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Unipolar and bipolar depressive episodes have a similar clinical presentation that suggests common dysfunction of the brain's reward
system. Here, we evaluated the relationship of both dimensional depression severity and diagnostic category to reward system function in
both bipolar and unipolar depression. In total, 89 adults were included, including 27 with bipolar depression, 25 with unipolar depression,
and 37 healthy comparison subjects. Subjects completed both a monetary reward task and a resting-state acquisition during 3T BOLD
fMRI. Across disorders, depression severity was significantly associated with reduced activation for wins compared with losses in bilateral
ventral striatum, anterior cingulate cortex, posterior cingulate cortex, and right anterior insula. Resting-state connectivity within this reward
network was also diminished in proportion to depression severity, most notably connectivity strength in the left ventral striatum.
In addition, there were categorical differences between patient groups: resting-state connectivity at multiple reward network nodes was
higher in bipolar than in unipolar depression. Reduced reward system task activation and resting-state connectivity therefore appear to be a
brain phenotype that is dimensionally related to depression severity in both bipolar and unipolar depression. In contrast, categorical
differences in reward system resting connectivity between unipolar and bipolar depression may reflect differential risk of mania. Reward

INTRODUCTION

A major depressive episode can occur in the context of both
unipolar major depressive disorder (MDD) and bipolar
disorder (BP). Although bipolar disorder is distinguished by
the presence of mania, the same criteria are used to diagnose
depressive episodes in both disorders, and depression is
responsible for the majority of overall morbidity and
mortality in bipolar disorder (Post, 2005). Despite this, the
neurobiology of bipolar depression has been only sparsely
explored. The need for further research is underscored by the
fact that none of the antidepressant medications approved
for treatment of unipolar depression have been approved
for treatment of bipolar depression and may carry risks of
inducing mania (Ghaemi et al, 2004; Connolly and Thase,
2011). Conversely, the approved pharmacotherapies for
bipolar depression remain limited in number, often carry
significant risks of metabolic side effects, and are not
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system dysfunction thus represents a common brain mechanism with relevance that spans categories of psychiatric diagnosis.
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approved as monotherapy for major depression (Ghaemi
et al, 2004; Connolly and Thase, 2011). Similarities of clinical
presentation but the presence of differential risk of mania
and treatment response suggests that bipolar and unipolar
depression have both common and dissociable neurobiolog-
ical substrates (Treadway and Zald, 2011; Chase et al, 2013).
However, relatively little work has directly examined
neurobiological phenotypes in both unipolar and bipolar
depression (Chase et al, 2013). Here, we identify both
common and dissociable neurobiological correlates of
bipolar and unipolar depression in reward system activation
and connectivity.

Symptoms of depression including anhedonia implicate a
hypo-responsive reward system in the pathophysiology of
depression (Pizzagalli et al, 2005, 2009; Treadway and Zald,
2011). A wealth of data from both animal studies and human
neuroimaging links reward processing to a brain network
centered upon the ventral striatum (VS), but also including
midbrain, ventromedial prefrontal cortex, posterior cingulate
cortex, anterior cingulate cortex, anterior insula, and thalamus
(Knutson et al, 2001; Satterthwaite et al, 2007; Kable and
Glimcher, 2009). This core reward network was recently
confirmed by a comprehensive meta-analysis conducted by
Bartra et al (2013). Notably, one subset of regions, including
ventromedial prefrontal cortex, posterior cingulate cortex,
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and portions of ventral striatum, shows greater activation to
rewards than to punishments, and therefore appears to track
the value or valence of rewards. However, another subset of
regions shows activation for both rewards and punishments,
and therefore appears to track the arousal or salience of
rewards; these regions include the anterior cingulate, thalamus,
anterior insula, and portions of the ventral striatum. (We
refer to the union of these two sets of regions as the ‘reward
system.”) Notably, other work has established that the ventral
striatum responds to both reward salience and reward value
(Zink et al, 2003, 2004, 2006). Bartra et al (2013) found that
value responses are more localized to anterior/ventral VS
regions, whereas salience responses tend to be more localized
to the posterior/dorsal aspect. Furthermore, resting-state
functional connectivity studies have shown that connectivity
among reward value, reward salience, and other decision-
making regions can predict individual differences in reward-
related decision making, suggesting that connectivity at rest
may reflect important properties of reward system function
that impact behavior relevant for psychiatric disorders
(Li et al, 2013).

