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Background: Existing models of the pathophysiology of bipolar disorder posit disruption in neural cir-
cuits of emotion regulation and reward processing. However, few fMRI studies have compared regional
brain activity and connectivity in different mood states in bipolar disorder to determine if manic
symptomatology is reflected in specific circuit abnormalities. The purpose of this study was to test the
hypothesis that bipolar mania is associated with altered connectivity between cortical regions thought to
regulate subcortical structures such as the amygdala and striatum.
Methods: 28 subjects with bipolar disorder in a manic state, 24 different bipolar subjects in a euthymic
state, and 23 matched healthy comparison subjects underwent resting state fMRI scans. Several cortical
and sub-cortical structures implicated in the pathogenesis of bipolar disorder were selected for study. We
conducted a whole-brain analysis of functional connectivity of these regions.
Results: Bipolar mania was differentiated from euthymia by decreased functional connectivity between
the amygdala and anterior cingulate cortex (ACC). Mania was also characterized by increased con-
nectivity between amygdala and dorsal frontal cortical structures that are normally anti-correlated in
emotion regulation tasks.
Limitations: Both groups of bipolar subjects were prescribed medications. The study was not longitudinal
in design.
Conclusions: Compared to bipolar subjects in a euthymic state, subjects in the manic state demonstrate
disrupted functional connectivity between brain regions involved in the regulation of emotion and the
amygdala. This disruption of activity in neural circuits involved in emotion may underlie the emotional
dysregulation inherent to a bipolar manic episode.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Bipolar disorders are debilitating psychiatric disorders esti-
mated to affect between 2% and 5% of the population (Merikangas
et al., 2007). These disorders are characterized by emotional dys-
regulation and the appearance of persistent pathological mood
states of depression and mania. While the variable manifestations
of bipolar disorder have been described since antiquity, a recent
body of scientific inquiry seeks to define the underlying changes in
neural activity associated with different mood states. These studies
have revealed alterations in neural activity during task based
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emotion and reward processing (Phillips and Swartz, 2014; Stra-
kowski et al., 2012)). Are these disorders reflected in a disruption
of neural circuits involved in these functions? A growing con-
sensus of research suggests that this is the case. In a consensus
model of the neuroanatomy of bipolar disorder, “bipolar I disorder
arises from abnormalities in the structure and function of key
emotional control networks in the human brain” (Strakowski et al.,
2012). Most of the data informing this model is drawn from stu-
dies comparing bipolar subjects to other populations. Very few
neuroimaging studies have directly compared functional con-
nectivity in different mood states in bipolar disorder, leaving the
nature of state versus trait abnormalities in neural circuitry un-
clear (Chen et al., 2011; Townsend and Altshuler, 2012). In this
manuscript we examine how different mood states in bipolar
disorder are reflected in changes in neural circuitry.

We sought to test the hypothesis that compared to the
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euthymic state, the manic state is associated with a disruption of
neural circuit connectivity between cortical and subcortical re-
gions. This disruption could impair the control of subcortical re-
gions by frontal cortical structures, giving rise to autonomous ac-
tivity in structures such as the amygdala, possibly resulting in the
dysregulated and persistent abnormal emotions observed in bi-
polar mania.

In this experiment we used resting state functional magnetic
resonance imaging to examine spontaneous neural activity in
subjects with bipolar disorder type I in a manic state, subjects with
bipolar disorder type I in a euthymic state, and matched healthy
comparison (HC) subjects. Using existing models of the patho-
genesis of bipolar disorder (Phillips et al., 2008; Strakowski et al.,
2012), we examined subcortical structures implicated in emotion
generation and reward seeking behavior (the amygdala and ven-
tral striatum) and cortical structures thought to exert top-down
control over these subcortical regions (the anterior cingulate cor-
tex (ACC), orbitofrontal cortex (OFC), and ventrolateral prefrontal
cortex (VLPFC)). We chose to measure whole brain connectivity to
these ROIs rather than confining our analysis to between-ROI
connectivity for the following reasons: First, we believe that dif-
ferences detected under a more statistically stringent whole brain
analysis will be more significant and more likely to be replicable.
Second, while there are existing consensus models of the neu-
roanatomy of bipolar disorder, we are not aware of broadly ac-
cepted models of the neuroanatomy/circuit differences between
states in bipolar disorder. We therefore used the identified regions
as a starting point (ROIs) but chose to examine connectivity across
the entire brain. We hypothesized that we would observe a loss of
functional connectivity between cortical and subcortical structures
in mania when compared to euthymia. We base this on the hy-
pothesis that the behavioral manifestations of bipolar mania such
as emotional lability and reward seeking/appetitive behaviors may
be reflected in altered dynamics between subcortical structures
implicated in these behaviors and the cortical structures im-
plicated in the regulation of these behaviors. If this hypothesis
were correct, we would expect the normal pattern of correlations
or anticorrelations between these structures observed in bipolar
euthymia to be altered in bipolar mania.
2. Methods

