): participants had to accept the two target stimuli to
achieve the superordinate goal, non-targets had to be rejected. Participants were free to additionally accept the priorly conditioned reward stimuli (red and
green) and were rewarded with þ 10 points each in case of acceptance. In the ‘reason context’ (RC, right) participants had to accept the two target stimuli
and reject all other stimuli including the priorly conditioned reward stimuli to achieve the superordinate goal (50 points at the end of the block). In this
dilemma situation, participants had to overcome the behavioral bias toward immediate reward to optimize their behavioral outcome.
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features (percentage of correctly accepted non-rewarded
target stimuli; bipolar patients: 90.8±7.1%; healthy con-
trols: 95.8±2.8%; p¼ 0.026).

Functional Magnetic Resonance Imaging

In the DC, both bipolar patients and controls showed
reward-related brain activations in subcortical structures,
ie, in bilateral vStr and VTA/midbrain (Table 2). This is
consistent with previous fMRI studies associating these
brain structures with reward prediction and choice of
immediate reward (Diekhof and Gruber, 2010; Knutson
et al, 2001; McClure et al, 2004; O’Doherty, 2004). Further-
more, both groups exhibited activations in an extended
bilateral frontoparietal network, including prefrontal,
orbitofrontal, and parietal cortices (Table 2).
Bipolar patients showed significantly lower reward-related

brain activation in the bilateral vStr (po0.05, FWE-corrected
for small volume), the right anterior thalamus, and several
prefrontal cortical regions than the control group (Table 2).
Inversely, the bipolar patients did not show more reward-
related activation than the controls in any brain region.

Previous studies in healthy subjects had repeatedly shown
downregulation of brain activation in the bilateral vStr
during the successful performance in the DRD (Diekhof and
Gruber, 2010; Diekhof et al, 2012a, 2012b). While both
groups showed this downregulation of activation in the
bilateral vStr as well as in an extended fronto-parietal
cortical network, the extent of suppression was significantly
reduced in the bipolar patients compared with the controls
(Table 3), in particular in the vStr (po0.05, FWE-corrected
for small volume). Conversely, there were no brain areas
with significantly increased suppression effects in the
patient group compared with healthy controls (Table 3).

PPI Results

Replicating our previous findings in the DRD paradigm
(Diekhof and Gruber, 2010), we found a significantly
increased negative functional interaction between the vStr
and the right avPFC in the control group (PPI with seed R
vStr: 33 51 3; t¼ 4.38; po0.05, FWE-corrected for small
volume; PPI with seed L vStr: 33 51 15; t¼ 3.00; pp0.05,
FWE-corrected for small volume). In contrast to that, the

Table 2 Brain Regions Activated by the Conditioned Reward Stimuli in the ‘Desire Context’ (DC)

Region Bipolar patients Healthy controls Bipolar patientsoHealthy controls

MNI coordinates
(t-values)

MNI coordinates
(t-values)

MNI coordinates
(t-values)

a priori regions of interest

R VTA 9 �24 � 21 (5.90)* 3 �18 � 18 (5.05)* n.s.

L VTA �3 � 24 �18 (4.88)* � 6 � 24 �15 (6.33)* n.s.

R ventral striatum 12 9 0 (4.66)* 12 9 0 (6.61)* 12 12 � 3 (1.76)*

L ventral striatum �12 9 0 (4.64)* �15 9 0 (5.88)* � 6 18 6 (3.29)

R dorsal striatum 18 6 15 (5.69) 18 6 15 (4.53) n.s.

L dorsal striatum � 15 0 18 (4.56) � 18 � 6 18 (5.06) n.s.

R frontoopercular cortex/anterior insular cortex/posterior OFC 30 24 � 6 (8.60)** 33 18 � 3 (13.25)** 33 30 � 15 (3.32)

L frontoopercular cortex/anterior insular cortex/posterior OFC � 39 15 3 (8.98)** � 30 15 � 3 (6.92) n.s.

R inferior parietal lobule 48 � 39 51 (6.34) 45 � 33 48 (5.92) n.s.

