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Abstract

Background: Bipolar disorder (BPD) features cycling mood states ranging from depression to
mania with intermittent phases of euthymia. BPD subjects often show excessive goal-directed and
pleasure-seeking behavior during manic episodes and reduced hedonic capacity during depressive
episodes, indicating that BPD might involve altered reward processing. Our goal was to test the
hypothesis that BPD is characterized by impairments in adjusting behavior as a function of prior
reinforcement history, particularly in the presence of residual anhedonic symptoms.

Methods: Eighteen medicated BPD subjects and 25 demographically matched comparison
subjects performed a probabilistic reward task. To identify putative dysfunctions in reward
processing irrespective of mood state, primary analyses focused on euthymic BPD subjects
(n=13). Using signal-detection methodologies, response bias toward a more frequently rewarded
stimulus was used to objectively assess the participants’ propensity to modulate behavior as a
function of reinforcement history.

Results: Relative to comparison subjects, euthymic BPD subjects showed a reduced and delayed
acquisition of response bias toward the more frequently rewarded stimulus, which was partially
due to increased sensitivity to single rewards of the disadvantageous stimulus. Analyses
considering the entire BPD sample revealed that reduced reward learning correlated with self-
reported anhedonic symptoms, even after adjusting for residual manic and anxious symptoms and
general distress.

Conclusions: The present study provides preliminary evidence indicating that BPD, even during

euthymic states, is characterized by dysfunctional reward learning in situations requiring
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integration of reinforcement information over time, and thus offers initial insights about the

potential source of dysfunctional reward processing in this disorder.
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Introduction

Bipolar disorder (BPD) is a debilitating condition characterized by recurrent episodes of
depression as well as mania or hypomania (1). BPD subjects often show hyperhedonia (e.g.,
excessive goal-directed and pleasure-seeking behavior) during manic episodes and anhedonia
(e.g., reduced reactivity to rewards) during depressive episodes (2, 3). As such, BPD has been
linked to altered reward processing (4, 5). Surprisingly, studies of reward processing in BPD have
yielded inconsistent results. In particular, studies using both gambling (6-9) and reward-based
decision-making (10) tasks have failed to detect abnormalities in reward processing in BPD. Of
note, these findings have emerged from medicated euthymic (9), depressed (8), and acutely manic
samples (6, 10) samples as well as from a medication-free sample with past hypomanic episodes
(7), suggesting that clinical characteristics or medication status were unlikely to explain these
negative results.

By contrast, Murphy et al. (11) reported that manic BPD patients made frequent sub-
optimal choices (i.e., selected more often the less favorable of two possible responses) in a
gambling task that involved fluctuating favorability of two response options. Moreover, medicated
euthymic BPD children were slower to learn variable stimulus-reward contingencies in two
response-reversal studies (12, 13). Finally, manic BPD subjects showed increased behavioral
switching in a two-choice selection task involving a high error rate, indicating that their decision-
making might be impaired in situations in which the probability of successful outcome becomes
uncertain (14). Taken together, these findings suggest that BPD might feature a diminished ability
to adapt behavior in response to changing or intermittent reward, and thus patients might show

impaired reward learning in situations requiring integration of reinforcements over time. The goal
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of the present study was to directly test this hypothesis. To this end, BPD and healthy participants
were assessed in a probabilistic reward task that provides an objective assessment of an
individual’s propensity to modulate behavior in response to reinforcement history (15, 16). To
allow for the identification of putative dysfunctions in reward processing regardless of mood state,
primary analyses focused on euthymic BPD subjects.

Based on prior findings (11-13), we hypothesized that euthymic BPD patients would
exhibit blunted reward learning, as manifested by reduced response bias toward the more
frequently rewarded stimulus due to impaired integration of cumulative reward information.
Moreover, we hypothesized that, among the BPD sample, reward learning would be most reduced
among patients reporting residual anhedonic symptoms. Our hypotheses were motivated by
findings showing a link between reduced reward responsiveness and anhedonic symptoms in non-
clinical samples (15, 17), reports in euthymic BPD subjects of decreased attentional biases toward
positive stimuli that may negatively impact reward-learning (18), as well as theoretical
considerations postulating down-regulation of dopaminergic transmission and the emergence of

anhedonia during euthymic and depressive states of BPD (4).