2.1. Participants

The study was approved by the McLean Hospital Institutional
Review Board, and all participants gave written informed consent
before participating. To ensure that participants understood the
study, we conducted an informed consent survey, including simple
questions about risks and benefits and the ability to withdraw
consent. If the participants did not answer all questions correctly,
the informed consent document was re-reviewed and under-
standing retested to ensure comprehension. Bipolar subjects in a
manic state were mainly recruited from McLean Hospital inpatient
units, as in our previous studies (Ongur et al., 2010). Bipolar sub-
jects in a euthymic state were primarily recruited from McLean
inpatient units and returned to participate in the study as
outpatients.

Diagnosis was determined using the Structured Clinical Inter-
view for the DSM-IV (SCID) (First and New York State Psychiatric
Institute, Biometrics Research, 2007). Patients were assessed by
trained research staff. We carried out monthly reliability exercises
where a study subject was interviewed in the presence of the
research team. Each rater assessed the subject independently.
Reliability was measured by the fraction of raters who showed
perfect agreement on a specific measure. Rates of agreement were
perfect (1.0) for SCID diagnoses, near-perfect for current mood
episodes (1.0 for major depression, 0.93 for mania). For the bipolar
subject groups, group assignment was made using DSM-IVTR cri-
teria. All subjects in the mania group met DSM-IVTR criteria for
the diagnosis of bipolar disorder type I and met criteria for current
manic episode. All subjects in the euthymia group met DSM-IVTR
criteria for the diagnosis of bipolar disorder type I but did not meet
criteria for any current mood episode.

Exclusion criteria included age outside the range of 18–65, any
neurological illness, positive pregnancy test or lactation, electro-
convulsive therapy in the last three months, history of head
trauma with a loss of consciousness lasting more than a few
minutes, and contraindications to magnetic resonance imaging.

28 subjects diagnosed with bipolar disorder I, currently manic,
24 subjects with bipolar disorder I, currently euthymic, and 23 HC
subjects participated in the study. Demographic, clinical, and
medication regimen information are summarized in Table 1. Of the
subjects in the bipolar mania group most (25 of 28) were hospi-
talized for a manic episode when they participated in this study.
26 of 28 subjects had a YMRS of 20 or more. The 24 subjects in the
euthymic group were all in outpatient treatment when they par-
ticipated in the study. Almost all of the euthymic bipolar subjects
(23 of 24) had a previous history of hospitalization and the median
time since last hospitalization was 6.5 months. All euthymic sub-
jects were euthymic for at least one full month before participa-
tion in this study and all had a YMRS of less than 12. Subjects were
assessed using the SCID, Young Mania Rating Scale (YMRS),
Montgomery–Asberg Depression Rating Scale (MADRS), and Posi-
tive And Negative Syndrome Scale (PANSS) on the day of the study.
HC subjects were assessed using the SCID.

2.2. Clinical characteristics

Subject groups were compared for demographic and, where
applicable, clinical characteristics such as age, sex, symptom scale
scores (YMRS, PANSS, PANSS positive subscale), the presence or
absence of categories of medications prescribed (e.g. antic-
onvulsants) and prescribed antipsychotic dose (in chlorpromazine
equivalents). For all subject's scans, the framewise displacement
(FD) between TRs was calculated as in Power et al. (2012) and the
mean FD for each subject was entered into comparisons across
subject groups.

Repeated Shapiro-Wilk tests for normality revealed that on clin-
ical measures (YMRS, PANSS, PANSS positive subscale) the euthymic
group demonstrated a non-normal distribution of values skewed
towards low values on these measures. For comparisons on these
measures, the non-parametric Mann-Whitney U test was used.

2.3. MRI data acquisition

Data were acquired on a 3T Siemens scanner using a standard
12-channel head coil. The echoplanar imaging parameters were as
follows: repetition time¼3000 milliseconds; echo time¼30 mil-
liseconds; flip angle¼85°; 3�3�3-mm voxels; field of view, 216;
and 47 axial sections collected with interleaved acquisition and no
gap. Structural data included a high-resolution, multiecho, T1-
weighted, magnetization-prepared, gradient-echo image. All par-
ticipants underwent two resting fMRI runs with the instructions
‘remain still, stay awake, and keep your eyes open’. Video re-
cording was used to confirm the awake, eye-open state. Each
functional run lasted 6.2 min (124 time points).

