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A B S T R A C T

Although behavioral sensitivity to reward predicts the onset and course of mania in bipolar disorder, the evi-
dence for neural abnormalities in reward processing in bipolar disorder is mixed. To probe neural responsiveness
to anticipated and received rewards in the context of bipolar disorder, we scanned individuals with remitted
bipolar I disorder (n=24) and well-matched controls (n=24; matched for age and gender) using Functional
Magnetic Resonance Imaging (FMRI) during a Monetary Incentive Delay (MID) task. Relative to controls, the
bipolar group showed reduced NAcc activity during anticipation of gains. Across groups, this blunting correlated
with individual differences in impulsive responses to positive emotions (Positive Urgency), which statistically
accounted for the association of blunted NAcc activity with bipolar diagnosis. These results suggest that blunted
NAcc responses during gain anticipation in the context of bipolar disorder may reflect individual differences in
Positive Urgency. These findings may help resolve discrepancies in the literature on neural responses to reward
in bipolar disorder, and clarify the relationship between brain activity and the propensity to experience manic
episodes.

Bipolar disorder ranks among the most severe and costly of psy-
chiatric illnesses, and is accordingly associated with high rates of sui-
cide and general mortality (Angst et al., 2002). Heritability estimates
for bipolar disorder exceed 80% (Kieseppä, 2004; McGuffin et al.,
2003), which implies underlying physiological mechanisms that might
include neural responses to reward (Depue and Iacono, 1989; Fowles,
1988). Indeed, early researchers proposed that manic symptoms (i.e.,
elevated mood, excessive energy, racing thoughts, and enhanced en-
gagement in goal-directed activity) might reflect excessive activity in
neural circuits implicated in reward processing (Depue et al., 1989).
Consistent with this idea, irregularities in dopamine function have been
invoked in models of bipolar disorder across a broad range of human
and comparative research (Ashok et al., 2017; Cousins et al., 2009).
Nonetheless, the precise association of activity in neural circuits im-
plicated in reward processing with bipolar disorder remains unclear.

Substantial behavioral research indicates that people with remitted
bipolar disorder show elevated behavioral sensitivity to rewards com-
pared to controls, as reflected in both self-report measures (e.g.,
Behavioral Activation Scales (Carver and White, 1994)) and behavioral
tasks (Harmon-Jones et al., 2008; Hayden et al., 2008; Johnson et al.,
2012b). Increased behavioral responsiveness to rewards does not
merely index manic symptoms, since self-report (Applegate et al., 2009;
Carvalho and Nobre, 2011; Fulford et al., 2008; Johnson et al., 2009;

Johnson and Carver, 2006; Kundakç and Emre, 2004; Mason et al.,
2012; Meyer et al., 1999) and physiological measures of reward sen-
sitivity (Harmon-Jones et al., 2002; Mason et al., 2012; Sutton SK,
2002) remain elevated even after remission from manic symptoms
(Meyer et al., 2001). Increased behavioral responsiveness to reward is
also apparent in individuals with a history of subsyndromal symptoms
who have not yet experienced a full-blown manic episode. Long-
itudinally, behavioral measures of reward sensitivity predict: the onset
of bipolar disorder spectrum diagnoses among vulnerable students
(Alloy et al., 2009a); conversion to more severe forms of bipolar dis-
order among diagnosed individuals (Alloy et al., 2012); and increases in
manic symptoms among diagnosed individuals (e.g., over six months)
(Bhugra et al., 2010; Meyer et al., 2001).

Because individuals at risk for bipolar disorder show increased be-
havioral responsiveness to reward, theorists have extrapolated that
these individuals might also show greater neural sensitivity to reward
(Johnson et al., 2012b). Over the past two decades, researchers have
used Functional Magnetic Resonance Imaging (FMRI) in healthy hu-
mans to develop tasks capable of consistently eliciting neural responses
during both anticipation and receipt of basic as well as abstract rewards
(Knutson and Cooper, 2005). Meta-analyses of these findings con-
sistently implicate activity in brain regions that receive mesolimbic
dopamine projections in reward anticipation and receipt (Bartra et al.,
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2013; Knutson and Greer, 2008). Some of this evidence suggests that
ventral striatal regions (including the Nucleus Accumbens or NAcc)
respond more prominently to reward anticipation, whereas a region of
the Medial PreFrontal Cortex (MPFC) responds more prominently to
reward outcomes (Knutson et al., 2003; Knutson and Greer, 2008).
Many of these neuroimaging tasks use monetary incentives, which
allow researchers to directly contrast anticipation and receipt of
monetary gains versus losses, as well as to control for potential con-
founds related to arousal, salience, attention, and motor demands.
Some neural responses during these tasks also show temporal stability
(e.g., over > 2 years), suggesting that they might serve as reliable
“neurophenotypic” markers of psychiatric symptom profiles (Wu et al.,
2014). More recent translational work further implies that neural re-
sponses to reward cues may be related to phasic dopamine release,
since optogenetic stimulation of midbrain dopamine neurons in awake
rats generates a pattern of increased striatal FMRI activity that matches
neural activity observed in humans as they anticipate monetary re-
wards (Ferenczi et al., 2016).

Several neuroimaging studies have used these incentive tasks to
probe neural responses to reward in the context of bipolar disorder.
Consistent with behavioral findings, reviews of this growing literature
have concluded that individuals with bipolar disorder are “…char-
acterized by elevated activation in a fronto-striatal reward neural cir-
cuit…” (Nusslock et al., 2014) (see also Whitton et al., 2015). Scrutiny
of these collected findings, however, suggests that such an intuitive
conclusion may be premature. Results from several FMRI studies uti-
lizing monetary incentive tasks in the context of bipolar disorder, for
instance, paint a more variable picture (Table 1; k=15 studies; omit-
ting studies using other scanning techniques such as electro-
encephalography or positron emission tomography, focusing on youth
(Bebko et al., 2014; Urošević et al., 2016), or including previously-
published data (Dutra et al., 2017)). Specifically, focusing on the most
commonly studied condition of reward anticipation, qualitative com-
parison of these findings suggests that only a few studies found evi-
dence for increased NAcc (or ventral striatal) activity (k=3 studies),
whereas others reported decreased NAcc activity (k=2 studies), and
the rest reported no significant differences (k=10 studies) in NAcc
activity of bipolar versus control participants.