Methods and Materials
Participants

BPD participants were recruited from patients followed for long-term treatment at the Bipolar
Clinic and Research Program at Massachusetts General Hospital (MGH) and were initially
evaluated using the Affective Disorder Evaluation (ADE; 19), which includes modified mood and

psychosis modules from the Structured Clinical Interview for DSM-IV Axis I Disorders (SCID)
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(20). BPD patients were enrolled if the following inclusion criteria were met: 1) current diagnosis
of bipolar I or bipolar II disorder based on the ADE (19); 2) absence of any other current primary
Axis I or II diagnosis, including substance abuse or dependence within the past 12 months; 3)
absence of electroconvulsive therapy in the past 6 months; and 4) absence of past history of major
depressive episodes (MDE) with psychotic features. Patients with recent substance abuse or
dependence were excluded to avoid potential confounds deriving from possible dopaminergic
abnormalities associated with this disorder (21, 22). Additionally, the SCID mood module was
administered on the day of the study session to confirm diagnosis.

A total of 25 BPD patients were enrolled, but 7 were excluded due to task non-compliance
(n=2), performance at chance level (n=4), or misunderstanding of task instructions (n=1). Based
on clinician ratings that occurred on the day of the study session, subjects with a score on the
Young Mania Rating Scale (23) (YMRS) >12 were defined as being in a hypomanic state, whereas
those with a score on the 17-item Hamilton Rating Scale for Depression (24) (HRSD) > 8 were
defined as being in a depressed state. BPD participants who met neither of these conservative
thresholds were classified as currently euthymic (all euthymic participants had an YMRS score <
6). Based on these criteria, the BPD sample (n=18) included 13 euthymic, 2 currently depressed,
and 3 currently hypomanic participants. Of the eighteen BPD participants, 6 had a history of
substance dependence and 1 had past substance abuse. Thirteen of the 18 patients met criteria for
bipolar I disorder (11/13 of the euthymic BPD patients), whereas the remaining patients met
criteria for bipolar II disorder. As in prior studies (6, 8-14), all patients were on psychotropic
medications at the time of testing (Table 1). All ratings were performed by psychiatrists certified

and monitored for reliability as part of the Systematic Treatment Enhancement Program for
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Bipolar Disorder (STEP-BD) study (19, 25, 26). Inter-rater reliability for the HRSD (kappa=0.82),
YMRS (kappa=0.79), and SCID-based BPD diagnosis (kappa > 0.80) was satisfactory among the
authors’ team.

BPD patients were compared to 25 healthy comparison participants recruited through
community advertisements. Comparison subjects were enrolled if they had no medical or
neurological illness, no current or past Axis I diagnoses (SCID, Non-patient Edition), and no
psychotropic medications (these participants served as comparison subjects also in a recent study
investigating reward responsiveness in unmedicated subjects with unipolar depression [Pizzagalli,
losifescu, Hallett, Ratner, Fava, unpublished]).

For their participation, subjects were compensated $20, and received $5 in task earnings. All
participants provided written informed consent to a protocol approved by Harvard University’s

Committee on the Use of Human Subjects and the MGH Human Research Committee.

Task and Procedure

After administration of interview-based rating scales, participants completed a 25-min
computer task, the Beck Depression Inventory II (27) (BDI-II), and the Mood and Anxiety
Symptom Questionnaire (28) (MASQ). The MASQ is a self-report questionnaire assessing
anxiety-specific symptoms (Anxious Arousal, AA), depression-specific symptoms (Anhedonic
Depression, AD), and general distress (General Distress-Anxious Symptoms, GDA; General
Distress-Depressive Symptoms, GDD), and has shown satisfactory validity and reliability (28, 29).

The task is a reward-based paradigm in which correct identifications of two ambiguous

stimuli are differentially rewarded. This paradigm has been found to reliably produce a response
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bias in control participants, such that as the task proceeds, the more frequently rewarded stimulus
is preferentially selected (15-17, 30). This pattern is consistent with the so-called “matching
law” (31), which postulates that response selection relies on reinforcement history.