Evidence for dysfunction of the brain’s reward system in
mood disorders is accumulating. In unipolar depression,
behavioral studies have demonstrated blunted responsive-
ness to reward feedback (Pizzagalli et al, 2005, 2008; Steele
et al, 2007), and neuroimaging studies have similarly found
diminished reward system responses using various task
paradigms (Pizzagalli et al, 2009; Smoski et al, 2009;
Robinson et al, 2012; Stoy et al, 2012; Dillon et al, 2013).
In contrast, several studies in non-depressed subjects with
bipolar disorder have found evidence of reward system
hyper-responsivity. Elevated reward system responses have
been reported in both manic (Abler et al, 2008) and
euthymic bipolar patients (Nusslock et al, 2012; Caseras
et al, 2013). However, only one study to our knowledge has
examined reward-related signaling in bipolar depression:
Chase et al (2013) who did not find differences in ventral
striatum prediction error responses between controls and
subjects with bipolar or unipolar depression. Additionally, an
important recent study by Hégele et al (2014) demonstrated
that depressive symptoms are associated with a similar
blunting of reward responses in a large and diverse sample of
subjects including unipolar depression, bipolar disorder,
ADHD, alcoholism, and schizophrenia.

While there is ample evidence for abnormalities in the
functional connectivity of large-scale brain networks in both
major depression (Greicius et al, 2007) and bipolar disorder
(Anand et al, 2009), only a few studies have directly
compared unipolar and bipolar depression (Liu et al, 2012;
Marchand et al, 2013). Abnormalities in cortico-striatal
connectivity have been associated with severity of anhedonia
in adolescents with major depression (Gabbay et al, 2013),
but it is unknown if such abnormalities of connectivity in
critical nodes of the reward system are present in bipolar
depression, and if severity of depression is related to similar
dysfunction of reward circuitry across both bipolar and
unipolar depression.

Here, we tested the hypothesis that dimensional dysfunc-
tion of the reward system is a critical mechanism underlying
the symptoms of both unipolar and bipolar depression using
both task-related fMRI and resting-state functional con-
nectivity. We predicted that depression severity would
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correlate with both diminished activation and resting-state
connectivity within the reward system. However, as diver-
gent risk of mania and diverse medication responses suggests
categorical differences, we also evaluated group differences
between bipolar depression, unipolar depression, and
healthy controls. As described below, we found evidence
for between-group differences in the mean level of activation
and connectivity in the reward system, as well as a common
dimensional reduction in activation and connectivity that
scaled with depressive symptoms across clinical diagnostic
categories.

MATERIALS AND METHODS
Study Design

The study included two half-day visits (mean interval between
visits: 11.3 days). After complete description of the study to
the subjects, written informed consent was obtained; the
University of Pennsylvania’s Institutional Review Board
approved all study procedures. On the first study visit,
subjects’ diagnosis was assessed for inclusion and exclusion
using the Structured Clinical Interview for DSM-IV (First
et al, 1996). On the second visit, depression was assessed
using the Beck Depression Inventory II (BDI; Beck et al,
1996) and neuroimaging was performed.

Subjects

Mood disorder subjects were eligible for inclusion if they met
criteria for a current depressive episode in the context of
either major depressive disorder or bipolar disorder (type I
or II). All participants were recruited from outpatient mood
disorder clinics. Subjects could not be enrolled if they had
a history of substance abuse or dependence (excluding
nicotine) in the past 6 months by history or a positive urine
drug screen on the day of the study, or any history of
pathological gambling screened using items from the South
Oaks Gambling Screen. No subjects had received ECT within
6 months of study enrollment. Control subjects were excluded
if they met criteria for any Axis I psychiatric disorder over
their lifetime.

On initial assessment, all included subjects met criteria for
a major depressive episode. However, at time of neuroimag-
ing when the BDI was completed, several subjects (n=5 in
monetary reward task sample and n=6 in resting-state
sample) reported only minimal depressive symptoms. While
increased range of depressive symptoms enhanced power to
detect dimensional associations between imaging phenotypes
and depression severity, the results reported herein were
qualitatively similar when subjects with minimal depressive
symptoms at time of scan were excluded.

Functional imaging data were acquired on 90 adults in
total before quality assurance. Of these subjects, 88 had
complete data from the monetary reward task. However, 11
subjects were excluded from the final analysis sample of the
monetary reward task due to failure to perform the task at a
basic level (>4 nonresponses per run or invariant choices in
the task; n=8), excessive in-scanner motion (mean relative
displacement >0.5mm; n=1), or poor image coverage of
the brain (n=2). Thus, following quality assurance, 77
subjects were included in final analysis of the task fMRI data,
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including 23 subjects with bipolar depression (21 bipolar
type I), 22 with unipolar depression, and 32 healthy controls.
Task-related fMRI data from control participants were
included as part of a previous report on amotivation in
schizophrenia (Wolf et al, 2014), but was collected over
approximately the same time period as that of the mood
disorder subjects using identical study procedures.
Resting-state functional connectivity data were available for
87 subjects. Notably, the resting-state scan provided indepen-
dent data from the reward task acquisition, allowing convergent
analyses of reward system function outside task conditions. Of
the 87 subjects studied, data from 4 subjects were excluded due
to excessive in-scanner motion. Because resting-state functional
connectivity data are particularly sensitive to the confounding
influences of motion artifact (Satterthwaite et al, 2012), as in
our prior work we used a lower threshold of 0.3 mm mean
relative displacement for exclusion (Satterthwaite et al,
2013a,b). Nonetheless, as described below, motion was still
included as a covariate in all group level models. The final
sample for resting-state data comprised 83 subjects, including
27 subjects with bipolar depression (25 bipolar type I), 23
patients with unipolar major depression, and 33 healthy
controls. All mood disorder patients were receiving medica-
tion (see Supplementary Table S1). Overall, 89 of the 90
subjects for whom data were acquired were included in
either the monetary reward or resting-state analyses.
Demographics for this sample are detailed in Table 1.