2.4. MRI data processing

The imaging data were preprocessed using the Data Processing
Assistant for Resting-State fMRI (DPARSF(Chao-Gan and Yu-Feng,



Table 1
Detailed demographics, clinical, and medication information of the study population.

Demographics Statistic

Bipolar-Manic
Subjects (n¼28)

Bipolar-Euthymic
Subjects (n¼24)

Healthy Control
Subjects (n¼23)

Control vs
Mania

Mania vs Euthymia Euthymia vs
Control

Age in years, mean (SD) 27.5 (10.7) 30.9 (11.9) 29.7 (10.9) MW p¼ .174 MW p¼ .060 MW p¼ .840
Sex df¼1 χ2¼ .021

p¼ .884
df¼1 χ2¼ .138
p¼ .711

df¼1 χ2¼ .045
p¼ .831

Male 20 16 16
Female 8 8 7

Clinical characteristics
YMRS, mean (SD) 25.8 (7.28) 2.33 (3.40) n/a MW po .001
MADRS, mean (SD) 12.0 (6.41) 5.33 (5.46) n/a MW po .001
PANSS, mean (SD) 59.0 (10.9) 38.6 (8.11) n/a MW po .001
PANSS positive subscale, mean
(SD)

22.2 (5.60) 9.33 (4.24) n/a MW po .001

Anticonvulsants 11/28 9/24 n/a df¼1 χ2¼ .017
p¼ .895

Antipsychotics 27/28 15/24 n/a df¼1 χ2¼9.58
p¼ .002

CPZ equivalents, mean (SD) 368 (252) 143 (200) n/a MW po0.001
Benzodiazepines 8/28 4/24 n/a df¼1 χ2¼1.03

p¼ .310
Lithium 21/28 16/24 n/a df¼1 χ2¼ .437

p¼ .508
Antidepressants 0/28 1/24 n/a df¼1 χ2¼1.19

p¼ .275
Framewise displacement in mm,
mean (SD)

.149 (.074) .133 (.051) .121 (.071) t(81)¼1.78
p¼ .078

t(79)¼ .587 p¼ .559 t(84)¼1.47 p¼ .152

Abbreviations: MW: Mann-Whitney U Test, PANSS: Positive and Negative Symptom Scale, SD: Standard Deviation, YMRS: Young Mania Rating Scale.
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2010), http://www.restfmri.net). To minimize effects of scanner
signal stabilization, the first four images were omitted from all
analysis. The remaining volumes were realigned and slice timing
corrected to the middle slice. Participants with head motion ex-
ceeding 2 mm in any dimension or 20 of maximum rotation about
three axes through the resting-state run were discarded from
further analysis. This step resulted in a total of 43 analyzed runs
from 28 bipolar-manic subjects, 46 analyzed runs from 24 bipolar-
euthymic subjects, and 40 analyzed runs from 23 HC subjects.
Functional and structural images were co-registered. After the
steps of realigning, slice timing correction, and co-registration, FD
was calculated for all resting state volumes. All volumes with a FD
greater than 0.2 mmwere regressed out during nuisance covariate
regression. Structural images from each subject were then nor-
malized and segmented into gray, white and CSF partitions using
the Diffeomorphic Anatomical Registration Through Ex-
ponentiated Lie algebra (DARTEL) technique(Ashburner, 2007).
The CSF and white matter partitions generated during the seg-
mentation process are later used as regions of interest to extract
the corresponding signals for nuisance covariate regression. To
remove head motion effects, a Friston 24-parameter model(Friston
et al., 1996) was used to regress out head motion effects from the
realigned data (i.e., 6 head motion parameters, 6 head motion
parameters one time point before, and the 12 corresponding
squared items). The CSF and white matter signals, global mean
signal as well as the linear trend were also regressed as nuisance
covariates. After nuisance covariate regression the resultant data
were band pass filtered to select low frequency (0.01–0.08 Hz)
signals. Normalization parameters were then applied to the co-
registered functional images to bring them into a common DAR-
TEL-MNI (Montreal Neurological Institute) space and then
smoothed by a Gaussian kernel of 8 mm3 full-width at half max-
imum (FWHM). Voxels within a group derived gray matter mask
were used for further analyses.