These findings might vary for a number of reasons. Study design
might play a role, since studies reporting increased NAcc activity during
reward in individuals with bipolar disorder tended to use card guessing
or roulette tasks (Caseras et al., 2013; Mason et al., 2014; Nusslock
et al., 2014), whereas studies reporting decreased NAcc activity tended
to use Monetary Incentive Delay (or MID) tasks (O'Sullivan et al., 2011;
Schreiter et al., 2016). Other methodological reasons for variation
might include smaller sample sizes (e.g., fewer than 20 per group (Abler
et al., 2008; Berghorst et al., 2016; Bermpohl et al., 2010; Kollmann
et al., 2017; Linke et al., 2012; Mason et al., 2014; Nusslock et al., 2012;
O'Sullivan et al., 2011; Schreiter et al., 2016; Singh et al., 2013; Trost
et al., 2014; Urošević et al., 2016; Yip et al., 2015)), insufficiently large
incentives to increase NAcc activity in healthy controls (Nusslock et al.,
2012), or the lack of neutral or loss conditions for comparison
(Nusslock et al., 2012). Thus, while some FMRI evidence implies ab-
normalities in the neural processing of incentives in bipolar disorder,
the direction and strength of these effects remains unclear.

Differences in psychological states might also account for variability
in diagnostic group differences across studies. Variation across samples
in mood state, comorbid diagnoses, and medication profiles might make
complicate comparisons. For instance, reward-related activity was re-
ported to normalize in one small bipolar sample after remission
(Bermpohl et al., 2010), and depressive symptoms might blunt NAcc
activity during reward anticipation in nonbipolar (Hägele et al., 2015)
as well as bipolar samples (Satterthwaite et al., 2015; Sharma et al.,
2017; Urošević et al., 2016), while hypomanic symptoms might in-
tensify responses to reward outcomes (Urošević et al., 2016). Further,
some evidence suggests that antipsychotic medications (which are Ta
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sometimes prescribed to treat bipolar disorder) might generally blunt
neural responses to reward anticipation and outcomes (Caseras et al.,
2013; Chase et al., 2013).

Further, individual differences in psychological traits might also
increase the variability of these findings. In this study, we specifically
focus on a dimensional trait which has gained considerable support as
an important correlate of bipolar disorder –– the Positive Urgency
Measure (PUM), which assesses a trait-like tendency to respond im-
pulsively to positive emotional states. Several studies have reported
increased PUM scores in individuals who are diagnosed with remitted
bipolar I disorder as well as in those with mild subsyndromal manic
symptoms (Giovanelli et al., 2013; Johnson et al., 2013). Moreover,
after accounting for clinical, treatment, and personality characteristics
in individuals diagnosed with bipolar I disorder, individual differences
in PUM were robustly associated with a host of difficulties including
aggression (Johnson and Carver, 2016), self-harm, suicidal ideation and
behavior (Johnson et al., 2017), functional impairment, and poor
quality of life (Muhtadie et al., 2014; Victor et al., 2011). PUM scores
were also significantly more elevated in individuals with remitted bi-
polar disorder than other measures of impulsivity (Muhtadie et al.,
2014). Because PUM indexes impulsive responses to positive emotions,
this construct may prove particularly relevant for understanding neural
responses to reward. To our knowledge, no study has yet examined
neural correlates of PUM in individuals with bipolar disorder (but see
Cyders et al. (2014) and Tervo-Clemmens et al. (2017) for neuroima-
ging studies of PUM in alcoholism with nonincentivized tasks, as well as
Chase et al. (2017) for a neuroimaging study of a mixed clinical group
with an incentivized gambling task).

Given mixed FMRI evidence for abnormal neural responses to re-
ward in bipolar disorder, we sought to directly compare neural activity
during anticipation of monetary incentives and in response to their
outcomes in a group of individuals diagnosed with bipolar (I) disorder
versus an age- and gender-matched non-mood disordered control
group. We also examined whether individual differences in Positive
Urgency (PUM) might help to explain further variability within the
bipolar disordered group. Our analyses could account for potentially
confounding effects of antipsychotic medications (Bermpohl et al.,

2010), illness severity (Herbenick et al., 2010), comorbid conditions
including substance-related disorders (Alloy et al., 2009b), anxiety
disorders (Morgan et al., 2009), and subsyndromal depressive and
manic symptoms). To control for these potential confounds, we strati-
fied recruitment based on lifetime anxiety and substance abuse dis-
orders and oversampled individuals who were free of medications. We
also excluded individuals who were taking first-generation anti-
psychotic medications, which might blunt NAcc activity during reward
anticipation (Juckel et al., 2006). To probe neural responses to mone-
tary incentives, individuals diagnosed with bipolar disorder and healthy
control participants completed a MID Task while undergoing scanning
with FMRI. We specifically tested whether participants diagnosed with
bipolar disorder would show altered NAcc activity during gain antici-
pation, and also whether individual differences in PUM could account
for group differences in neural responses to reward. Since previous
studies of bipolar disorder have reported neural responses to gain and
loss in other regions implicated in incentive processing, we additionally
considered activity in those regions (i.e., the MPFC as well as the
Anterior Insula or AIns).

1. Method

Participants were recruited through community and internet ad-
vertisements, as well as local clinics. Individuals who contacted the
study team were pre-screened by telephone for demographic medical
exclusion criteria and likely diagnosis. Potential participants were
scheduled for individual in-person appointments. Written informed
consent was obtained from participants upon arriving at the university.
Potential participants completed a comprehensive interview to assess
diagnostic status and inclusion/exclusion criteria, and completed other
measures not relevant for the current report (Johnson et al., 2012a;
Victor et al., 2011). FMRI scans were conducted during separate testing
sessions to limit participant fatigue. Medication assessments were
conducted prior to FMRI scans. The study was approved by the In-
stitutional Review Board of the Stanford University Medical School, and
data collection occurred between April of 2007 and July of 2009.

1.1. Participants

The current study included 24 participants with bipolar I disorder
(the “bipolar group”; 14 men, mean age= 36.22, 11 minorities) and 24
participants with no lifetime history of mood disorder (the “control
group”; 13 men, mean age= 33.92, 9 minorities; Table 2), such that a
total of 48 individuals were included in the final analysis. To be eligible
for the study, individuals had to be between the ages of 18 and 60 years,
be fluent English speakers, and meet criteria for Bipolar I Disorder (BD
I) or for no lifetime mood disorder using the Structured Clinical Inter-
view for the fourth edition of the Diagnostic and Statistical Manual of
Mental Disorders (SCID-IV) (First et al., 1995). Exclusion criteria in-
cluded a history of alcohol or substance abuse or dependence in the past
year, primary psychotic disorders, history of brain injury, hemorrhage,
or tumor, stroke, medical conditions influencing the central nervous
system, developmental disabilities, electroconvulsive treatment within
the past 18 months, weight greater than 300 pounds, pain medication
during the 24 h before the scan, diabetes, epilepsy, cardiovascular
disorder, loss of consciousness for more than 5 min in the past year or
more than 1 h during lifetime, and history of amnesia. To ensure ade-
quate ability to complete the computerized cognitive tasks, individuals
were excluded if they were color blind or dyslexic. To ensure safety and
comfort, individuals were excluded if they reported claustrophobia or
any occupational or medical history entailing a risk of a metallic object
in their body that could be dislodged by scanning (e.g., work as a metal
worker, eye injury involving a metallic object, nonremovable body
piercings, metal implants or ear tubes, certain tattoos). Women with
late menstrual periods or possible pregnancies were also excluded, as
were individuals taking first-generation antipsychotic medications.