In brief, participants are instructed to identify whether a long or short mouth is presented
within a schematic face by pressing one of two buttons on the keyboard (“z” or />,
counterbalanced). The face first appears without a mouth, and then either a long (13mm) or short
mouth (11.5mm) is presented for 100ms. Stimulus exposure and sizes were chosen based on prior
studies (15) and after pilot testing to optimize the psychometric properties of the task (e.g., overall
accuracy rates of 75-85%).

Participants are instructed that for some of their correct responses, they will be rewarded and
see a message “Correct!! You won 5 Cents.” The task consists of three blocks of 100 trials each.
These are referred to as block 1 (trials 1-100), block 2 (trials 101-200) and block 3 (trials
201-300). The two stimuli are presented with equal frequency. Importantly, correct identification
of one stimulus (“rich stimulus”) is rewarded three times more often than the other (“lean
stimulus”). The reward feedback is presented only 40 times, 30 times for the rich and 10 times for
the lean stimulus. At the outset, participants are instructed that the goal of the task is to win as
much money as possible, and that they would earn between $3 and $7 based on their performance.

They are explicitly informed that not all correct responses will receive a reward feedback. They

are not informed, however, that one of the stimuli would be rewarded more frequently.

Data Reduction
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Task performance was assessed by computing response bias, discriminability, and reaction
times (RT). Hit rates [(number of hits)/(number of hits + number of misses)] and miss rates [1 — hit
rates] were also computed but were considered secondary variables because they are imperfect
measures of performance when response biases are present (32). Response bias and

discriminability were computed using the following formulae (33):

. 10 b _ 1 10 RiChcorrect *Leanincorrect \_

Response Bias: & 2 & RiChincorrect * Leancorrect 7
im0 = o K" L
Discriminability: > Rich,  *Lean, }_

A high response bias emerges if a subject shows a high number of correct identifications (i.e.,
high hit rate) for the rich stimulus and a low number of correct identifications (i.e., high miss rate)
for the lean stimulus. Accordingly, response bias indexes an individual’s preference towards the
more frequently rewarded (rich) stimulus. Since reinforcers are stimuli that increase the likelihood
of a given behavioral response (34), response bias towards the rich stimulus can be used to
measure the extent to which behavior is modulated by reinforcement history. Discriminability,
conversely, is a measure of the subjects’ ability to perceptually distinguish between the two
stimulus types and thus serves as an assessment of task difficulty.

To test the hypothesis that reduced reward learning would be associated with anhedonic
symptoms, an “anhedonic” BDI-II subscore was computed by summing the following BDI-II
items (15, 35): loss of pleasure (item #4), loss of interest (item #12), loss of energy (item #15), and

loss of interest in sex (item #21).
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Statistics

To test whether BPD was characterized by abnormal reward processing irrespective of
current mood state, the main statistical analyses focused on the euthymic BPD subjects (n=13).
Chi-square tests and unpaired t-tests were performed to test for possible group differences in
sociodemographic variables. To evaluate mood symptoms, a mixed analysis of variance (ANOVA)
was run on MASQ scores, using Group (Comparison subjects, euthymic BPD subjects) and
MASQ subscales (GDA, AA, GDD, AD) as factors.

For the reward task, separate mixed ANOVAs with Group and Block (1,2,3) as factors were
run on response bias and discriminability scores separately. For RT and hit rate scores, Stimulus
Type (Rich, Lean) was added as a repeated measure. When required, the Greenhouse-Geisser
correction was used. Significant findings were followed up by post-hoc Newman-Keuls. Pearson
correlations and hierarchical regression analyses between response bias and measures of
depressive and manic symptoms (HRSD, BDI-II, MASQ scales) were run within the entire BPD
sample (n=18). Throughout the analyses, two-tailed tests were used. Effect sizes are reported in

the form of partial eta? and Cohen d values.

Results
Demographics, Symptom Severity, and Mood Variables

Comparison (n=25) and euthymic BPD (n=13) subjects did not differ significantly with
respect to demographic variables (Table 2). [Also, no differences emerged when considering the
entire BPD sample, n=18.] For the euthymic BPD patients, the mean HRSD and YMRS scores

were 3.38 (SD=2.57) and 1.9 (SD=2.33), respectively. Relative to comparison subjects, euthymic
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BPD patients had significantly higher BDI-II scores (8.38+6.70 vs. 3.4043.59, t(36) = 3.00, p <
0.005); the BPD subjects’ mean BDI-II score was, however, below the threshold for mild
depression (BDI > 14).