L inferior parietal lobule � 48 � 33 48 (8.15)** � 48 � 33 48 (6.17) n.s.

R intraparietal cortex 33 � 45 48 (7.55)** 39 � 48 42 (4.58) n.s.

L intraparietal cortex � 36 � 42 42 (8.07)** � 36 � 42 42 (7.39) n.s.

Pre-SMA/frontomedian cortex 0 18 51 (7.16) � 3 6 54 (9.24)** n.s.

R avPFC 27 51 18 (4.93) 30 48 12 (4.15) n.s.

L avPFC � 36 45 6 (5.93) � 36 48 12 (5.41) n.s.

R middle frontal gyrus 39 39 18 (5.01) 36 33 30 (7.44) 36 33 33 (3.01)

L middle frontal gyrus � 42 36 27 (6.77) � 51 24 30 (6.54) n.s.

R FEF 33 � 3 51 (7.05) 27 � 6 45 (7.02) n.s.

L FEF � 24 � 6 60 (11.37)** � 33 � 6 57 (5.17) n.s.

R anterior thalamus 12 � 6 � 3 (4.50) 18 � 6 6 (10.80)** 18 � 6 3 (3.22)

L thalamus � 15 � 12 6 (3.83) � 6 � 18 � 3 (6.87) n.s.

R visual association cortex 18 � 99 15 (5.34) 24 � 93 12 (6.02) n.s.

L visual association cortex � 18 � 96 9 (5.64) � 18 � 99 15 (6.28) n.s.

Abbreviations: avPFC, anteroventral prefrontal cortex; FEF frontal eye fields; L, left; n.s., not significant; OFC, orbitofrontal cortex; R, right; SMA, supplementary motor
area; VTA, ventral tegmental area.
Effects on regional brain activation were searched for using the primary search criterion of po0.005, uncorrected. *po0.05, FWE-corrected for small volume (6mm
box) around a priori coordinates from Diekhof and Gruber (2010); **po0.05, FWE-corrected for the entire brain.
Bold values indicate the regions and coordinates are the a priori regions of interest (bilateral VTA and ventral striatum), FWE-corrected coordinates are in bold to put
emphasis on these regions and coordinates.
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bipolar patient group did not show this negative functional
coupling, but only exhibited subthreshold positive func-
tional interaction between bilateral vStr and the avPFC at a
low level (PPI with seed R vStr: 42 51 6; t¼ 1.85; po0.05,
uncorrected; PPI with seed L vStr: 36 48 6; t¼ 1.88; po0.05,
uncorrected). The group comparison confirmed a signifi-
cantly reduced negative functional interaction of the right
and left vStr with the avPFC (PPI with seed R vStr: 39 48 3;
t¼ 3.97; po0.05, FWE-corrected for small volume; PPI with
seed L vStr: 36 48 6; t¼ 2.77; po0.05, FWE-corrected for
small volume) in the bipolar patients (Figure 2).
Beta values of the right avPFC extracted from the PPI

analyses (seed R and L vStr) of each participant were not
significantly correlated with clinical parameters, perfor-
mance data or BIS-11 scores (see also below, exploratory
correlational analyses).

Exploratory Correlational Analyses

There were no significant correlations between beta
values of the bilateral vStr in DC or RC and MADRS,

MADRS item 8 (anhedonia), CGI, YMRS, performance data,
or BIS-11 scores. But, we found a significant positive
correlation between beta values indicating the extent of
suppression of activity in the bilateral vStr in the RC
compared with the DC and CPZ (chlorpromazine) equiva-
lent doses in the bipolar patients (left vStr p¼ 0.029; right
vStr p¼ 0.045). Furthermore, post hoc correlation analysis
between beta values of the left inferior frontal gyrus (sphere
5mm radius; center � 48 33 9; coordinates from group
comparison bipolar patientsohealthy controls, see Table 3)
in the RC and BIS-11 total scores showed a significant
negative correlation in the bipolar patients (p¼ 0.044). Also
post hoc, we found a significant positive correlation between
beta values extracted from the right middle frontal gyrus in
the DC (sphere 5mm radius, center 36 33 33; coordinates
from group comparison bipolar patientsohealthy controls,
see Table 2) and performance data (percentage of correctly
accepted non-rewarded target stimuli) in bipolar patients
and healthy controls (p¼ 0.017). No other significant
correlation between beta values and clinical parameters,
performance data or BIS-11 scores was found.