Table 2.
Demographic, clinical, and behavioral responses by group.

Bipolar (n=24) Control (n=24)
Mean (SD) or% Mean (SD) or%

Age 37.04 (9.866) 33.92 (12.151)
Gender (female) 50.0% 45.8%
Employed 70.8% 54.2%
Race
Asian 29.2% 16.7%
Pacific Islander or Native Hawaiian 4.2% 0.0%
African American 0.0% 8.3%
Caucasian 66.7% 75.0%

Ethnicity
Hispanic 8.3% 12.5%

Alcohol or Drug Abuse or Dependence 37.0% 25.0%
Anxiety Disorder Diagnosis 37.0% 25.0%
Depressive Episodes 10.96 (11.710) 0
Manic Episodes 8.92 (10.946) 0
Lithium 37.5% (9/24)
Valproate 16.7% (4/24)
Atypical Antipsychotic 25.0% (6/24)
Benzodiazapene 12.5% (3/24)
Lamictal 45.8% (11/24)
Antidepressant 8.3% (2/24)
HRSD* 4.03 (5.434) 0.90 (1.586)
BRMS* 1.71 (1.989) 0.70 (1.418)
PUM⁎⁎⁎ 33.35 (10.15) 18.26 (5.42)

Note. BRMS=Bech Rafaelsen Mania Rating Scale; HRSD=Modified Hamilton
Rating Scale for Depression; PUM=Positive Urgency Measure; *p < .05, un-
corrected, ⁎⁎⁎p < .001, uncorrected.
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To increase generalizability, individuals who were symptomatic at
the time of the diagnostic interview were not excluded from partici-
pation. Rather, we conducted monthly telephone symptom severity
assessments and proceeded with the fMRI session after they had
achieved remission criteria based on symptom scale scores (described
below). To verify sustained remission, participants completed symptom
severity measures 24 h before the FMRI session. Prior to analysis, we
excluded 10 participants (5 control; 5 bipolar) with excessive motion
(i.e., > 2 mm in any dimension from one scan to the next), leading to
analysis of data from 48 of the 58 individuals who completed the entire
protocol.

Bipolar and control groups were matched with respect to age,
gender, employment status, race, ethnicity, handedness, lifetime diag-
noses of substance-related abuse and dependence, and lifetime diag-
noses of anxiety disorders. Power analysis indicated that samples of at
least 23 participants per group would be required to detect large group
differences in NAcc activity during gain versus nongain anticipation
(d=0.75) at a power of 0.80 and an error probability (directional) of
0.05 (using G*Power software, version 3.1).

1.2. Measures

Diagnostic criteria for bipolar disorder and comorbid conditions
were assessed using the Structured Clinical Interview for DSM-IV (SCID-
IV) for Axis I disorders. Before administering SCID-IV interviews, in-
terviewers completed extensive didactic and role-play training and
achieved inter-rater reliability of 1.0 for both depression and mania
diagnoses for 10 randomly selected interviews, as assessed using in-
traclass correlation coefficient.

As an interviewer-rated measure of current manic symptoms (in-
cluding elevated mood, self-esteem, motor activity, verbal activity,
sleep, hostility, and sexual interest), we used the Bech Rafaelsen Mania
Scale (BRMS); 11-items). Our version also included suggested probes as
well as anchor points. This scale has been sensitive to changes with
treatment, and correlates with diagnosis as well as other measures of
mania symptom severity (Bech et al., 1979). We used standardized
probes to achieve high inter-rater reliability (intraclass correla-
tion=0.93 in a sample of 14 randomly selected audiotapes) and in-
ternal consistency (alpha=0.94).

As an interview-based measure of depressive symptom severity, we
used the Modified Hamilton Rating Scale for Depression (MHRSD; 17
items; Miller et al., 1985). While scores on the modified scale correlate
robustly with the original Hamilton Rating Scale for Depression (HAM-
D), the scale was revised to include standardized probes and behavioral
anchors for rating each item. The MHRSD scale shows strong psycho-
metric qualities, including inter-rater reliability, concordance with
other depression measures, and sensitivity to change with treatment
(Keitner et al., 1991). Our coders achieved robust inter-rater reliability
for a set of 14 randomly-selected audiotaped interviews (alpha= 0.92).
Participants were scheduled for FMRI sessions if their BRMS and
MHRSD scores were both less than or equal to a score of seven, in-
dicating remission.

The Positive Urgency Measure (PUM) was designed to capture
tendencies to act impulsively in response to positive emotion (e.g.
“Others would say I make bad choices when I am extremely happy
about something”) (Cyders et al., 2007). The scale includes 14 items
that are self-rated on a scale ranging from 1 (agree strongly) to 4
(disagree strongly). The PUM has shown factor analytic support, strong
internal consistency, and correspondence with interviewer and family
ratings (Cyders et al., 2010; Cyders and Smith, 2008). High scores have
been associated with risky behavior, externalizing syndromes (Cyders
and Smith, 2007), depression diagnoses (Carver et al., 2013), and bi-
polar diagnosis (Muhtadie et al., 2014). High scores have also been
associated with poor function and quality of life (Muhtadie et al., 2014;
Victor et al., 2011) and with aggression and suicidality (Johnson et al.,
2017; Johnson and Carver, 2016) in individuals diagnosed with bipolar

disorder. In the current sample, the scale showed high internal con-
sistency (α=0.97).

Pharmacotherapy was assessed by interview. While more than one
patient was taking lithium, valproic acid, lamotrigine, benzodiazepines,
antidepressants or second-generation antipsychotics, no patient was
taking carbamazepine or gabapentin. Because dose distributions were
positively skewed, measures of drugs taken were converted from do-
sages to presence versus absence indices for analysis. Exploratory
analyses revealed that of the reported medications, only treatment with
second-generation antipsychotics was related to the primary outcome
variable (i.e., the linear coefficient of gain anticipation activity in the
NAcc; Wilcoxon rank sum W=−21, n=6, m=18, p=.024).
Therefore, parallel analyses excluding participants on atypical anti-
psychotic medications were conducted to verify robustness of the cri-
tically predicted findings.