The ANOVA on the MASQ scores revealed main effects of MASQ subscale [F(3,108) =

188.01, p <0.001, € = 0.44, partial eta’> = 0.84] and Group [F(1,36) = 15.53, p < 0.005, partial eta’

= 0.30], but no interaction (p > 0.35). Post-hoc Newman-Keuls tests indicated that group
differences were driven by significantly higher anhedonic depression scores in euthymic than
comparison subjects (p < 0.003), whereas the two groups did not differ in the other MASQ sub-

scales (all p values > 0.28; Table 2).

Probabilistic Reward Task

Response Bias: The ANOVA revealed a significant effect of Block [F(2,72) = 6.57, p < 0.002,
partial eta> = 0.15], which was due to significantly higher response bias in Blocks 2 and 3
compared to Block 1 (Newman-Keuls p values < 0.005). The main effect of Group [F(1,36) =
6.28, p < 0.020, partial eta? = 0.15] and the Group x Block interaction [F(2,72) = 3.30, p < 0.043,
partial eta> = 0.08] were also significant. As shown in Fig. 1, euthymic BPD patients had
significantly lower overall response bias than comparison subjects (0.22+0.18 vs. 0.07+0.16;
Cohen d = -0.87). Post-hoc Newman-Keuls further revealed significantly higher response biases in
Blocks 2 and 3 compared to Block 1 for euthymic BPD patients (p values < 0.005). For
comparison subjects, no changes in response bias occurred across the blocks (p values > 0.40).
Relative to comparison subjects, euthymic BPD patients had significantly lower response bias in

Block 1 only (p < 0.0004; Cohen d = 0.93). (A main effect of Group remained when considering
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the entire BPD sample [n = 18] irrespective of current clinical state or when considering only
euthymic BPD subjects with BP I [n = 11] [F values > 4.22, p values < 0.046]. Moreover,
exploratory analyses evaluating the potential effects of different classes of medication on response
bias [e.g., drugs blocking dopaminergic effects] revealed no significant effects [see Supplementary
Material for more detail].)

To further explore the timing of response bias acquisition, a one-way ANOVA that considered
the first half (trials 1-50) and second half (trials 51-100) of Block 1, Block 2 (trials 101-200), and
Block 3 (trials 201-300) was performed for comparison and BPD subjects separately. For both
groups, the main effect of Block was significant (both F values> 3.02, both p values < 0.035).
Within-group post-hoc analyses revealed that comparison subjects had significantly higher
response bias in the second half of Block 1, Block 2, and Block 3 compared to the first half of
Block 1 (all p values < 0.05). For BPD patients, however, no differences emerged between the
early and late phases of Block 1; instead, they showed significantly higher response biases in
Blocks 2 and 3 compared to the first half of Block 1 (both p values < 0.036).

To exclude the possibility that group differences in response bias were due to elevated
depressive symptoms in BPD patients, a set of hierarchical regression analyses was performed (see
refs. 36, 37 for a rationale of using a regression analysis approach when covariates and
independent variables are correlated). To this end, the total BDI-II scores were entered in the first
step of the regression followed by Group (dummy coded) to predict response bias in Block 1, 2,
and 3 as well as response bias across the 300 trials. Findings revealed that Group was a significant

predictor of response bias in Block 1 (AR? = 0.20), Block 2 (AR? = 0.11), and over the entire 300

trials (AR? = 0.16) after removing variance associated with BDI-II scores (all AF values> 4.24, df
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= 1,35; all p values < 0.048). Similar findings emerged when considering anhedonic BDI-II
scores: Group was a unique predictor of response bias in Block 1 (p <0.01), Block 2 (p = 0.085),
and over the 300 trials (p < 0.035).

Discriminability: No significant effects emerged (all F values< 2.22, all p values > 0.14).

Reaction Time: No effects involving Group emerged (all F values< 1.46, all p values > 0.23).

Hit rate: The ANOVA on hit rates revealed a significant main effect of Condition [F(1,36) =
30.85, p <0.001, partial eta? = 0.46; rich stimulus > lean stimulus] and a significant Block x
Condition interaction [F(2, 72) = 7.69, p < 0.001, partial eta?> = 0.18. As in a prior study using this
paradigm (15), the Block x Condition interaction was due to significant hit rate differences
between the stimuli, which increased across the blocks.