Image Acquisition and fMRI Paradigm

All imaging data were acquired on a 3T Siemens TIM TRIO
scanner with a 32-channel head coil (see Supplementary
Table S2). Sequences acquired included a T1-weighted
structural image, a B0 field map for distortion correction,
two runs of the monetary reward task, and a resting-state
acquisition measuring functional connectivity. Two runs of
a reward task using facial affective feedback were also
performed; results will be presented elsewhere. The monetary

Table | Sample Demographics

reward task (Wolf et al, 2014) was adapted from Delgado
et al (2000). In each trial, subjects viewed the back of a card,
and guessed whether the front of the card would be red or
black (Figure 1a). Correct guesses gained $5.00 and incorrect
guesses lost $4.75. Subjects were instructed that outcomes
depended on their guesses, but in fact outcome order was

CHOOSE

Black Win $5.00! Lose $4.75!

Choice Outcome
2s 2s

Win > Lose

M Win > Lose Activation
Bl Value System Meta-Analysis
Overlap

Figure | Task paradigm and activation. (a) Schematic of the fMRI
monetary reward paradigm. (b) Win vs loss contrast robustly activates the
reward system. The reward system (yellow) as defined by the Bartra et dl,
meta-analysis encompasses the reward value regions including ventral
striatum, ventromedial prefrontal cortex, and posterior cingulate cortex as
well as reward salience regions including anterior cingulate, thalamus, and
anterior insula. Task activation in the win vs loss contrast (blue) robustly
(z>3.09) activates every element of this system with a high degree of
overlap (red). (c) Across the whole brain, bilateral ventral striatum was the
most strongly activated region.

Bipolar depression (n=27) Unipolar depression (n=25) Healthy controls (n=37) P-value

Variable

Age (mean, years) 365 (11.9)
Gender (% female) 63%
Handedness (% right) 89%
Race (% Caucasian) 63%
Smoke (%) 26%
Education (mean, years) 153 (22)
Maternal education(mean, years) 149 (2.8)
Beck Depression Inventory (mean total) 21.75 (771)
Number of depressive episodes (mean) 10.5
Number of manic episodes (mean) 6.7
Antipsychotic medication (%) 41%
Mean dose of antipsychotic medication (CPZ equiv, mg)® 342
In-scanner motion: card task (mean, mm) 0.12 (0.05)
In-scanner motion: resting state (mean, mm) 0.08 (0.05)

38.8 (12.8) 39.5 (11.6) ns.
44% 49% ns.
84% 92% ns.
48% 51% ns.
24% 30% ns.

14.6 (2.5) 14.8 (22) ns.

135 (27) 14.0 (2.7) ns.

25.16 (8.63) 1.32 (2.15) ns?
6.8 NA ns.
NA NA NA
8% NA 0.02
303 NA ns.

0.13 (0.08) 0.1'1 (0.05) ns.

0.09 (0.06) 0.08 (0.03) ns.

*Comparison of bipolar and unipolar depressed groups. "Mean calculated among subjects taking antipsychotics.
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pseudorandomized with an equal number of wins and losses
yielding $6.50 given to the subject at the end of the study.
Each individual trial contained two parts, a guessing phase
(2s) and an outcome phase (2s), separated by a jittered
intra-trial delay (2-12's, mean 5 s); inter-trial intervals were
jittered the same way. Each card task run comprised 336 s of
analyzed data including 24 trials (12 win and 12 loss).
Resting-state imaging was performed on the same subjects
(6 min, 12s), during which time subjects were instructed to
fixate on a displayed crosshair and remain still.