1.3. Task

Participants completed a version of the Monetary Incentive Delay
(MID) Task designed to elicit neural and behavioral responses to
monetary incentives and their outcomes during FMRI scan acquisition
(Knutson et al., 2001). Each trial (8000 ms total) began with pre-
sentation of a visual cue (cue period; 2000 ms). Cue shapes indicated
the valence (gain: circle, or loss: square) and horizontal lines across the
cues indicated magnitude ($0.00: no lines, $0.20: one line, $1.00: two
lines, or $5.00: three lines) of incentives that participants could try to
gain or avoid losing by responding to an upcoming target. In addition to
gain and loss trials, triangle cues indicated nonresponse trials, in which
participants were instructed to not respond to upcoming targets. This
version of the MID task therefore included 9 total conditions (4 gain, 4
loss, and 1 nonresponse). After viewing the cue, participants were
shown a fixation cross for a variable interval (anticipation period; 2000
– 2500 ms), followed by a target that briefly appeared (150 – 470 ms).
Participants were instructed to try to press a button before the dis-
appearance of each target to either gain or avoid losing the previously
cued amount of money. After a second variable delay (1030 – 2350 ms),
participants received feedback informing them of the amount they had
gained or lost on each trial (outcome period; 2000 ms). Participants
completed two blocks including 90 trials each (20 trials per condition;
180 trials total). Trials were presented in a pseudo-random sequence
within each block. An adaptive timing algorithm applied to the targets
maintained an approximately constant hit rate within each condition
(i.e., if an individual's hit rate for a condition did not approximate an
average of 66%, the duration of the next target was shortened or
lengthened).

Before scanning, participants were taught how to play the task
(including the meaning of each cue), and then played a training version
of the task until they understood the incentives and task demands (ty-
pically lasting less than 10 min). Participants were then allowed to ask
questions, shown the cash they could win, and explicitly quizzed about
the meaning of a subset of the cues they had seen. After completing the
task, participants rated levels of arousal and valence they experienced
in response to the presentation of each cue during the MID task. Ratings
were made on 7-point Likert scales for each cue in which the arousal
scale ranged from not aroused to very aroused and the valence scale
ranged from negative through neutral to positive. These scores were
then mean-deviated within subject and rotated 45° through two-di-
mensional space to derive independent measures of positive arousal and
negative arousal for each cue prior to analyses (Knutson et al., 2005).
These rotated “anticipatory affective” dimensions of positive arousal
and negative arousal align most closely with NAcc and AIns activity,
respectively, in previous research (Knutson et al., 2014). Participants
received cash payments for their task earnings after rating the cues.
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1.4. FMRI acquisition and analysis

Participants were scanned with a General Electric 1.5 T Signa
scanner using a standard birdcage quadrature head coil. Stimuli were
presented using E-Prime 1.1 software and projected onto a mirror
mounted on the coil. Participants were fitted with a bite bar and pad-
ding to minimize head motion. Functional images covered the whole
brain and consisted of 24 contiguous 4-mm thick axial slices (TR:
2000 ms, TE: 40 ms, flip: 90°, 3.44×3.44 mm in-plane resolution,
64×64 matrix), collected using a T2*-sensitive spiral in/out pulse
sequence that minimizes dropout in ventral frontal and medial tem-
poral regions of interest (Glover and Law, 2001; Preston et al., 2004).

We first examined behavior (hit rate, hit reaction time) and affect
ratings (positive arousal and negative arousal ratings in response to
incentive cues), to verify that diagnostic groups did not differ sig-
nificantly. To do so, we conducted four parallel, mixed-model Analyses
Of Variance (ANOVAs) to assess the effects of diagnostic group (bipolar
vs. control) as a between-subjects factor, valence (gain vs. loss) and
amount of money ($0.00, $0.20, $1.00, $5.00) as within-subjects fac-
tors, and the interaction of these two factors.

Analyses of brain activity then included three stages: (1) whole
brain localization to confirm significant responses in predicted regions;
(2) targeted group comparisons to test for the predicted differences in
Volumes Of Interest (VOIs); and (3) regressions to examine whether
individual differences correlated with activity in VOIs. These analyses
were conducted using Analysis of Functional NeuroImaging (AFNI
version AFNI_18.0.25, Cox, 1996). For preprocessing, each voxel's time
series was concatenated across runs and corrected for differences in the
timing of slice acquisition using sync-interpolation. Head motion was
estimated and corrected in three dimensions and three rotations. We
visually examined motion estimates to ensure that no participant's head
movement exceeded 2.0 mm in any direction from one volume to the
next. Data was then spatially smoothed using a 4 mm full-width-at-half-
maximum Gaussian blurring kernel (Sacchet and Knutson, 2012), high-
pass filtered, and normalized to percent signal change using each
voxel's average activation across the entire task as a baseline.

For whole-brain analysis, we used a multiple regression model that
included four orthogonal parametric regressors of interest: (1) gain
anticipation (linearly weighted as ++0.00 / −3, ++0.20 / −1, +
+1.00 / 1, ++5.00 / 3); (2) loss anticipation (linearly weighted as
−$0.00 / −3, −$0.20 / −1, −$1.00 / 1, −$5.00 / 3); (3) gain versus
nongain outcomes (hit vs. miss weighted as ++1.00 /±1, ++5.00
/± 3); (4) and non-loss versus loss outcomes (hit vs. miss weighted as
−$1.00 /± 1, −$5.00 /± 3). Covariates of noninterest included two
regressors weighting each modeled trial period (anticipation period and
outcome period), six regressors indexing motion (3 dimensions of linear
and rotated displacement), and two regressors indexing white-matter
and cerebrospinal-fluid intensity (Chang and Glover, 2009). All re-
gressors of interest were convolved with a gamma-variate function that
modeled a canonical hemodynamic response function (Cohen et al.,
1997). The model output maps of t-statistics were transformed into
maps of Z-scores, resampled at 3.75 mm3 (to approximate the origin-
ally-acquired voxel size and resolution), and coregistered with the
structural scan. Whole brain statistical maps were estimated using a
grey matter mask and cluster-thresholded (cluster size ≥ 3 contiguous
3.75 mm cubic voxels) to yield corrected maps (p < .05 corrected, p <
.0001 uncorrected, derived with 10,000 Monte Carlo iterations using
3dClustSim in AFNI version 18.0.25, which estimates spatial auto-
correlation by default to minimize false positive results).