Table 3 Suppression of Reward-Related Activity due to the ‘Desire-Reason Dilemma’ (DRD)

Region Bipolar patients Healthy controls Bipolar patientsoHealthy controls

MNI coordinates
(t-values)

MNI coordinates
(t-values)

MNI coordinates
(t-values)

a priori regions of interest

R VTA n.s. 9 �24 � 15 (3.21)* n.s.

L VTA � 6 � 15 � 30 (3.09) � 6 � 24 �15 (4.38)* n.s.

R ventral striatum 9 12 0 (3.39)* 9 9 0 (4.42)* 15 15 �3 (2.46)*

L ventral striatum n.s. � 9 9 0 (3.93)* n.s.

R dorsal striatum 15 6 21 (3.23) n.s. n.s.

L dorsal striatum n.s. � 15 0 21 (3.04) n.s.

R anterior insula/frontoopercular cortex/posterior OFC n.s. 36 15 � 15 (4.82) n.s.

L anterior insula/frontoopercular cortex/posterior OFC n.s. � 36 15 3 (4.89) n.s.

R inferior parietal lobule n.s. 42 � 45 42 (3.35) n.s.

L inferior parietal lobule n.s. � 51 � 60 51 (4.74) n.s.

R intraparietal cortexcortex n.s. 30 � 63 39 (3.82) n.s.

L intraparietal cortex n.s. � 33 � 48 42 (4.63) n.s.

R avPFC 39 45 � 6 (2.95) 45 45 � 6 (4.57) 57 36 0 (2.92)

L avPFC � 27 39 6 (3.05) � 39 45 0 (5.70) n.s.

R middle frontal gyrus n.s. 36 33 30 (3.40) 36 33 33 (3.63)

L middle frontal gyrus n.s. � 45 33 27 (4.34) n.s.

L inferior frontal gyrus (pars triangularis) n.s. � 48 36 6 (6.85) � 48 33 9 (3.23)

ACC 15 39 15 (3.22)
18 21 30 (3.15)
� 9 48 21 (3.05)

3 30 15 (3.96) n.s.

R visual association cortex 33 � 93 0 (3.48) 27 � 90 � 3 (4.38) n.s.

L visual association cortex � 27 � 102 3 (4.67) � 27 � 90 6 (3.08) n.s.

R ventral visual pathway 36 � 57 0 (3.41) 42 � 57 � 12 (4.07) n.s.

Abbreviations: ACC, anterior cingulate cortex; avPFC, anteroventral prefrontal cortex; L, left; n.s., not significant; OFC, orbitofrontal cortex; R, right; VTA, ventral
tegmental area.
Statistical effects represent significant reductions of reward-induced activation in the reason context as compared with the desire context. Effects on regional brain
activation were searched for using the primary search criterion of po0.005, uncorrected. *po0.05, FWE-corrected for small volume (6mm box) around a priori
coordinates from Diekhof and Gruber (2010).
Bold values indicate the regions and coordinates are the a priori regions of interest (bilateral VTA and ventral striatum), FWE-corrected coordinates are in bold to put
emphasis on these regions and coordinates.
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DISCUSSION

The present study investigated reward-related brain activa-
tions and the neurofunctional mechanisms underlying the
ability to resist immediate reward desiring in favor of a
superordinate goal in bipolar patients using fMRI. Our main
findings were a significantly reduced neural response of the
vStr to conditioned reward stimuli, an impaired top-down
regulation of reward-related activity in the vStr, and a
disturbed functional connectivity between the anteroventral
prefrontal cortex and the nucleus accumbens in bipolar
patients.
There are inconsistent results about reward processing in