Structural Image Processing and Functional Image
Registration

To maximize sensitivity to detect effects in small subcortical
structures like the ventral striatum, advanced structural
image processing and registration procedures were em-
ployed. The T1 image was skull stripped using a multi-atlas
skull strip procedure (Doshi et al, 2013) followed by
multiplicative intrinsic component optimization for bias
correction and tissue segmentation (Li et al, 2014). Images
were registered to the Montreal Neurological Institute
template using a highly-accurate deformable registration
with attribute matching and mutual-salience weighting (Ou
et al, 2011). Functional images were distortion-corrected
using the BO-map, co-registered to the structural image with
boundary-based registration (Greve and Fischl, 2009), and
normalized to template space by concatenating all trans-
forms so that only one interpolation was performed.

Image Analysis: Monetary Reward Task

Monetary reward task image preprocessing and time-series
analyses were performed using FEAT in FSL (Jenkinson
et al, 2012). As in original reports using this type of paradigm
(Delgado et al, 2000), as well as our previous report using
this task (Wolf et al, 2014), because of the robust and
selective activation of VS to monetary wins compared with
monetary losses, our a priori contrast of interest was win >
loss outcomes. Notably, while we have previously observed
that activation on this contrast is maximal in reward value
regions (eg, the vmPFC and anterior-ventral portions of VS),
it additionally activates regions involved in saliency proces-
sing, including anterior cingulate, anterior insula, and
thalamus. This activation may be due to these regions being
more sensitive to the salience of rewards than punishments,
or to wins being more salient than losses in this task (eg,
because the amount won was slightly greater than the
amount lost). However, as the task design does not include
neutral outcomes, it cannot completely disentangle value and
salience effects.

Images were slice-timing corrected, skull-stripped, mo-
tion-corrected, high-pass filtered (100 s), spatially smoothed
(6 mm FWHM), and grand mean scaled. Subject-level time-
series analysis was carried out using FSL’s improved linear
model; task regressors (event duration 2s) were convolved
with a canonical double-gamma hemodynamic response
function. Win and lose trials were modeled as separate
regressors during the outcome phase of the task. The guessing
phase, outcome phases for non-response trials, rare extra-
neous button presses, and six motion parameters were all
included in the model as nuisance regressors.
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Analysis of activation during the card task focused initially
on the brain’s reward system, followed by exploratory whole-
brain analyses. The reward system was defined a priori based
on the regions responsive to either positive or negative
outcomes in Bartra et al (2013) meta-analysis (Figure 1b).
This inclusive definition identifies both areas that primarily
respond to reward value and areas that primarily response to
reward salience. This approach also allowed us to examine
the resting-state connectivity data within a network of
regions related to value and salience processing defined in an
unbiased manner.

Two group-level analyses were conducted. The first
examined group differences using a voxelwise 3 x 1 ANOVA.
Second, the dimensional effect of depression severity (eg,
total BDI) across the two mood groups was evaluated. Both
models included sex, age, race, and in-scanner motion as
covariates. Notably, group was also accounted for in the
analysis of depression severity. Group-by-depression severity
interactions were not found in the reward system and thus
were not examined further. Significant effects were defined
in voxelwise task fMRI data as clusters with a voxel height of
z>2.33 (uncorrected P<0.01) and cluster-corrected P<0.01,
using AFNI AlphaSim. This minimum significant cluster size
within the reward system was 90 voxels; for follow-up whole
brain exploratory analyses the minimum cluster size was 138
voxels. Images were rendered for display using Mango
(http://ric.uthscsa.edu/mango/mango.html).

Image Analysis: Resting-State Functional Connectivity

We evaluated resting-state functional connectivity using a
network analysis of regions implicated in reward value and
reward salience processing. Peak coordinates from the
Bartra et al (2013) meta-analysis were used to define 11
nodes (Supplementary Table S3) comprising an undirected,
weighted network of 53 unique edges. It should be noted that
these regions span several classic resting-state networks
including the salience, cingulo-opercular, and default mode
networks. Briefly, resting-state time-series were distortion
corrected, slice time corrected, skull-stripped, realigned, and
spatially smoothed at 6 mm FWHM. To limit the influence
of motion artifact, confound regression using a 24 parameter
model was performed, including six realignment parameters
as well as their squares, temporal derivatives, and square of
the temporal derivative (Friston et al, 1996; Satterthwaite
et al, 2013a,b; Yan et al, 2013a,2013b); it should be noted
that in this confound regression model white matter, CSF,
and global signals are not included. Data were band pass
filtered to retain frequencies between 0.01 and 0.08 Hz; the
same filter was also applied to confound regressors to prevent
frequency mismatch (Hallquist et al, 2013). Registration of pro-
cessed resting-state time-series to template space was applied as
described above. Functional connectivity was calculated for
each unique network edge, defined as the z-transformed
Pearson’s correlation between node time-series.