Neural activity in predicted volumes of interest (VOIs) during in-
centive anticipation was then compared between groups. To extract raw
activity time courses for targeted analyses, spherical VOIs (8 mm dia-
meter) were centered on bilateral foci for the NAcc (Talairach co-
ordinates: ± 10, 12, –2), AIns (± 34, 24, –4), and MPFC (±4, 45, 0),
based on coordinates identified in previous meta-analytic reviews of
neuroimaging research on incentive processing (Knutson and Greer,

2008). To directly test for group differences in NAcc activity during
gain anticipation, we analyzed peak activity (i.e., at a 4 s lag) extracted
from bilateral NAcc volumes of interest (foci: ± 10, 10, –2) during in-
centive anticipation. To test the regional specificity of effects observed
in the NAcc, parallel analyses were conducted on bilateral AIns and
MPFC activity during anticipation of incentives. Activity from these
VOIs was submitted to mixed model group (control versus bipolar;
between) x valence (gain, loss; within) x magnitude ($0.00, $0.20,
$1.00, $5.00; within) ANOVAs for anticipatory activity. Post-hoc group
comparisons involved t-tests thresholded by a Bonferroni correction for
multiple tests (i.e., p<.05 / 8 conditions= 0.00625).

To verify that activity in predicted VOIs could classify groups even
in a model-free context, we applied classification models (i.e., Support
Vector Machine with Recursive Feature Elimination or SVM-RFE) to
whole brain coefficient maps of the linear gain anticipation contrast (De
Martino et al., 2008) using scikit-learn (Pedregosa et al., 2011). We
initially applied the SVM classifier using Leave-One-Subject-Out Cross-
Validation (LOSO CV) to determine which hyperparameter (i.e., C-
value) could best classify bipolar versus control participants. Next, we
ran the SVM classifier using the optimal hyperparameter value and
Leave-One-Subject-Out CrossValidation (LOSO CV) for several itera-
tions, recursively eliminating the lowest 5% of features at each step
until the top 0.1% of discriminating features remained. Finally, we
back-projected the remaining features into normalized brain space (i.e.,
Talairach space) to visualize the location of features that most robustly
discriminated bipolar versus control participants.

To construct models of individual differences, we first conducted
bivariate correlation analyses to explore whether relevant activity in
the predefined volume of interest (i.e., NAcc activity during gain an-
ticipation) was associated with potentially confounding effects of de-
mographic, clinical, or medication variables. Next, we conducted lo-
gistic regression analyses to examine the ability of individual
differences in Positive Urgency (PUM), anticipatory brain activity (e.g.,
linear NAcc gain anticipation coefficient; linear AIns loss anticipation
coefficient; linear MPFC gain outcome coefficient), and their combi-
nation to distinguish individuals with bipolar disorder from controls.
Bootstrapped accelerated mediation models (n=1000 draws) then
tested whether individual differences in PUM could account for asso-
ciations of NAcc activity during gain anticipation with bipolar versus
control diagnostic status using the “lavaan” package in R (Rosseel,
2012). Finally, to verify the importance of NAcc activity during gain
anticipation, whole brain linear gain anticipation coefficients were re-
gressed against individual differences in PUM across both bipolar and
control participants.

2. Results

2.1. Participant characteristics

Although the bipolar group reported significantly higher mania
(BRMS) and depression (MHRSD) symptoms than the control group,
both groups’ scores fell within the remitted range. Participants diag-
nosed with bipolar disorder had an average of approximately 9 previous
manic episodes and approximately 11 previous depressed episodes
(Table 2).

2.2. Behavior and affect

Groups did not significantly differ in hit rates (overall range:
0.61–.71), consistent with the hit rate targeted by the adaptive timing
algorithm (i.e., 66%). For hit rate, a mixed-model ANOVA of diagnostic
group, valence, magnitude, and the interaction of these effects yielded
no main effect of incentive valence and a main effect of magnitude (F
(3,138)=5.25, p=.002), but groups did not significantly differ.
Similarly, there were main effects of incentive valence (F(1,46)=7.01,
p=.011) and magnitude (F(3,138)= 20.27, p<.001) on hit reaction
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time; but no group differences. Thus, diagnostic groups did not sig-
nificantly differ in their behavioral performance on the MID task, and
the effects of task conditions on behavior replicated patterns reported in
previous research (Knutson and Greer, 2008).

With respect to cue-induced affect ratings, two mixed-model
ANOVAs assessed effects of diagnostic group, valence, and magnitude
on positive arousal and negative arousal ratings. Two participants (1
bipolar and 1 control) did not provide affective ratings and so were
omitted from this analysis. For positive arousal, the analysis yielded the
predicted main effects of valence (F(1,43)=90.09, p<.001,
ηp2= 0.682) and magnitude (F(3,129)=51.95, p<.001, ηp2= 0.553),
which were qualified by an interaction of valence and magnitude (F
(3,129)=28.92, p<.001; ηp2= 0.408; see Table 3). There was no sig-
nificant main effect of diagnostic group or interaction on positive
arousal ratings. For negative arousal, a similar analysis yielded the
predicted main effects of valence (F(1,43)=42.26, p<.001,
ηp2= 0.507) and magnitude (F(3,129)=40.18, p<.001, ηp2= 0.489),
which were qualified by an interaction of valence and magnitude (F
(3,129)=25.72, p<.001, ηp2= 0.380). As with positive arousal ratings,
there was no significant main effect of diagnostic group or interaction
on negative arousal ratings. Thus, while MID task cues induced self-
reported affect, diagnostic groups did not significantly differ in their
responses (Table 3).

2.3. Brain activity

2.3.1. Whole brain analyses
Across both groups, gain anticipation and loss anticipation contrasts

significantly correlated with increased activity in dopamine mesolimbic
target projection regions including the striatum (specifically, the NAcc),
the AIns, and other regions, while the gain outcome contrast correlated
with activity in MFPC regions, consistent with previous findings (Tables
S1 and S2). Direct group comparisons of these contrasts of interest re-
vealed that the bipolar group showed less activity for the gain antici-
pation contrast specifically in the ventral striatum (including the right
NAcc and right globus pallidus), as well as less activity for the gain
outcome contrast in the left occipital gyrus, relative to the control
group. Groups did not significantly differ, however, in their neural re-
sponses either to loss anticipation or to loss outcomes (Fig. 1; Table 4).