The preprocessing methods described here are chosen to both
allow comparison to existing literature on functional connectivity
in bipolar disorder as well as to remove the effects of head motion
given the known effects of movement on connectivity measures
(Craddock et al., 2013; Power et al., 2012; Power et al., 2014). As
significant disagreement remains in the field about how pre-
processing alters physiologic signals(Gotts et al., 2013), we present
results after alternative preprocessing steps in Supplementary
materials.

2.5. Functional connectivity analysis

To identify mood state related changes in functional con-
nectivity (FC), seed regions were chosen based on consensus
findings from existing research literature. We initially chose a total
of six regions of interest (ROIs): bilateral amygdala, bilateral ven-
tral striatum, ACC, bilateral OFC, right VLPFC and left VLPFC. We
subsequently added two additional ROIs for the right and left
amygdala individually. The amygdala seeds were generated using
Wake Forest University Pickatlas software (WFU Pickatlas, version
3.0.5) (Maldjian et al., 2003). The ventral striatum seed was gen-
erated from an existing parcellation of the striatum (Choi et al.,
2012). The ACC seed was chosen based on previous literature on
ACC connectivity in bipolar disorder: a 9 mm radius sphere cen-
tered on MNI coordinates (x2 y37 z-1) (Anticevic et al., 2015). The
right VLPFC seed was also derived from previous literature on
connectivity in bipolar disorder: a 10 mm radius sphere centered
on MNI coordinates (x40 y20 z-4) (Chai et al., 2011). The left VLPFC
seed was a 10 mm radius sphere placed at a similar position in the
left hemisphere (x-40 y 20 z-4). The OFC seed was generated using
the BA11 mask from WFUPickatlas. The time course of voxels in
these seed regions were extracted and Pearson correlation coef-
ficients between this timecourse and those of all other voxels were
calculated. These values were transformed to Fisher's z scores to
generate maps of functional connectivity.

2.6. Statistical analyses

For each ROI we performed a one-way ANCOVA using statistical
parametric mapping (SPM8, http://www.fil.ion.ucl.ac.uk/spm) to
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compare whole brain functional connectivity across groups with
age and gender as covariates of no interest. The threshold for
cluster level significance was determined using Monte Carlo si-
mulation using AlphaSim as implemented in REST(Song et al.,
2011).

To control for multiple comparisons, only groups of voxels with
a cluster-level significance of po .006 (k¼30 voxels, alpha o .05
corrected for a total of eight different ANCOVA comparisons) were
considered significant and reported.

Post-Hoc two –sample T- contrasts were then performed using
SPM8 to examine differences in FC between groups. Age and sex
covariates were regressed from the T-Tests as nuisance variables.
T-contrasts were performed within clusters found to be significant
in the across group ANCOVA.

The resulting contrast maps were thresholded for voxels with a
P value o .001.

To control for multiple comparisons, only groups of voxels with
a cluster-level significance of p ¼ .001 (k¼34 voxels, alpha o .05
corrected for 48 comparisons: 8 across group�3 between
group�2 to reflect the one-tailed nature of SPM t-test compar-
isons) were considered significant and reported.

For significant between-group results, we performed an addi-
tional T-contrast including mean framewise displacement (FD) for
each run as an additional covariate as suggested by Yan et al.
(2013) as an additional control for movement related effects at the
individual level (detailed in Supplementary Materials).

For significant between group results, we also performed an
additional T-contrast comparing groups using data that had been
preprocessed as described above but without global signal
regression.

As the comparison of group demographic and clinical values
revealed a significant difference in antipsychotic medication do-
sage, we examined the relationship between functional
Table 2
ROIs demonstrating significant differences in whole-brain connectivity across groups.

Seed Region Area Coordinates

Amygdala (bilateral)
BA6 (Left) x-36 y-9 z57
ACC x6 y48 z3
BA5 (right) x18 y-45 z69
BA6 (right) x30 y-6 z54
CBM (left) x-45 y-54 z-39
BA5 (left) x-21 y-48 z66

Ventral Striatum
n/a

ACC
Right amygdala x18 y-3 z-21

Right VLPFC
n/a

Left VLPFC CBM (right) x33 y-69 z-18
BA20 (right ITG) x60 y-9 z-39

Orbitofrontal cortex
CBM (midline) x0 y-57 z-21
DLPFC (left) x-39 y21 z30
BA18 (left) x-3 y-96 z-21