Group-level models evaluated the resting-state connectiv-
ity data at two levels of resolution, including (a) overall
connectivity strength of each node and (b) connectivity at
each network edge. Node strength, defined as the sum of the
connectivity strength of each network edge connected to a
given node, was calculated using the Brain Connectivity
Toolbox (Rubinov and Sporns, 2010). Group-level analyses
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for both nodewise and edgewise data were conducted as for
the task data using linear models implemented in R. As for
the reward task, two group-level analyses were conducted. The
first examined the dimensional effect of depression severity
across the two mood groups; the second examined group
differences. As for analysis of task data, models included sex,
age, race, and in-scanner motion as covariates. Multiple
comparisons for both nodewise and edgewise tests were
accounted for using the false discovery rate (FDR Q<0.05).
Post hoc pairwise comparisons between groups were com-
puted using the least squares means procedure with a Tukey’s
correction for multiple comparisons. Network results were
rendered for display with custom software written using
Mayavi (Ramachandran and Varoquaux, 2011).

Evaluation of Potentially Confounding Variables

On the basis of prior reports that have documented alterations
in reward system responses in association with antipsychotic
usage (Abler et al, 2007) or smoking status (Peters et al, 2011),
we evaluated the influence of these potentially confounding
variables in the present data. Heterogeneity of antidepressants
and mood stabilizers used in mood disorder subjects pre-
cluded formal evaluation of their impact on observed results
(see Limitations, below). Specifically, we re-evaluated signifi-
cant results on a clusterwise (monetary reward task) or
nodewise (resting connectivity) basis with the addition of
either smoking status or antipsychotic dose (in chlorproma-
zine equivalents) as an additional model covariate.

Supplementary Analyses of Additional Symptom
Dimensions

While this study was designed to examine reward system
dysfunction in relation to depressive symptomatology in
both unipolar and bipolar depression, both sub-domains of
depression and other symptom domains may be of interest
and were examined as supplementary analyses. Specifically,
given prior research relating anhedonia to reward system
dysfunction in multiple psychiatric disorders (Juckel et al,
2006; Wolf, 2006; Harvey et al, 2007; Wolf et al, 2008;
Pizzagalli et al, 2009; Treadway and Zald, 2011; Gabbay et al,
2013; Hégele et al, 2014) anhedonia was examined using a
sub-set of anhedonia-related items from the BDI (Joiner
et al, 2003). Furthermore, we similarly examined the
relationship with BDI items wunrelated to anhedonia.
Additionally, the impact of hypomanic spectrum symptoms
was assessed in bipolar subjects using the total mania score
of the Bipolar Inventory of Symptoms Scale (BISS; Bowden
et al, 2007). Models investigating win vs loss activation in the
monetary reward task and nodewise connectivity strength in
the resting-state data were constructed identically to those
used for examination of the BDI as described above.

RESULTS
Monetary Reward Task Recruits the Reward System

The win > loss contrast robustly recruited regions known to
be involved in reward value and reward salience processing,
including ventral striatum, ventromedial prefrontal cortex,
thalamus, anterior cingulate, posterior cingulate, and anterior

Neuropsychopharmacology

insula. Areas of activation in this contrast overlapped highly
with regions identified by the Bartra et al meta-analysis
(Figure 1b). While this task cannot fully disentangle value and
salience effects, maximal activation in the contrast of interest
was observed in regions known to respond more to rewards
than to punishments, including the bilateral ventral striatum
(Figure 1c) and the ventromedial prefrontal cortex.

Depression Severity Is Related to Blunted Recruitment
of Reward System

Depression severity (total BDI), regardless of clinical diagnosis,
was dimensionally associated with diminished activation of the
reward system in the win > loss contrast. Across both bipolar
and unipolar depressed patients, higher levels of depression
were correlated with diminished activation of key hubs of the
reward system, including bilateral ventral striatum and
posterior cingulate, as well as reward salience regions such as
the anterior insula and anterior cingulate (see Figure 2 and
Table 2A). When these clusters were examined within each
group, similar effects were found in both bipolar and unipolar
depression (Supplementary Table S4). Notably, all regions were
located within the a priori mask, but effects were also robust
enough to survive whole-brain correction for multiple
comparisons. Additionally, results remained significant when
these clusters were re-evaluated with smoking status or
antipsychotic dose included as a model covariate.

Depression Severity Is Associated with Lower Reward
Network Resting-State Connectivity

Examination of connectivity revealed convergent results:
dimensional depression severity correlated with diminished

=
s
c
1)
@
(=]
=)
=]
@

10 20 30
Total BDI

Figure 2 Depression severity is associated with diminished reward
system activation. Activation in the win > loss contrast is dimensionally
reduced in association with depression severity across both unipolar and
bipolar depressed groups. Reward system regions showing a significant
(z>2.3, whole brain corrected P<0.01) reduction in activation included
bilateral ventral striatum, anterior cingulate cortex, posterior cingulate
cortex, and right anterior insula.