2.3.2. Volume of interest (VOI) analyses
For NAcc VOI activity during incentive anticipation, a mixed-model

ANOVA of diagnostic group, valence, and magnitude yielded the pre-
dicted main effects of magnitude (F(3,138)= 43.12, p < .001,
ηp2= 0.537) and valence (F(1,46)= 66.29, p < .001, ηp2= 0.313),
which were qualified by a predicted interaction of magnitude and va-
lence (F(3,138)= 19.96, p < .001, ηp2= 0.303). This analysis also
yielded a significant main effect of group (F(1, 46)= 6.110, p= .017,

Table 3.
Cue-induced affect and behavioral performance by group and condition.

Bipolar
(n=24)

Control
(n=24)

T-statistic /

Mean (SD) Mean (SD) Levene's F

Positive Arousal
+5.00 2.42 (0.957) 2.68 (0.825) 0.954 / 1.17
+1.00 1.26 (1.155) 1.63 (1.006) 1.152 / 0.99
+0.20 0.07 (1.087) 0.83 (0.866) 2.648 / 0.35
+0.00 −0.83 (1.064) −0.52 (0.981) 1.015 / 0.22
−0.00 −0.89 (0.775) −1.17 (1.044) −1.024 / 2.87
−0.20 −0.80 (0.859) −0.95 (0.677) −0.679 / 0.87
−1.00 −0.24 (0.894) −0.61 (0.733) −1.535 / 0.07
−5.00 0.37 (1.178) −0.49 (0.897) −2.791 / 1.32

Negative Arousal
+5.00 0.01 (0.924) −0.25 (0.780) −0.999 / 0.28
+1.00 −0.45 (0.629) −0.43 (0.567) 0.103 / 1.14
+0.20 −0.48 (0.755) −0.43 (0.797) 0.214 / 0.08
+0.00 −0.76 (0.881) −0.98 (0.948) −0.844 / 0.62
−0.00 −0.57 (0.758) −0.71 (0.874) −0.562 / 0.23
−0.20 0.20 (0.952) 0.55 (0.875) 1.322 / 0.06
−1.00 1.18 (1.145) 1.63 (1.352) 1.214 / 0.90
−5.00 2.10 (1.552) 2.43 (1.317) 0.767 / 0.28

Hit percent
+5.00 0.71 (0.096) 0.67 (0.084) −1.686 / 0.03
+1.00 0.69 (0.073) 0.68 (0.075) −0.541 / 0.01
+0.20 0.65 (0.086) 0.61 (0.062) −1.490 / 1.91
+0.00 0.65 (0.094) 0.63 (0.103) −0.651 / 0.49
−0.00 0.63 (0.098) 0.65 (0.070) 0.943 / 2.82
−0.20 0.68 (0.098) 0.68 (0.072) 0.093 / 4.34*
−1.00 0.64 (0.092) 0.64 (0.104) 0.000 / 1.01
−5.00 0.63 (0.108) 0.65 (0.089) 0.945 / 1.14

Hit reaction time (ms)
+5.00 185.3 (30.36) 175.8 (19.94) −1.276 / 1.76
+1.00 184.6 (32.98) 176.5 (23.78) −0.976 / 1.91
+0.20 189.3 (35.52) 179.4 (16.43) −1.233 / 2.91
+0.00 193.6 (33.68) 189.4 (20.13) −0.530 / 1.81
−0.00 197.3 (35.65) 187.6 (18.13) −1.196 / 5.06*
−0.20 192.7 (32.43) 186.8 (17.92) −0.777 / 3.03
−1.00 189.0 (31.68) 178.5 (22.39) −1.334 / 0.51
−5.00 183.9 (32.49) 174.4 (20.66) −1.215 / 1.29

Motion (mm)
Displacement (avg x,y,z) 0.194 (0.09) 0.199 (0.10) 0.181 / 1.54

Note. *p < .05, uncorrected.

Fig. 1. Bipolar, control, and bipolar versus control contrast for gain anticipation linear contrast (A=Anterior, R=Right; p<.001 uncorrected for display, with each
color gradation representing an order of magnitude increase in significance).
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ηp2= 0.198), which was qualified by a significant interaction of mag-
nitude by group (F(3,138)= 4.779, p= .003, ηp2= 0.114). Posthoc
comparisons revealed that bipolar versus control groups significantly
differed with respect to NAcc activity during anticipation of high gains
(t(46)=−3.18, p=.003; d=0.92) and medium gains (t(46)=−3.24,
p=.002; d=0.93), but not in any other condition (p<.05 Bonferroni
corrected for 8 comparisons at 0.006; see Fig. 2).

This pattern of significance persisted in an identical analysis after
removing the 6 participants on atypical antipsychotics. Specifically, for
NAcc activity during incentive anticipation, a mixed-model ANOVA of
diagnostic group, valence, and magnitude yielded the predicted main
effects of magnitude (F(3,120)= 48.37, p < .001, ηp2= 0.585) and
valence (F(1,40)= 61.99, p< .001, ηp2= 0.330), which were qualified
by a predicted interaction of magnitude and valence (F(3,120)= 20.62,
p < .001, ηp2= 0.340). This analysis also yielded a significant main
effect of group (F(1, 40)= 6.84, p= .012, ηp2= 0.165), which was
qualified by a significant interaction of magnitude by group (F
(3,120)= 3.87, p= .011, ηp2= 0.101).

By comparison, analysis of bilateral AIns activity during anticipa-
tion of incentives yielded a significant main effect only of magnitude (F
(3,138)= 23.94, p<.001; ηp2= 0.428), which was qualified by un-
predicted interactions of valence and magnitude (F(3,138)= 7.07,
p<.001; ηp2= 0.133) and valence and group (F(1,46)= 6.62 p=.013;
ηp2= 0.057). Posthoc comparisons, however, indicated significant dif-
ferences between diagnostic groups with respect to AIns activity only
during anticipation of high gains (t(46)=−2.93, p=.005; d=0.81),
but not in any other condition (p<.05 Bonferroni corrected for 8
comparisons at 0.006). Analysis of MPFC activity during incentive an-
ticipation yielded significant main effects of valence (F(3,46)= 13.60,
p<.001; ηp2= 0.083) and magnitude (F(3,138)= 23.32, p<.001;
ηp2= 0.444), which were qualified by a significant interaction of va-
lence and magnitude (F(3,138)= 4.17, p=.007; ηp2= 0.083), but no
main effects or interactions with group. Posthoc comparisons also in-
dicated no significant differences between diagnostic groups in any
condition with respect to MPFC activity.