Amygdala (right) ACC x6 y48 z3
BA6 (right) x27 y-6 z51
CBM (left) x-48 y-54 z-42
BA5 (right) x18 y-45 z69
MTG (right) x60 y-21 z-12
BA6 (Left) x-33 y-9 z57
BA39 (right) x54 y-63 z21

Amygdala (left) BA6 (left) x-36 y-9 z57
BA5 (right) x21 y-48 z69
ACC x3 y48 z6

Coordinates are in MNI (Montreal Neurological Institute) space. F is F-statistic at pe
Brodmann Area, CBM: Cerebellum, DLPFC: Dorsolateral Prefrontal Cortex, ITG: Inferior T
SMA: Supplemental Motor Area, VLPFC: Ventro-Lateral Prefrontal Cortex.
connectivity and medication dosage. For each ROI, the zFC maps
for all bipolar subjects (both manic and euthymic) were entered
into a second-level analysis in SPM8 using multiple regression
with chlorpromazine as a covariate to generate maps of how
whole brain zFC to identified ROIs varies with prescribed anti-
psychotic dose. These maps were then compared to clusters of
significant between group (mania vs. euthymia) differences in FC.

2.7. Figure construction

Figures were constructed using SPM8.
3. Results

Table 1 lists demographic and clinical characteristics of the
study population. Manic subjects were significantly more symp-
tomatic than euthymic subjects on all symptoms scales. All sub-
jects in both the mania and euthymia groups were taking medi-
cation. All of the antipsychotics prescribed in both groups were
second generation antipsychotics. Subjects in the manic group
were significantly more likely to be prescribed antipsychotics and
were more likely to be prescribed a higher dose of antipsychotic
(chlorpromazine (CPZ) equivalents). The two bipolar subject
groups did not differ in prevalence of lithium, anti-epileptic drugs
or anti-depressants or a benzodiazepine in their medication regi-
mens. We calculated the mean framewise displacement (FD) be-
tween TRs for each subject using the method of Power et al.
(2012). The manic group had a higher mean FD than the euthymic
group or HC subjects but there were no significant differences in
FD between groups.

We examined whole-brain connectivity to seed regions drawn
from existing anatomical models of affect regulation, affect
F (2,124) Cluster size (voxels) Cluster size p-value

13.79 54 o .001
13.71 181 o .001
12.95 108 o .001
11.98 106 o .001
11.54 44 o .001
10.74 45 o .001

11.56 38 o .001

10.67 37 o .001
10.41 30 0.006

12.44 106 o .001
11.75 36 o .001
11.6 54 o .001
14.13 187 o .001
12.58 72 o .001
12.43 37 o .001
11.79 62 o .001
11.76 34 0.001
11.02 35 o .001
9.73 34 0.001

12.92 42 o .001
10.54 34 0.001
10.23 59 o .001

ak voxel within each cluster. Abbreviations: ACC: Anterior Cingulate Cortex, BA:
emporal Gyrus, MTG: Medial Temporal Gyrus, OFC: Orbitofrontal Cortex, R: Right,



Table 3
ROIs demonstrating significant differences in whole-brain connectivity between groups.

Seed region Change in functional connectivity Area Coordinates T-stat Cluster size (voxels) Cluster size p-value

Bilateral amygdala
Mania v euthymia

Increased in mania left SMA x-36 y-9 z54 4.82 46 o .001
right SMA x18 y3 z63 4.79 73 o .001
right BA5 x21 y-48 z69 3.83 51 o .001

Increased in euthymia ACC x0 y39 z6 5.41 180 o .001
Mania v HC

Increased in mania left CBM x-45 y-54 z-39 5.24 44 o .001
Euthymia v HC

Increased in HC right BA5 x18 y-48 z69 5.12 105 o .001
left SMA x-33 y-9 z57 4.22 42 o .001
right SMA x48 y-6 z48 4.14 79 o .001
left BA5 x-21 y-48 z66 3.9 43 o .001

ACC
Mania v euthymia

Increased in euthymia right amygdala x18 y-3 z-21 5.32 38 o .001

Left VLPFC
Mania v euthymia

Increased in euthymia right CBM x33 y-69 z-18 4.34 36 o .001

OFC
Mania v euthymia

Increased in mania CBM (midline) x3 y-60 z-21 4.04 52 o .001
Increased in euthymia left BA18 x-3 y-96 z-21 5.03 35 o .001