Critically, this effect was qualified by a significant Group x Condition x Block interaction,
F(2,72) = 3.22, p = 0.046, partial eta> = 0.08 (Fig. 2A,B). To evaluate this triple interaction,
follow-up Group x Block ANOVAs were performed for the rich and lean hit rates separately. For
the rich stimulus, the main effect of Group was reliable [F(1,36) = 8.13, p = 0.007, partial eta®=
0.18] due to significantly higher hit rates (or conversely, significantly lower miss rate) for the
comparison than euthymic BPD subjects (0.89+0.07 vs. 0.82+0.05; Cohen d = 1.04; Fig. 2C).
Notably, comparison and BPD subjects had virtually identical lean accuracy scores (0.75+0.14 vs.
0.75%0.11), and neither the Group [F(1,36) = 0.003, p > 0.95] nor the Group x Block interaction
[F(2,72) =2.03, p > 0.13) were significant.

Probability analyses: The above analyses indicate that euthymic BPD patients had
significantly lower response bias and significantly higher miss rate for the more frequently

rewarded (rich) stimulus. To investigate these findings in more detail, we computed the probability
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of missing a rich stimulus as a function of the outcome in the immediately preceding trial. To this
end, we first identified all trials in which a correct identification of the rich or lean stimulus was
rewarded, and then computed the probability of a rich miss in the subsequent trial. Analogous
computations were performed for trials immediately following a correct identification of the rich
or lean stimulus that was not rewarded (because a reward was not scheduled). Note that these
analyses allowed us to test the strength of the response bias toward the rich stimulus as a function
of (a) which stimulus had been rewarded in the preceding trial; and (b) proximity of reward
delivery. After an arcsine transformation was applied (38), these probability values were entered in
a Group x Stimulus Type (rich vs. lean) x Preceding Trial (rewarded vs. not rewarded) ANOVA.
For the sake of simplicity, only effects involving Group are reported, and untransformed values are
shown.

The ANOVA revealed a significant main effect of Group [F(1,36) =7.19, p <0.011, partial
eta>=0.167] and a trend for the 3-way interaction [F(1,36) = 2.84, p = 0.10, partial eta? = 0.073].
Post-hoc tests indicated that group differences were driven by significantly higher probability of a
rich miss in euthymic BPD patients than comparison subjects in two of the four experimental
conditions: when a rich trial was preceded by (a) a non-rewarded rich stimulus (p < 0.019; Cohen
d=0.74), or (b) a rewarded lean stimulus (p < 0.004; Cohen d = 0.80) (Fig. 3). Moreover, within-
group analyses indicated that euthymic BPD patients but not comparison subjects had significantly
higher probability of rich misses immediately after a non-rewarded rich stimulus than a non-
rewarded lean stimulus (p < 0.028 vs. p > 0.19, respectively).

Relationships with clinical symptoms. Within the entire BPD sample (n=18), overall reward

learning [= AResponse Bias = Response Bias(Block 3) - Response Bias(Block 1)] was negatively
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correlated with total HRSD (r =-0.51, p < 0.030), total BDI (r = 0.57, p < 0.015), anhedonic BDI-
IT (r=0.51, p <0.030) scores but not with the YMRS score (r =-0.18, p > 0.45) or MASQ AD
score (r =-0.22, p > 0.35). A hierarchical regression analysis indicated that the anhedonic BDI-II

sub-score (entered in the third step) was a significant predictor of AResponse Bias (standardized 3
coefficients = -0.609, t = -3.04, p < 0.010), even after removing variance associated with the total
YMRS score (entered in the first step) and the two MASQ anxiety scores (entered concurrently in
the second step) (AR? =0.35, AF =9.22, df = 1,13, p < 0.010). Accordingly, patients reporting
relatively elevated anhedonic symptoms were characterized by decreased reward learning even

when controlling for their residual manic and anxious symptoms, or general distress (Fig. 4).