To validate the focus on the diagnostic properties of NAcc activity, a
classifier (SVM-RFE) was applied to whole brain data for the coeffi-
cients of the gain anticipation contrast to distinguish groups. After

recursive elimination of 99.9% of the features, leave-one-subject-out
cross-validated accuracy at a c-value of 10 yielded a classification rate
of 60%. Projecting this remaining 0.1% of the selected features back
into standardized (i.e., Talairach) brain space revealed negative fea-
tures in the ventral striatum, which overlapped with the predefined
NAcc VOI (see Figure S1).

2.4. Associations of neural activity with individual differences

To explore whether predicted brain activity was associated with
potential demographic and clinical confounds, we examined the asso-
ciation of the NAcc gain anticipation contrast with age, gender, current
manic symptoms (BRMS), current depressive symptoms (MHRSD),
number of lifetime hospitalizations for depression and mania, lifetime
diagnoses of anxiety disorders, lifetime diagnoses of problems with
substance or alcohol use, and presence of concurrent medications (se-
parately examined for lithium, valproate, atypical antipsychotics, an-
tidepressants, benzodiazepenes, and lamictal). Only the presence versus
absence of atypical antipsychotic medications was associated with de-
creased NAcc gain anticipation activity in bipolar participants (t(22)=
–2.30, p=.031).

Next, we conducted logistic regression analyses to examine whether
individual differences in the Positive Urgency Measure (PUM), NAcc
gain anticipation activity, and their combination could distinguish the
bipolar group from the control group. Leave-one-subject-out classifiers
indicated that PUM classified diagnosis at 83%, NAcc gain anticipation
coefficients classified diagnosis at 77%, and their combination classi-
fied diagnosis at 80%. Thus, PUM symptoms alone best differentiated
participants with bipolar disorder from controls. Similar results were
obtained after removing the 6 individuals on atypical antipsychotics
from analysis. Specifically, leave-one-subject-out classifiers indicated
that PUM classified diagnosis at 80%, NAcc gain anticipation coeffi-
cients classified diagnosis at 67%, and their combination classified di-
agnosis at 80%.

Finally, we conducted bootstrapped accelerated mediation analyses
to test whether individual differences in PUM could statistically account
for the association of NAcc gain anticipation activity with bipolar di-
agnosis. The direct path of NAcc gain anticipation to bipolar diagnosis

Table 4
Comparison of bipolar (n=24) versus control groups (n=24; p<.0001 uncorrected, p<.05 corrected, cluster ≥ 3×3.75mm3 voxels; positive Z-score indicates
bipolar > control; x=right, y=anterior; z=superior).

Region x y z Peak Z Voxels

Gain anticipation (linear) R N Accumbens 8 12 −2 −4.27 5
R Globus Pallidus 18 −7 2 −4.26 3

Loss anticipation (linear) N/A
Gain outcomes (linear) L M Occipital Gyrus −30 −86 8 −4.33 5
Nonloss outcomes (linear) N/A

Fig. 2. Nucleus Accumbens volume of interest peak activity by condition for bipolar versus control groups. (**p < .005 uncorrected, p < .05 corrected for 6
comparisons).
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was significant (Z=−3.41; p=.000), as were the indirect paths from
NAcc gain anticipation to PUM (Z=−2.68; p=.007) and from PUM to
bipolar diagnosis (Z=5.61; p=.000). Including these indirect paths
statistically mediated the influence of the direct path (Z=−1.76,
p=.079), suggesting that individual differences in PUM could account
for the association of NAcc gain anticipation with bipolar diagnosis. An
alternative specification of this mediation model in which NAcc gain
anticipation and PUM were switched did not fit the data as well (i.e.,
total model fit of Z=3.50, p=.000 versus Z=6.43, p=.000).

Identical mediation analyses that substituted manic (BRMS) or de-
pressive (HRSD) symptoms (which also differed by group) for positive
urgency (PUM) were not significant. Thus, the best-fitting model sug-
gested that individual differences in PUM could statistically account for
the observed association of NAcc gain anticipation activity with bipolar
diagnosis (Fig. 3). Identical mediation analyses further indicated that
individual differences in PUM could statistically account for the asso-
ciation of NAcc gain anticipation activity with bipolar diagnosis, even
after excluding participants on atypical antipsychotics. The direct path
of NAcc gain anticipation to bipolar diagnosis was significant
(Z=−2.31; p=.021), as were the indirect paths from NAcc gain an-
ticipation to PUM (Z=−1.84; p=.066) and from PUM to bipolar di-
agnosis (Z=5.72; p=.000). Including the indirect path statistically
mediated the influence of the direct path (Z=−1.39, p=.163), again
suggesting that individual differences in PUM could account for the
association of NAcc gain anticipation with bipolar diagnosis, even after
excluding individuals on atypical antipsychotics.

Finally, supplementary whole-brain analyses confirmed this study's
focus on NAcc activity during gain anticipation, since an exploratory
regression of the gain anticipation contrast against individual differ-
ences in PUM across both groups revealed peak associations in the NAcc
(Table S3).

3. Discussion

The goal of this study was to examine neural responses to monetary
incentives in individuals diagnosed with Bipolar Disorder. Although
extensive behavioral research has implicated altered reward processing
in Bipolar Disorder, neuroimaging findings have proven less consistent.
For instance, investigators have reported increases, decreases, and no
significant difference in ventral striatal activity of bipolar versus control
participants during reward anticipation (see Table 1). In the present
study – somewhat surprisingly – participants with bipolar disorder
showed reduced rather than increased activity in the ventral striatum
(including the NAcc) during anticipation of monetary gains relative to
controls. Bipolar and control participants did not significantly differ in
their neural responses during anticipation of losses or in response to
incentive outcomes. Blunted NAcc activity was also more pronounced
in individuals who reported more impulsive responses to positive
emotion (PUM) – which could statistically account for the association of
blunted NAcc activity during reward anticipation with bipolar diag-
nosis. Analyses of other conditions revealed few other diagnostic group
differences, suggesting a relatively specific distinction between

diagnostic groups with respect to blunted ventral striatal activity during
gain anticipation.

This study is novel in its integration of bipolar diagnostic status with
individual differences in Positive Urgency (PUM). The findings as-
sociate for the first time a behavioral measure of PUM, which indexes a
tendency to engage in regrettable behavior during positive emotion
states, with neural anomalies in reward processing. Beyond a diagnostic
association with remitted bipolar disorder, PUM scores have been as-
sociated with lower behavioral functioning, decreased quality of life,
and more severe outcomes (such as suicidality and aggression). The
current findings imply that in individuals with bipolar disorder, in-
dividual differences in PUM may also help account for blunted NAcc
activity during reward anticipation. Thus, these findings might help to
elucidate a physiological basis for the behavioral correlates of PUM.
The emphasis on individual differences in symptom profiles is also
consistent with recent efforts (e.g., by the National Institute of Mental
Health Research Domain Criteria or RDoC initiative) to characterize
biopsychological dimensions that underlie psychiatric disorders
(Cuthbert, 2015). A future goal in might involve extending these probes
to other disorders involving blunted neural responses to conventional
rewards and impulsive behavior, such as addictions (Riley et al., 2016;
Stojek and Fischer, 2013).