Mania v HC
Increased in mania CBM (midline) x12 y-60 z-24 4.99 104 o .001

R Amygdala
Mania v euthymia

Increased in mania left SMA x-36 y-9 z54 4.32 35 o .001
right SMA x27 y-6 z51 4.3 46 o .001

Increased in euthymia ACC x0 y39 z6 5.87 187 o .001
Mania v HC

Increased in mania left CBM x-45 y-54 z-39 5.04 44 o .001
Euthymia v HC

Increased in HC right BA5 x18 y-45 z72 4.7 59 o .001
right SMA x36 y-9 z45 4.16 63 o .001

L amygdala
Mania v euthymia

Increased in euthymia ACC x-3 y45 z9 4.27 59 o .001

Coordinates are in MNI (Montreal Neurological Institute) space. Abbreviations: ACC:: Anterior Cingulate Cortex, BA: Brodmann Area, CBM: Cerebellum, DLPFC: Dorsolateral
Prefrontal Cortex, ITG: Inferior Temporal Gyrus, MTG: Medial Temporal Gyrus, OFC: Orbitofrontal Cortex, R: Right, SMA: Supplemental Motor Area, VLPFC: Ventro-Lateral
Prefrontal Cortex.
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perception and reward seeking behavior in bipolar disorder
(Phillips and Swartz, 2014; Strakowski et al., 2012). The functional
connectivity between these ROIs and the whole brain were cal-
culated. Areas of significant differences in FC across groups (mania,
euthymia, and HC) for each seed ROI are detailed in Table 2. Sig-
nificant differences in FC were observed for the bilateral amygdala
ROI, the ACC ROI, the Left VLPFC ROI and the OFC ROI. No areas of
significant across group differences were detected for the Right
VLPFC or ventral striatum. Given the significant across group dif-
ferences in bilateral amygdala connectivity, we re-performed this
analysis using the right and left amygdala as individual ROIs.

Post-hoc T-tests to determine the between-group differences
(mania vs. euthymia, mania vs HC, euthymia vs HC) were per-
formed and regions of significant differences in FC are detailed in
Table 3.

Examining the bipolar-mania versus bipolar-euthymia com-
parisons in detail, we observe a significant decrease in con-
nectivity between all amygdala ROIs and the pre-genual ACC
(BA24 and BA32) in mania compared to euthymia. The extent and
significance of the loss of FC in mania was greater for the right
amygdala than the left (Table 3, Fig. 1A). Comparing Fisher's Z
transformed FC values demonstrates that this decrease in FC
represents a loss of connectivity in mania from the correlated
activity observed between these structures observed in euthymia
and HC groups (Fig. 1B). The HC group demonstrated functional
connectivity intermediate between the bipolar-euthymia group
and the bipolar-mania group. The mean zFC value in the HC group
was greater than the bipolar mania group (P¼ .009) and was less
than the bipolar euthymia group (P¼ .012) (Fig. 1B).

The right amygdala also demonstrated significantly increased
functional connectivity to the bilateral BA6/Supplemental Motor
Area (SMA) in the frontal cortex in mania compared to euthymia
(Fig. 2A). This change represents a reversal of the anticorrelation
between these regions observed in the euthymia group (Fig. 2B).

The ACC ROI demonstrated significantly deceased functional
connectivity to the right amygdala in mania when compared to
euthymia (Fig. 3A). This reflects a loss of the functional con-
nectivity observed between these regions in the euthymic and HC
groups (Fig. 3B).

To further control against the possibility that these observed
differences could be due to motion artifact, we re-performed all
significant between-group T-tests with the mean FD for each scan
as an additional covariate. These results are detailed in Supple-
mentary Table 1. All of the differences in amygdala ROI and ACC



Fig. 1. Whole-brain changes in functional connectivity to the right amygdala in bipolar mania compared to euthymia. 1.A. The right amygdala demonstrates decreased
functional connectivity to the pregenual ACC in bipolar mania compared to bipolar euthymia. This region of significantly decreased connectivity is shown projected onto a
MNI152 template brain at the x-12 to x12 levels. The color bar indicates T-statistic magnitude. I 1.B A bar chart of the average Fisher's Z transformed functional connectivity
values between the right amygdala ROI and the ACC cluster among the subjects within each group. Error bars represent standard errors. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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ROI connectivity detailed above remained significant even with
this control for movement effects.

Given ongoing controversy about the role of global signal re-
gression in fMRI analysis, we re-performed all between group
comparisons on data that was preprocessed as detailed in the
methods section with the exception of removing the global signal
regression step. These results are presented in supplementary
materials and Supplementary Table 2. While GSR does affect the
extent and significance of observed functional connectivity results,
the results described above between the right amygdala and ACC
and SMA are observed under both data preprocessing conditions.