Discussion

The goal of the this study was to test the hypotheses that (a) BPD patients are characterized by
abnormal reward processing even during a euthymic state; and (b) the presence of residual
anhedonic symptoms would exacerbate this dysfunction. Using a probabilistic reward task, which
assesses how behavior is modulated by reinforcement history, we found that both euthymic and
symptomatic BPD patients showed reduced and delayed acquisition of response bias toward the
more frequently rewarded stimulus, even after controlling for residual depressive or anhedonic
symptoms. In addition, BPD patients reporting anhedonic symptoms in their daily life (e.g., loss of
pleasure) showed the most impaired reward learning. Highlighting the specificity of this finding, a
relationship between anhedonic symptoms and reduced response bias remained after controlling
for subjects’ residual manic and anxious symptoms as well as general distress, replicating recent

findings from two non-clinical samples (15, 17) and a medication-free sample with major
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depressive disorder (Pizzagalli, losifescu, Hallett, Ratner, Fava, unpublished). Unlike our recent
findings in major depression, BPD patients exhibited cumulative learning over the course of the
three blocks; however, the blunted nature of the response bias and its delayed acquisition point to a
dysfunctional integration of reward information in early phases of the experiment.

Of note, additional analyses indicated that reduced response bias in BPD patients was not due
to general task deficits, as evident from the lack of group differences in discriminability or
reaction time. Rather, the performance of BPD participants was characterized by their increased
tendency to misclassify the more frequently rewarded (rich) stimulus, whereas they showed no
differences from comparison subjects in classifying the lean stimulus. Interestingly, elevated miss
rates for the rich stimulus emerged only when it was immediately preceded by either a non-
rewarded rich stimulus, or by a rewarded lean stimulus, indicating that BPD subjects were
impaired in developing a response bias toward the more frequently rewarded stimulus in the
absence of a proximal rich reward or after receiving a reward for the less advantageous response.

The finding of increased misclassification of the rich stimulus immediately after a rewarded
lean stimulus is intriguing, particularly in light of theoretical accounts linking BPD to
dysregulation of the behavioral approach system (BAS; 39-41), a system assumed to regulate
appetitive motivation and goal-directed behavior in response to signals of reward (42). Notably, in
BPD, increased BAS sensitivity and experiences of goal-striving and -attainment events predicted
future manic symptoms (43-46) and behavioral activation scores distinguished euthymic BPD
patients from healthy controls (46). The current finding that reduced response bias toward the
more frequently rewarded stimulus was partially explained by increased sensitivity and behavioral

switching following rewards of the less advantageous (lean) stimulus is consistent with the general
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hypothesis of heightened responsivity to minimal environmental incentives in BPD (39-41, 46) .
Our results also extend a recent report of maladaptive BAS hypersensitivity in subjects with
bipolar spectrum disorder (47). In the current study, an increased sensitivity to the infrequently
occurring lean reward might, in turn, have led to impaired cumulative reward learning in BPD
subjects.

Overall, the present findings of impaired integration of reward feedback are in line with recent
reports showing that medicated euthymic and acutely manic BPD patients displayed an increased
tendency to select the less favorable of two possible response options in a gambling task (14) and
exhibited deficits in learning fluctuating stimulus-reward contingencies (12, 13). Moreover, since
omission of reward could be interpreted by the participants as reflecting a potential erroneous
response, the increased miss rate observed in trials immediately following a non-rewarded rich
trial is consistent with a prior finding of increased behavioral switches after error feedback in
mania (14). Unlike prior studies however, the current findings provide direct evidence that BPD,
even during euthymic states, is characterized by reduced and delayed integration of reinforcements
over time, and thus provide novel insights about the potential source of dysfunctional reward
processing in this disorder. (Note that the BPD subjects achieved a comparable response bias by
the third block of the task, indicating that they were able to integrate reinforcement information,
albeit in a delayed way. The control group, by contrast, achieved their maximum response bias
very early in the course of the task (by the second half of block 1), and their failure to show
increasing biases over time may be due to ceiling effects.)

The limitations of the present study should be acknowledged. First, the sample of BPD,

particularly euthymic, patients was relatively small, and all patients were medicated. We note that
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all prior studies investigating reward processing in BPD have also assessed medicated subjects (6,
8-14), highlighting the practical and ethical difficulties of investigating medication-free BPD
subjects. Second, no patient was in a manic state, and the range of clinical symptomatology was
limited. Thus, it is unclear whether acutely manic BPD patients might show potentiated, rather
than blunted, reward learning. Third, patients with substance abuse or dependence within the past
year were excluded to avoid potential confounds deriving from possible dopaminergic
abnormalities that characterize these disorders (21, 22). Thus, it is unclear whether our findings
will generalize to other BPD samples. Fourth, only reward feedbacks were included, so future
studies will be needed to evaluate whether BPD patients might show deficits in other types of
incentive learning (e.g., punishment feedback).