Beyond positive urgency, other individual difference variables
might also help to explain inconsistent findings across studies of bipolar
disorder. Although individuals taking first-generation antipsychotics
were excluded from this study, those taking second-generation anti-
psychotics showed modestly diminished neural responses during gain
anticipation. Thus, medications that influence dopamine function may
modulate neuroimaging signals related to reward (Ferenczi et al.,
2016). These medication effects are not likely to explain all of the re-
ward-related abnormalities observed in this study, however, since other
researchers have documented blunted dorsal striatal activity during
gain anticipation even in medication-naïve bipolar patients (Yip et al.,
2015). Further, even after excluding individuals taking second-gen-
eration antipsychotics in supplemental analyses in the current study,
blunted neural responses during gain anticipation were still evident in
the bipolar group.

The current study features some strengths relative to previous stu-
dies of neural responses to gain anticipation in bipolar disorder, in-
cluding an adequately-powered sample size, stratification based on
anxiety and substance abuse diagnoses, a control group that was mat-
ched on anxiety and substance abuse disorders, exclusion of individuals
who were taking first-generation neuroleptic medications, longitudinal
assessment to ensure remission of bipolar symptoms, and specific
analyses of individual differences in neural responsiveness to in-
centives. Groups were also well-matched in their ability to learn and
perform the Monetary Incentive Delay task, which featured parametric
manipulation of the magnitude of both gains and losses. Although dif-
ferent subgroups within a clinical sample might show distinct beha-
vioral and neural profiles even while performing the same task (Misaki
et al., 2016), statistical comparisons revealed no evidence of increased
variability in the behavioral or neural responses of the bipolar versus
control groups in this study (Table 2).

The study also has some limitations. First, while adequately pow-
ered to detect group differences in neural responses to incentives, this
study was not designed to detect small effects or interactions in the
variables of interest. Second, some selection criteria (e.g., absence of
claustrophobia or cardiovascular conditions) might covary with a bi-
polar diagnosis. For example, as many as half of participants with a
bipolar I disorder diagnosis typically meet criteria for simple phobias
(such as claustrophobia; Merikangas et al., 2007), and bipolar disorder
has been related to a two-fold increase in risk of cardiovascular disease
relative to the general population (Weiner et al., 2011). Finally, the
sample recruited for this study was not structured to assess whether
neural responses to incentives might fluctuate with episode status,
which could provide additional information for understanding dynamic

Fig. 3. Statistical mediation of association of Nucleus Accumbens activity with
bipolar versus control group status by individual differences in positive urgency
(Z-scores; n=48; **p<.01, ***p<.001).
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processes underlying bipolar disorder (Linke et al., 2012; Nusslock
et al., 2012; O'Sullivan et al., 2011; Urošević et al., 2016).

Despite these limitations, analyses revealed a clear directional bias
in neural responses to anticipated monetary gain in bipolar disorder.
Consistent with some, but not all, previous findings (O'Sullivan et al.,
2011; Schreiter et al., 2016; Yip et al., 2015), both volume of interest
and whole-brain analyses indicated that relative to controls, individuals
with bipolar disorder showed blunted NAcc activity during gain an-
ticipation. These results might seem surprising, given that reviews of
the literature have reached opposite conclusions (Nusslock et al., 2012;
Whitton et al., 2015). Nonetheless, our initial qualitative review of
existing findings suggests that striatal blunting was consistent with
more recent findings using the MID task (Schreiter et al., 2016), and
which included studies of unmedicated individuals diagnosed with
milder forms of bipolar disorder (Yip et al., 2015). Blunted ventral
striatal responses during gain anticipation have been observed in other
psychiatric conditions characterized by abnormal reward processing
including externalizing syndromes in adolescents (Gatzke-Kopp et al.,
2009), attention deficit hyperactivity disorder (Scheres et al., 2007;
Ströhle et al., 2008), stimulant use (Schouw et al., 2013), and alcohol
abuse (Beck et al., 2009). In the present study, the effect sizes of blunted
NAcc activity during reward anticipation in the bipolar versus control
group (d's∼.90; Fig. 2) were comparable to effect sizes identified in
meta-analyses of similar neuroimaging studies of schizophrenia
(d's∼.70; Radua et al., 2015), attention deficit hyperactivity disorder
(d's∼.50; Plichta and Scheres, 2014), and substance use disorder
(d's∼.20; Balodis et al., 2016; Luijten et al., 2017). Blunted NAcc ac-
tivity during reward anticipation might also play a role in anhedonic
symptoms related to unipolar depression (Hägele et al., 2015; Knutson
and Heinz, 2015), but it is not clear whether this blunted activity occurs
during reward anticipation or in response to reward outcomes (Knutson
et al., 2008; Pizzagalli et al., 2009) and sufficient research has not yet
accumulated to support quantitative meta-analysis. Blunted neural
anticipation of reward might provoke attempts to compensate with
increased reward-seeking behavior (Robbins and Everitt, 1999), which
could manifest as individual differences in the tendency to respond
impulsively to positive emotional states (as indexed by the PUM), and
may foreshadow future problems involving impulsive behavior (e.g.,
problematic drug use in adolescents, (Büchel et al., 2017)).

Together, these findings suggest that individuals with remitted bi-
polar disorder show blunted ventral striatal responses during antici-
pation of conventional rewards (e.g., money). In future research,
methodological details related to task type and timing (e.g., incentive
anticipation versus outcome) may moderate the sensitivity of neural
probes. For instance, the existing literature suggests that in individuals
with bipolar disorder, ventral striatal activity is blunted in studies that
use the MID task, but possibly potentiated in studies using card-gues-
sing tasks (though fewer of these studies exist; see Table 1). Thus,
distinguishing and comparing neural responses to gain anticipation and
outcomes might enhance the consistency and generality of findings.
Future clinical applications might also involve correlating neural re-
sponses to incentives with externally valid behaviors and symptom
profiles. By better delineating conceptual extensions and methodolo-
gical boundaries, neuroimaging findings may yield the most in-
formative and reliable markers of psychiatric symptoms that underlie
bipolar disorder.
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