To control for potential effects of antipsychotic medication
dosage differences between bipolar patient groups, we examined
the relationship between functional connectivity and medication
dosage. We performed a whole-brain regression between the
prescribed chlorpromazine dose and resting state FC for all ROIs
across all bipolar subjects (both manic and euthymic). These maps
were then compared to clusters of significant between group
(mania vs. euthymia) differences in FC. There were no areas
overlap between CPZE related connectivity changes and mood
state related connectivity changes between the amygdala and ACC
or SMA.

Although we did not observe significant differences in medi-
cation prescription for other classes of medications between bi-
polar groups, it remains possible that medication regimen differ-
ences contribute to the between group differences observed. As a
further control against the possibility that prescribed medications
may be contributing to the between group difference, we



Fig. 2. Whole-brain changes in functional connectivity to the right amygdala in
bipolar mania compared to euthymia. 2.A The right amygdala demonstrates in-
creased functional connectivity to the bilateral supplementary motor area (BA6) in
bipolar mania compared to euthymia. This region of significantly increased con-
nectivity is shown projected onto a MNI152 template brain at the x28, y-6, and z50
levels The color bar indicates T-statistic magnitude. 2.B A bar chart of the average
Fisher's Z transformed functional connectivity values between the right amygdala
ROI and the combined BA6 clusters among the subjects within each group. Error
bars represent standard errors. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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re-performed all of the analyses that revealed significant between
bipolar group differences using all classes of medications as in-
dividual covariates. This analysis (described in Supplementary
Methods and reported in Supplementary Results and Supple-
mentary Table 3) continued to reveal the same pattern of highly
significant alterations in amygdala-ACC and amygdala-SMA func-
tional connectivity.
4. Discussion

To our knowledge this is the first study comparing resting-state
functional connectivity in bipolar mania to bipolar euthymia.
Using existing models of pathophysiology in bipolar disorder we
have tested the hypothesis that mood state may be associated with
specific patterns of spontaneous neural activity and more specifi-
cally, a loss of functional connectivity between cortical regions
thought to provide “top down” regulation of emotion and their
limbic region targets. Consistent with that hypothesis, measuring
intrinsic connectivity during resting state conditions reveals a
disruption in neural circuits of emotion regulation in mania.
We observe that bipolar mania is associated with decreased
connectivity between the pre-genual anterior cingulate cortex and
amygdala. This result is consistent with proposed models of
emotional dysregulation in bipolar disorder and extends these
models to suggest that the substantive impairment in emotion
regulation in mania may be reflected in a further dysfunction of
circuits of emotion regulation that may be altered at baseline
(Phillips et al., 2008; Strakowski et al., 2012). It is notable that the
HC group lies intermediate between bipolar euthymia and bipolar
mania in terms of the functional connectivity between the ACC
and amygdala. This suggests that first, euthymia in bipolar dis-
order is not a state of normalcy but rather a state of compensation
associated with abnormal brain activity in specific brain regions
and second, that mania is associated with the loss of that
compensation.

These results also demonstrate an increase in functional con-
nectivity between the SMA /BA6 and the amygdala during mania.
This finding represents an extension of existing models of emotion
regulation in bipolar disorder but is entirely consistent with stu-
dies identifying activation in this region during emotion regulation
tasks (Ochsner et al., 2002). Increased activity in this area during
an emotion regulation task is negatively coupled with amygdala
activity in healthy adults (Kanske et al., 2011). Our observed result
of increased coupling between these areas in mania (vs euthymia)
may be interpreted as a loss of healthy negative coupling reflecting
disruption of an important emotion regulation circuit.

The observed changes in connectivity are lateralized with the
right amygdala demonstrating the most significant decreases in
functional connectivity as a product of mood state. This finding is
consistent with results from other neuroimaging studies suggest-
ing a right amygdala specific role in emotion regulation in healthy
subjects (Uchida et al., 2015). In bipolar disorder, a previous study
comparing task related connectivity in bipolar mixed or manic
states to the depressed state demonstrated changes in amygdala
connectivity selectively in the right amygdala (Cerullo et al., 2012).