In sum, BPD patients, particularly those with residual anhedonic symptoms, showed reduced
behavioral bias toward a more frequently rewarded stimulus. Future studies will be required to
evaluate whether this abnormality is associated with dysfunction in brain regions coding the
representation of reward values (e.g., orbitofrontal cortex; 48, 49) and/or the down-regulation of
dopaminergic synaptic mechanisms, which have been hypothesized to follow the

hyperdopaminergic state observed in mania (4).
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Table 1. Summary of psychotropic medications in BPD patients.

Medications, n (%) All BPD patients Euthymic BPD patients

(subset)

(n=18)

(n=13)
Lithium 5 (27.8%) 4 (30.8%)
Valproic acid 5 (27.8%) 5 (38.5%)
Anticonvulsants 11 (61.1%) 8 (61.5%)
Antipsychotics 8 (44.4%) 4 (30.8%)
Antidepressants 9 (50.0%) 6 (46.2%)

Overlap among medication types was possible. BPD, bipolar disorder.
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Table 2. Sociodemographic and clinical data in comparison (n = 25) and euthymic bipolar (n = 13)

participants
Comparison Euthymic BPD C vs. BPD
subjects (n = 25) patients (n = 13)
Mean SD Mean SD Statistics P value
Age 38.36 10.76 38.77 12.09 t(36)=-0.11 >0.95
Gender ratio (Female/Male) 11/14 N/A 5/8 N/A  x2(1)=0.11 >.70
Education (% completed 61.54% N/A 64.00% N/A  %2(1)=0.02 > .85
college)
Ethnicity (% Caucasian) 68.0% N/A 100.0% N/A  x23)=6.00 >.11
Marital status (% never married) 64.0% N/A 69.2% N/A  x22)=041 > .82
BDI-II 3.40 3.59 8.38 6.70  t(36)=-3.00 <.005
Anhedonic BDI-II subscore* 0.72 1.02 1.77 220 t36)=-2.02 .051
HRSD (17-item) N/A N/A 3.38 2.57 N/A N/A
YMRS N/A N/A 1.92 2.33 N/A N/A
MASQ GDA 14.16 4.34 17.00 4.69 N/K > .55
MASQ AA 18.76 5.19 23.00 4.47 N/K > 25
MASQ GDD 15.64 5.22 19.77 7.38 N/K > .45
MASQ AD 51.52 12.60 60.38 14.22 N/K <.003

BDI-II: Beck Depression Inventory I1 (27); HRSD: Hamilton Rating Scale for Depression (24);

YMRS: Young Mania Rating Scale (23). N/K: Groups differed in post-hoc Newman-Keuls test.

* Sum of BDI-II items #4 (loss of pleasure), #12 (loss of interest), #15 (loss of energy), and #21

(loss of interest in sex).
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Figure legends

Figure 1: Response bias as a function of block (block 1: trials 1-100; 2: trials 101-200; 3: trials
201-300) for healthy comparison (n = 25) and euthymic BP (n = 13) subjects. Error bars

represent standard errors.

Figure 2: Mean accuracy for the rich and lean stimulus across the three blocks (panels A and B)
and averaged across the three blocks (panel C) for healthy comparison (n = 25) and euthymic BP
(n = 13) subjects. In (C), arrows denote significant post-hoc tests; error bars represent standard

€ITors.

Figure 3: Probability of miss rates for healthy comparison (n = 25) and euthymic BP (n = 13)
subjects as a function of whether the preceding rich or lean trial was rewarded or not. Arrows

denote significant post-hoc tests; error bars represent standard errors.

Figure 4: Pearson correlation (r =-0.59, p < 0.010) for the entire BPD sample (n = 18) between

AResponse Bias and the residualized BDI-II anhedonic subscore, which was computed by

removing variance associated with the total YMRS score and the two MASQ anxiety scores

(MASQ AA and MASQ GDA).
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Figure 2
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Figure 3
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Figure 4
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