Table 2 Neuroimaging Results
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A. Association Between Depression Severity (BDI) and Activation on Win > Loss Contrast

Region MNI coordinates
Posterior cingulate -10,-32,32
Right anterior insula 32,22, —4
Left ventral striatum — 14,10, -4
Right ventral striatum 18, 14, —2
Anterior cingulate 10, 30, 26

Cluster size (vox) Max (2)
444 343
384 363
352 344
297 361
294 346

B. Association Between Depression Severity (BDI) and Overall Connectivity Strength of Value Network Nodes

Node
Left ventral striatum 48

t-Value

Corrected P-value

C. Association Between Depression Severity (BDI) and Connectivity of Value Network Edges

Node |

Left ventral striatum

Node 2
Left thalamus
Left ventral striatum Right thalamus
Right ventral striatum Left thalamus
Right ventral striatum Right thalamus

vmPFC VTA

D. Group Differences in Overall Connectivity Strength of Value Network Nodes

Node F-value
Left ventral striatum 4.6
Left anterior insula 49
VTA 6.3
Anterior cingulate 6.7
Right thalamus 6.2

0.0002
t-Value Corrected P-value
37 0.008
4.5 0.003
2.3 0.03
38 0.008
4.1 0.005

Corrected P-value Effect
0.03 Control > MDD
0.03 Control > MDD
001 Control > MDD
001 Control & BP > MDD
0.01 Control & BP > MDD

resting-state functional connectivity across both unipolar
and bipolar depression. Evidence for impaired resting-state
functional connectivity was present on both nodal (Table 2B)
and edgewise scales of analysis (Table 2C). In particular,
nodal connectivity strength of the left ventral striatum
exhibited a robust negative relationship with depression
severity (partial r=-0.59, uncorrected P=1.8x10"">
FDR-corrected P=0.0002; see Table 2B and Figure 3a and
b). This effect was similar in both unipolar (partial
r=—0.65) and bipolar depressed groups (partial r=—0.58).
No dimensional effects survived FDR correction at other
network nodes. Results remained significant when smoking
status or antipsychotic dose was modeled as a covariate.

Analysis of the dimensional effect of depression on
connectivity at individual network edges (Table 2C) also
revealed diminished connectivity with greater depression
severity, including connectivity between the ventral striatum
and the thalamus, as well between as the ventral tegmental
area and the ventromedial prefrontal cortex. No network
nodes or edges demonstrated increased connectivity with
depression severity.

Categorical Differences Between Bipolar and Unipolar
Depression

The dimensional results establish that depression severity in
both unipolar and bipolar depression is associated with

diminished task activation and reduced functional connec-
tivity at rest within the reward system. We next tested for
group differences between these diagnostic groups as well as
healthy controls. No clusters survived correction for multiple
comparisons in the between-group ANOVA of the win > loss
contrast. However, based on prior reports of differences
between groups, we conducted exploratory pairwise compar-
isons which revealed that bipolar subjects had greater
activation than unipolar patients in the left ventral striatum,
with a sub-threshold effect present in the right ventral striatum
as well (Supplementary Figure S1); comparison subjects did
not differ significantly from either patient group. No other
exploratory pairwise group comparison yielded significant
results.

Analysis of connectivity data revealed qualitatively similar
but more robust categorical group differences. Nodewise
analysis of the resting-state connectivity data revealed that in
ventral striatum, anterior insula, VTA, and thalamus,
patients with unipolar depression showed reduced nodal
connectivity strength relative to both bipolar subjects and
healthy comparison subjects (see Table 2D and Figure 3c
and d). These results remained significant when smoking or
antipsychotic dose was modeled as covariates. Healthy
comparison subjects and those with bipolar depression did
not differ in nodal connectivity. No categorical differences
between groups survived FDR correction when individual
network edges were analyzed.
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Figure 3 Reward network resting-state connectivity reveals common dimensional effects of depression severity across groups as well as between-group
differences. (a) Greater depression severity in both unipolar and bipolar depression was associated with diminished connectivity within the reward network.
The most notable association with depression severity was seen at the left ventral striatum, where total reward network connectivity strength was robustly
reduced in proportion with depression severity (b; partial r=—0.59). (c) In addition to dimensional across-group effects of depression severity, between-group
differences in reward network connectivity were also observed. In four nodes within the reward system, unipolar depression subjects (MDD) demonstrated
diminished connectivity within the reward network compared with healthy controls and bipolar depression subjects (BP). (d) Mean nodal connectivity strength
across the four nodes (red) where a group difference was found. Error bars represent 95% confidence intervals. In (a and c), nodes are colored according to
strength of association (red: FDR Q < 0.05; blue: uncorrected P<0.05; black: NS). Edges with a significant FDR-corrected effect are colored green; yellow

indicates uncorrected P<0.05.