BD. A recent fMRI study found elevated ventral striatal
activity in response to reward stimuli in hypomanic
individuals (O’Sullivan et al, 2011), while manic bipolar
patients showed high ventral striatal fMRI signals in
response to rewarding, but also to non-rewarding stimuli
(Abler et al, 2008). This was interpreted as a deficit in
distinguishing salient from irrelevant stimuli during mania.
With regard to euthymia, elevated ventral striatal activity
during reward anticipation, but not outcome, has been
reported in bipolar I disorder (Nusslock et al, 2012). Others,

however, found that ventral striatal activity during reward
anticipation was only elevated in bipolar II patients as
compared with both bipolar I patients and healthy controls
(Caseras et al, 2013). Conversely, during positive outcome,
the bipolar I patients showed greater ventral striatal activity
than bipolar II patients in the latter study. The bipolar
patients in the present study, however, exhibited a
decreased bottom-up response to conditioned reward
stimuli in the vStr. Of note, the majority of the above-
mentioned studies used a monetary incentive delay task
similar to Knutson et al (2001) differentiating between
reward anticipation and outcome. In contrast, the partici-
pants of the present study had been conditioned to associate
specific stimuli with a rewarding outcome. According to
this, participants showed an immediate, automated bottom-
up response to the conditioned stimuli. There was no
separate anticipation or expectation phase in the present
task. Considering these multiple methodological differences
in the experimental design, different functional aspects of
reward processing probably have been investigated by these
different paradigms. This may play a role with respect to
our finding of reduced ventral striatal activity in response
to conditioned reward stimuli in the bipolar group.

Figure 2 Disturbed reward responsiveness (a–c), modulation and functional connectivity (d, e) of the ventral striatum (vStr; green circles) in bipolar
disorder. (a–c) Bottom-up activation of the vStr during presentation of conditioned reward stimuli in bipolar patients (a) and matched healthy controls (b).
Significantly reduced reward signals in the vStr of bipolar patients (c; patientsocontrols). (d, e) Reduced functional coupling between anteroventral
prefrontal cortex (avPFC) and vStr in bipolar patients compared with healthy controls (d; patientsocontrols; po0.05, FDR-corrected for multiple
comparisons across the entire brain), and decreased top-down regulation of reward signals in the vStr of bipolar patients (e; patientsocontrols; po0.05,
FWE-corrected for small volume, 6mm box at 12 12 � 3, a priori coordinates from Diekhof and Gruber (2010)). T-values are indicated by color bars. For
more details, see Tables 2 and 3.
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Furthermore, this reduced ventral striatal activation may be
related to the predominant current psychopathological
status of the bipolar patients included in our sample (see
Table 1), ie, to (sub)depressive symptoms such as anhedo-
nia. Supporting this interpretation, reduced fMRI responses
to gains in the vStr have been shown in depressive patients
(Forbes et al, 2009; Pizzagalli et al, 2009; Robinson et al,
2012), and ventral striatal activity has been negatively
correlated with anhedonia (Keedwell et al, 2005).
Likewise at the behavioral level, we found reduced reward

exploitation rates in the bipolar group corresponding
to recent reports of dysfunctional reward learning in
bipolar patients, which was also correlated with anhedonia
(Pizzagalli et al, 2008).
Furthermore, the bipolar patients showed significantly

reduced task-related activation in the right middle frontal
gyrus (Table 2). This brain region has been shown to be
involved in visual working memory for colors and objects
by several fMRI studies (Belger et al, 1998; Gruber and von
Cramon, 2001; Mohr et al, 2006; Sala et al, 2003). Since
memorizing two target colors at the beginning of each block
was essential for successful task performance in the present
paradigm, reduced activation in this region in bipolar
patients, which was significantly correlated with their
reduced performance rates in correct target acceptance,
could indicate a disturbance of such working memory
processes. These findings are in line with reports of
visuospatial and working memory deficits in BD (Frantom
et al, 2008; Lera-Miguel et al, 2011; Pan et al, 2011).
More importantly, in the DRD suppression of reward-