Notable in our results were a lack of significant functional
connectivity differences to the ventral striatum between mood
states. Is this consistent with existing literature? To date, neuroi-
maging studies of reward processing in bipolar disorder have
compared bipolar subjects in one clinical state to healthy controls
or other patients with other psychiatric disorders. These studies do
show abnormalities in ventral striatum responses to reward in
bipolar mania (Abler et al., 2008) but abnormalities in ventral
striatum activity in reward anticipation are also observed in eu-
thymia (Nusslock et al., 2012) as well as in high-risk healthy off-
spring of subjects with bipolar disorder (Singh et al., 2014). It re-
mains a real possibility that state related differences in reward
seeking in bipolar disorder are not reflected by significant changes
in reward circuitry compared to bipolar trait related differences.
An alternative explanation is that the threshold for statistical
significance used here was too high, resulting in Type II error.

4.1. Limitations

Methodological limitations of the current study include the
following: In a comparison of mood states in which one state
(mania) is identified with motor hyperactivity, movement artifacts
are a potential confound. We have attempted to minimize the
effects of movement through a combination of procedures at both
the group and individual level. These procedures have been shown
effective in removing spurious motion effects (Power et al., 2014;
Yan et al., 2013). Another potential limitation of this study is
medication effects. While all bipolar subjects were prescribed
medications, the use of atypical antipsychotics varied significantly
between states. We did not observe a significant relationship be-
tween prescribed antipsychotic dose and functional connectivity



Fig. 3. Whole-brain differences in functional connectivity to the anterior cingulate cortex in bipolar mania compared to euthymia. 3A An ROI placed in the anterior
cingulate cortex demonstrates decreased functional connectivity to the right amygdala in bipolar mania compared to bipolar euthymia. This region of significantly decreased
connectivity is shown projected onto a MNI152 template brain at the y6 to y-9 levels. The color bar indicates T-statistic magnitude. 3B A bar chart of the average Fisher's Z
transformed functional connectivity values between the ACC ROI and the right amygdala cluster among the subjects within each group. Error bars represent standard errors.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

R.O. Brady Jr. et al. / Journal of Affective Disorders 201 (2016) 79–8786
in any of the regions observed to differ in FC between mania and
euthymia. The main findings of mood state related differences
between bipolar groups remained even after attempting to control
for the presence of all classes of psychotropic medications. Fur-
thermore, the pattern of FC differences observed here demonstrate
that the unmedicated HC population shows connectivity inter-
mediate between the two medicated bipolar groups, a result that
seems entirely inconsistent with medication effect. Another po-
tential confound is that all bipolar subjects in this study had a
history of psychosis during manic episodes. While this is con-
sistent with the finding that 88% of patients hospitalized for a first
episode of mania had psychotic features (Tohen et al., 2003), there
is evidence that brain connectivity differs between bipolar sub-
jects with versus without a psychosis history (Anticevic et al.,
2014). The results of this study may not be generalizable to sub-
jects without a psychosis history. It also should be noted that the
current study is comparing the manic state with its many different
symptoms to the euthymic state. We cannot conclusively link the
findings presented here to a particular manic symptom and our
conclusion that these findings reflect the emotional component of
mania (versus, say grandiose delusions or pressured speech) are
inferences based on imaging literature linking the identified
structures to emotion regulation. Lastly, patients were not each
studied in each state. Rather, the group of euthymic subjects and
manic subjects were different individuals. That said, such com-
parisons likely reduce the likelihood of seeing a real difference,
due to the addition of inter-individual variance to state variance.

Despite these limitations, these results lend support to a neural
circuit model of the pathophysiology of bipolar disorder in which
the transition to a state of dysregulated mood (mania) is asso-
ciated with changes in functional connectivity in circuits involved
in emotion regulation. Do the changes we observe in euthymia
reflect a distinct compensatory process or is this a state these
circuits return to at the end of the active disease process that re-
sults in mania? We favor the former interpretation based on our
observation that the functional changes in euthymia are opposite
that of mania relative to controls. Ultimately, the data collected
here represent individual timepoints in two phases of a complex,
evolving system and either interpretation may be correct.

In this experiment we have attempted to focus our examination
on state related differences in bipolar disorder. We have focused
on a narrowly defined study population for the purposes of better
elucidating state related changes. Future directions for this work
include both narrowing the study population as well as expanding
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it. Specifically: 1) longitudinal studies of the same subjects across
multiple mood states to further refine state versus trait differences
and 2) expanding populations to include non-psychotic bipolar
disorders and schizoaffective disorders in order to best delineate
the neural circuit changes of mania from markers of bipolar dis-
order trait. If the changes observed are confirmed, they may sug-
gest targets for therapeutic intervention, by cognitive, medication
or electromagnetic means.
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