Supplementary Analyses of Additional Symptom
Dimensions

As a final step, we performed supplementary analyses
examining anhedonic (and non-anhedonic) symptoms
across both groups as well as hypomanic-spectrum symp-
toms in the bipolar group. Notably, both anhedonic and non-
anhedonic depressive symptoms as measured by the BDI
were significantly related to reduced VS activation on the win
vs loss contrast. However, this relationship was of a similar
magnitude to that seen with overall depression severity (total
BDI). A trend toward diminished VS connectivity strength
was similarly seen in association with anhedonic symptoms,
and a significant relationship was seen with non-anhedonic
symptoms, but the relationship was less robust than that seen
with total depression severity. Finally, no significant relation-
ships between hypomanic symptoms in the bipolar group
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and task activation or resting-state connectivity in bipolar
subjects were observed.

DISCUSSION

Our results demonstrate that symptoms of depression are
related to reduced activation and connectivity of the brain’s
reward system in both unipolar and bipolar depression. In
addition to this common dimensional effect, we found group
differences in average levels of reward system connectivity,
with greater connectivity in bipolar than in unipolar depres-
sion. These results provide novel evidence for common and
dissociable neural correlates of depression across mood
disorders.

Our results agree with prior work demonstrating reduced
brain reward responses in unipolar major depression
(Pizzagalli et al, 2009; Smoski et al, 2009; Robinson et al,



2012; Stoy et al, 2012; Dillon et al, 2013). However, prior
studies have typically focused on categorical differences
between a given diagnosis and healthy comparators, and
have not related reward hypo-responsivity to depression
severity across mood disorder diagnostic categories. Our
dimensional approach and findings are consistent with the
overarching aims of the NIMH Research Domain Criteria
(Insel et al, 2010), and demonstrate that blunted reward
system responsiveness scales with symptom severity in both
bipolar and unipolar depression. Using the same task, we
recently found that ventral striatum hypofunction selectively
related to the severity of behavioral amotivation in schizo-
phrenia (Wolf et al, 2014). Thus, reward system pathology
may contribute to clinical reward dysfunction across multi-
ple psychiatric disorders. Further confirmation comes from
an important recent study by Hégele et al (2014), which
demonstrated that depressive symptoms are associated with
a similar blunting of reward responses in a large sample of
patients with diverse diagnoses.

In comparison with imaging studies examining reward
system function in unipolar major depression, there is a
relative dearth of prior work examining reward system
function in bipolar depression. To our knowledge, the only
published work was the recent study by Chase et al, who
compared reward prediction errors in bipolar and unipolar
depression. This study did not identify reductions in ventral
striatum activation in either group. While there are multiple
differences with the current study, including the paradigm
used and the analytic approach, the dimensional approach of
our study may have provided greater sensitivity; indeed, for
the task activation data, dimensional effects were more
robust than group differences.

Results from resting-state connectivity build upon several
small prior studies that have examined both unipolar and
bipolar depression and have produced somewhat hetero-
geneous results. Anand et al (2009) reported reduced
anterior cingulate connectivity in a mixed sample of unipolar
depressed, manic bipolar, and bipolar depressed patients.
In a study of bipolar and unipolar depressed patients,
Marchand et al (2013) found differences in posterior
cingulate connectivity profiles. Most recently, and consistent
in part with the current results, Liu ef al (2012) reported that
insula amplitude of low-frequency fluctuations (ALFF) was
higher in bipolar than in unipolar depression, and that lower
ALFF was associated with depression severity in both
disorders.

The network analysis we conducted focused on the reward
system, and revealed that connectivity was reduced in
proportion to depression severity across both unipolar and
bipolar depression. In particular, the single node that
survived correction was the left ventral striatum, which
demonstrated a robust negative relationship between depres-
sion severity and connectivity strength within the reward
network. The concordance with results from task-related
fMRI suggests that common dimensional abnormalities of
the reward system are present not just during active reward
processing but at rest as well, potentially mediating persistent
and endogenous reductions in mood.

In addition to this evidence of common across-group
effects of depression severity, there were between-group
differences in connectivity as well. Results suggest that
although common dimensional effects of depression severity
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on the reward system occur across disorders, these effects are
superimposed upon differences in reward system con-
nectivity, where patients with unipolar depression showed
diminished connectivity compared with controls and bipolar
depression subjects.