related activation was significantly reduced in the bipolar
patients, most prominently in the bilateral vStr (po0.05,
FWE-corrected for small volume). We attribute this finding
to an impaired top-down control of prefrontal regions on
the vStr. Our novel finding of disturbed avPFC-vStr
functional connectivity strongly corroborates this interpre-
tation. While the healthy controls exhibited a negative
functional interaction between the vStr and the avPFC as
demonstrated by several earlier studies using the DRD
paradigm (Diekhof and Gruber, 2010), this negative
functional coupling was severely impaired in the bipolar
patients. These results are indicative for a disturbed top-
down control of reward signals in the mesolimbic reward
system by the avPFC in BD. Disturbed functional con-
nectivity patterns may be related to abnormalities within
white-matter tracts connecting the frontal cortex with
temporal and parietal cortices and the fronto-subcortical
and fronto-limbic circuits, as it has been shown by several
studies in bipolar patients (Brambilla et al, 2009; Heng et al,
2010; Strakowski et al, 2012). In particular, the impairment
of connectivity between avPFC and vStr fits in the suggested
prefrontal-striatal-pallidal-thalamic network dysfunction
probably underlying BD (Strakowski et al, 2012).
In correspondence to the fMRI results, we found elevated

impulsivity scores and significantly reduced task perfor-
mance rates in the bipolar patients, particularly in the DRD.
These findings further support our interpretation of
impaired top-down control mechanisms clinically and
behaviorally expressed by enhanced trait impulsivity and
reduced DRD performance rates.
We also found an abnormal modulation of brain activity

in the triangular part of the left inferior frontal cortex. This

brain region has been found to be involved in response
inhibition and instrumental learning in go/no-go tasks
(Guitart-Masip et al, 2012). Furthermore, brain activity in
the inferior frontal gyrus was shown to modulate impulsiv-
ity in healthy subjects, with greater impulsivity associated
with attenuated inferior frontal gyrus activity (Horn et al,
2003; Townsend et al, 2012). Recently, Townsend et al
(2012) reported reduced bilateral inferior frontal gyrus
(pars triangularis) activation in a go/no-go tasks in a group
of 32 euthymic bipolar patients as a possible trait
abnormality. In accordance with this finding, the bipolar
patients in the present study showed reduced modulation of
brain activity in the inferior frontal gyrus in a situation,
where inhibition of a previously conditioned response bias
toward immediate reward was required. Beta values
extracted from the inferior frontal gyrus were negatively
correlated with BIS-11 total scores in the bipolar group
providing further support for an association of inferior
frontal dysfunction with enhanced impulsivity in BD (see
Table 1).
In line with these fMRI findings in the DRD situation, the

bipolar patients also showed reduced performance rates in
correctly rejecting a conditioned reward stimulus. These
results correspond to previous findings of bipolar patients
failing to flexibly adapt to change stimulus-reward con-
tingencies and showing deficient response reversal after
initial learning (Dickstein et al, 2010; Gorrindo et al, 2005;
Johnson et al, 2012b). Another reason for reduced action
control in the DRD may be enhanced impulsivity, which is a
characteristic feature of BD. Particularly rapid-response
impulsivity and a reduced ability to delay response for a
reward have been reported in bipolar patients, regardless of
mood state or treatment (Strakowski et al, 2010; Swann,
2010; Swann et al, 2009). In line with this, the present
bipolar sample showed elevated impulsivity scores (see
Table 1).
One limitation of the present study is that almost all

bipolar patients included were medicated. There have been
findings of decreased differential reward-related brain
activation in the vStr and other reward associated areas
by a single dose of olanzapine in healthy controls (Abler
et al, 2007). On the other hand, schizophrenic patients
medicated with first- or second-generation antipsychotics
showed normal patterns of VTA and ventral striatal
activation during monetary incentive tasks in two inde-
pendent studies (Abler et al, 2008; Juckel et al, 2006).
Recently, a comprehensive review on effects of psychotropic
medication on neuroimaging findings in BD showed only
limited impact on fMRI results, with predominantly
normalizing effects (Hafeman et al, 2012). In the present
study, we found no effects of antidopaminergic medication
on reward-related striatal activation in the DC, but the
extent of suppression of striatal activation in the RC
compared with the DC was positively correlated with
CPZ daily dosage. This means that higher CPZ doses
were associated with better (ie, normal) suppression of
reward-related activity in the DRD. Thus, in line with the
recent review by Hafeman et al (2012) this finding indicates
that well-medicated bipolar patients showed normalized
top-down suppression of reward signals in the RC (rather
than any disturbance induced by the antidopaminergic
medication).
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Another limiting aspect of the present study is the study
sample size (n¼ 16). However, this sample size is compar-
able to the number of patients investigated in previously
published studies providing significant results, such as
Abler et al (2008) (n¼ 12), O’Sullivan et al (2011) (n¼ 12),
Caseras et al (2013) (n¼ 17/n¼ 15) or Nusslock et al (2012)
(n¼ 21).
To conclude, the present study provides evidence for a

reduced bottom-up responsiveness of the mesolimbic
reward system in BD. This finding may be related to
residual or state-dependent anhedonic symptoms, as the
patients investigated in the present study were euthymic or
suffering from mild depressive symptoms. Most impor-
tantly, the study gives first direct evidence for an impaired
top-down control of the mesolimbic reward system by
prefrontal brain regions in BD, possibly underlying the
disease-related enhanced trait impulsivity.

FUNDING AND DISCLOSURE

This work was partially funded by the Deutsche For-
schungsgemeinschaft (DFG) via the Clinical Research
Group 241 ‘Genotype–phenotype relationships and neuro-
biology of the longitudinal course of psychosis’, TP 2
(http://www.kfo241.de; grant number GR 1950/5-1). Peter
Falkai was honorary speaker for the following com-
panies: Astra Zeneca, Janssen Cilag, Lilly, and Lundbeck.
He was member of the Scientific Advisory Boards of Astra
Zeneca, Janssen-Cilag, Lilly, and Lundbeck from 2008 to
2010 and acted as a principal investigator in a clinical trial
supported by Astra Zeneca from 2006 to 2010. Oliver
Gruber was honorary speaker for the following companies:
Astra Zeneca, Bristol Myers Squibb, Janssen Cilag, Lilly,
Servier, and Otsuka. He has been invited to scientific
congresses by Astra Zeneca, Janssen Cilag and Pfizer and
has received a research grant from Servier. Dres. Falkai and
Gruber report these potential conflicts have no relation to
the subject of the present study. The remaining authors
declare that, except for income received from their primary
employer, no financial support or compensation has been
received from any individual or corporate entity over the
past three years for research or professional service and
there are no personal financial holdings that could be
perceived as constituting a potential conflict of interest.

REFERENCES

Abler B, Erk S, Walter H (2007). Human reward system activation
is modulated by a single dose of olanzapine in healthy subjects
in an event-related, double-blind, placebo-controlled fMRI
study. Psychopharmacology (Berl) 191: 823–833.

Abler B, Greenhouse I, Ongur D, Walter H, Heckers S (2008).
Abnormal reward system activation in mania. Neuropsycho-
pharmacology 33: 2217–2227.

Alloy LB, Bender RE, Whitehouse WG, Wagner CA, Liu RT,
Grant DA et al (2012). High Behavioral Approach System (BAS)
sensitivity, reward responsiveness, and goal-striving predict first
onset of bipolar spectrum disorders: A prospective behavioral
high-risk design. J Abnorm Psychol 121: 339–351.

Belger A, Puce A, Krystal JH, Gore JC, Goldman-Rakic P,
McCarthy G (1998). Dissociation of mnemonic and perceptual
processes during spatial and nonspatial working memory using
fMRI. Hum Brain Mapp 6: 14–32.

Bermpohl F, Kahnt T, Dalanay U, Hägele C, Sajonz B, Wegner T
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