Although less robust, a similar effect of diagnosis was also
seen in the monetary reward task, where exploratory
pairwise comparisons demonstrated higher ventral striatum
activation in bipolar depression than in unipolar depression.
However, this effect was not significant in the voxelwise
ANOVA, and should thus be interpreted with caution. The
lack of categorical group differences between either patient
group and controls on the monetary reward task was
somewhat unexpected, especially for the unipolar depression
group, where multiple prior studies have shown blunting of
reward system responses (Pizzagalli et al, 2009; Smoski et al,
2009; Robinson et al, 2012; Stoy et al, 2012; Dillon et al,
2013). This may be due to the range of depression severity
present in unipolar patients included in the current study;
given the dimensional effects we observed, we would expect
categorical group effects to be more robust in patient groups
with more severe symptoms.

Notably, bipolar depressed patients did not significantly
differ from healthy controls on either reward system
activation or connectivity. However, prior research suggests
that bipolar patients studied during mania or euthymic states
may have enhanced reward responses (Abler et al, 2008;
Nusslock et al, 2012; Caseras et al, 2013). Although
speculative, it is possible that patients with bipolar disorder
may have tonically elevated reward system activation and
connectivity, which is dimensionally blunted in depressive
episodes. The co-occurrence in bipolar disorder of elevated
average reward system function and depression-dependent
hypofunction in this circuit could potentially reflect antag-
onistic or compensatory processes that contribute to the
cyclicity of mood abnormalities. Such an interpretation is
suggested in part by data showing higher levels of behavioral
activation (using the BIS/BAS scale) in bipolar than in
unipolar patients who were in a major depressive episode
(Quilty et al, 2014).

Several limitations should be noted. First, while the results
link reward system hypofunction and depression severity,
these associations do not establish causation. Future studies
employing animal models and treatment interventions can
test this link mechanistically. Second, all mood disorder
patients in this study were medicated, and while we did not
observe any effects of antipsychotic dosage on results, we
cannot completely exclude a potential influence of between-
group differences in medications on observed results.
Heterogeneity of the antidepressants and mood stabilizers
used precluded formal evaluation of their impact on
observed results. However, it seems quite unlikely that the
heterogeneous medications within each group would pro-
duce the common dimensional effects across groups. Past
work has also suggested that medication effects in fMRI
studies of mood disorders tend to normalize brain responses
(Hafeman et al, 2012), and such effects would not explain the
current pattern of results. Third, although the differences we
observe between dimensional and categorical analyses
suggest distinct and potentially inter-related state and trait
abnormalities in reward system function, our cross-sectional
sample limits interpretation. Longitudinal studies spanning
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mood state transitions will be required to rigorously
disentangle state vs trait effects of reward system dysfunction
in mood disorders. Fourth, while the win vs loss contrast of
this study most strongly activates regions linked primarily to
reward value processing, it also activates regions implicated
in reward salience processing. Therefore, although we have
primarily interpreted our results in context of literature
regarding reward-related dysfunction in mood disorders,
future work should attempt to specifically parse deficits in
reward value and reward salience systems (Zink et al, 2003,
2004, 2006), which may be distinct in clinical populations.

Finally, recent work in depression (Pizzagalli et al, 2005,
2009; Gabbay et al, 2013), and our own work in schizo-
phrenia (Wolf et al, 2014) suggests the merit of investigating
more specific components of psychopathology such as
anhedonia (Treadway and Zald, 2011), amotivation, or
irritability (Stringaris et al, 2009) rather than overall
depression severity. While in this study we did not find a
specific relationship between reward system dysfunction
and anhedonia-related items on the BDI, more detailed
assessments might be more sensitive; the truncated range of
anhedonia items from the BDI used here may have limited
detection power. Given the prevalence of anhedonic
symptoms across both mood and psychotic disorders
(Wolf, 2006; Treadway and Zald, 2011; Hagele et al, 2014),
such work could be conducted on a dimensional basis across
a wider spectrum of disorders as well as in developing
populations (Casey et al, 2014). Indeed, recent work by
Higele et al (2014) showed similar dimensional reward-
system dysfunction in relation to depressive symptoms
across multiple disorders including schizophrenia, alcohol-
ism, ADHD, bipolar disorder, and MDD, emphasizing the
relevance of such research beyond mood disorders alone.

These limitations notwithstanding, our results suggest that
reward system dysfunction may give rise to symptoms of
depression in both bipolar depression and unipolar depres-
sion. However, these common dimensional changes may
occur relative to a different baseline in the two disorders, as
reflected by the observed group differences in connectivity.
Further efforts to disentangle shared and divergent mechan-
isms of depression could yield critical advances in our ability
to distinguish bipolar and unipolar depression, without
relying on a history of manic symptoms. As this history may
be difficult to obtain, and since bipolar disorder may present
first with a depressive episode, this diagnostic advance would
facilitate appropriate treatment of bipolar disorder especially
in the early stages. In the future, reward system activation
and connectivity have the potential to be useful imaging
biomarkers in the context of drug discovery and clinical trials
for treatment of mood disorders.
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