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Abstract

Background—This study aimed to identify how the activity of large-scale brain networks differs
between mood states in bipolar disorder. The authors measured spontaneous brain activity in
subjects with bipolar disorder in mania and euthymia and compared these states to a healthy
comparison population.

Methods—23 subjects with bipolar disorder type | in a manic episode, 24 euthymic bipolar |
subjects, and 23 matched healthy comparison (HC) subjects underwent resting state fMRI scans.
Using an existing parcellation of the whole brain, we measured functional connectivity between
brain regions and identified significant differences between groups.

Results—In unbiased whole-brain analyses, functional connectivity between parietal, occipital,
and frontal nodes within the dorsal attention network (DAN) were significantly greater in mania
than euthymia or HC subjects. In the default mode network (DMN), connectivity between dorsal
frontal nodes and the rest of the DMN differentiated both mood state and diagnosis.

Limitations—The bipolar groups were separate cohorts rather than subjects imaged
longitudinally across mood states.

Conclusions—Bipolar mood states are associated with highly significant alterations in
connectivity in two large-scale brain networks. These same networks also differentiate bipolar
mania and euthymia from a HC population. State related changes in DAN and DMN connectivity
suggest a circuit based pathology underlying cognitive dysfunction as well as activity / reactivity
in bipolar mania. Altered activities in neural networks may be biomarkers of bipolar disorder
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diagnosis and mood state that are accessible to neuromodulation are promising novel targets for
scientific investigation and possible clinical intervention.
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Introduction

Bipolar disorder is a debilitating psychiatric disorder estimated to affect between 2 and 5%
of the population (Merikangas et al., 2007). It may be instructive to examine the instability
of neural activity in the varying mood states in bipolar disorder for clues into the
mechanisms of specific mood states and the underlying physiology of bipolar disorder itself.
A growing body of scientific inquiry has examined changes in neural activity associated
with specific cognitive tasks such as emotion and reward processing (reviewed in (Phillips
and Swartz, 2014; Strakowski et al., 2012)). Drawing upon these findings from the primarily
task-based fMRI literature, we recently examined the “resting state” (rsfMRI) functional
connectivity of bipolar mania when compared to bipolar euthymia (Brady et al., 2016). That
analysis examined functional connectivity to brain regions selected from a consensus model
of the neurobiology of bipolar disorder (Strakowski et al., 2012). We observed mood state
specific aberrant connectivity between the amygdala and brain regions implicated in emotion
regulation even under rest (non-task) conditions.

We sought to complement our prior study of mood related connectivity of select cortical and
subcortical regions with a more data-driven analysis of functional connectivity across the
entire brain. The analysis of rsfMRI has demonstrated the presence of large-scale brain
networks whose function is altered in psychiatric and neurologic diseases e.g. (Baker et al.,
2014; Yeo et al., 2011; Zhou and Seeley, 2014). In bipolar disorder comparatively few
studies have sought to examine whole brain measures of network activity and connectivity
and there is a growing call to incorporate these studies into a bipolar imaging literature that
has most often examined local networks(Chase and Phillips, 2016). Several recent studies
have examined large scale brain networks to differentiate bipolar disorder from other
diseases (reviewed in (Chase and Phillips, 2016; Lois et al., 2014).

We examined spontaneous neural activity in bipolar disorder to understand how whole brain
connectivity is altered in subjects with bipolar disorder in different mood states. We
compared rsfMRI data from subjects diagnosed with bipolar disorder type I in a manic state
to euthymic bipolar | subjects and a healthy comparison group. We then used a data driven
approach to examine changes in brain network activity across and between these groups. We
measured the low-frequency oscillations of the blood-oxygen-level dependent (BOLD)
signal and conducted a whole-brain analysis of the functional connectivity (FC) between all
grey matter regions. We then examined FC values for significant group differences across
and between groups. We chose to use an existing atlas that parcellates grey matter into
regions defined by functional connectivity (Craddock et al., 2012). In doing this we hoped to
capture differences in large scale network activity that does not adhere to anatomical
boundaries. While this can be accomplished by independent component analysis (ICA) (see

J Affect Disord. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brady et al. Page 3

(Meda et al., 2012) for example), the method utilized here would also allow us to isolate
differences in individual nodes of networks that may otherwise be broadly similar between
groups.

Primarily, we hypothesized that FC measures would differentiate mood states in bipolar
disorder as well as differentiating subjects diagnosed with bipolar disorder, whatever their
mood state, from matched healthy comparison subjects.

Methods

Participants

The McLean Hospital Institutional Review Board approved the study, and all participants
gave written informed consent before participating. Bipolar subjects were recruited as in our
previous studies (Brady et al., 2012; Brady et al., 2016; Ongur et al., 2008). Almost all
(21/23) of the manic bipolar subjects were recruited from McLean Hospital inpatient units
while hospitalized for a manic episode. Euthymic bipolar patients were primarily (17/24)
recruited by contacting bipolar subjects who had previously been hospitalized on McLean
Hospital inpatient units. Recruiting of both patient groups occurred contemporaneously and
there was no change in clinical assessment, imaging procedure or scanner software during
the time that all of the subjects were recruited.

Diagnosis was determined using the Structured Clinical Interview for the DSM-1V (SCID)
(First and New York State Psychiatric Institute. Biometrics Research, 2007). Patients were
assessed by trained research staff, who carried out monthly reliability exercises where a
study subject was interviewed in the presence of the research team. All subjects in the
patient group met DSM-IVTR criteria for the diagnosis of bipolar disorder type 1. Healthy
comparison (HC) subjects did not meet criteria for any Axis | psychiatric disorder currently
or historically.

Exclusion criteria included age outside the range of 18-65, any neurological illness, positive
pregnancy test or lactation, electroconvulsive 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.

47 subjects with bipolar disorder type I, and 23 HC subjects participated in the study. Of the
bipolar subjects, 23 subjects met DSMIVTR criteria for a manic episode and almost all
(21/23) were currently hospitalized. 24 subjects with bipolar disorder were euthymic and in
outpatient treatment. Almost all of the euthymic bipolar subjects (23/24) had a previous
history of hospitalization and the median time since last hospitalization was 6.5 months. All
euthymic subjects did not meet DSM criteria for any mood episode in the month prior to
scanning. Subjects diagnosed with bipolar disorder were assessed using the SCID, Young
Mania Rating Scale (YMRS), Montgomery—Asberg Depression Rating Scale (MADRS),
Positive And Negative Syndrome Scale (PANSS), and North American Adult Reading Test
(NAART) on the day of the study. HC subjects were assessed using the SCID. Demographic,
clinical, and medication regimen information are summarized in Table 1. Chlorpromazine
equivalents (CPZE) were calculated as in (Woods, 2003).
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MRI data acquisition

Data were acquired on a 3T Siemens scanner using a standard head coil. The echoplanar
imaging parameters were as follows: repetition time, 3000 milliseconds; echo time, 30
milliseconds; flip angle, 85°; 3 x 3 x 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. In addition, all
participants underwent two resting fMRI runs with the instructions ‘remain still, stay awake,
and keep your eyes open’. Video recording of the eyes was used while in the scanner to
confirm the awake, eye-open state. Each functional run lasted 6.2 minutes (124 time points).

MRI data processing

The imaging data were preprocessed using the Data Processing Assistant for Resting-State
fMRI (DPARSF(Chao-Gan and Yu-Feng, 2010),). To minimize effects of scanner signal
stabilization, the first four images were omitted from all analysis. Scans with head motion
exceeding 2mm or 20 of maximum rotation through the resting-state run were discarded.
This step resulted in a total of 35 analyzed scans from 23 bipolar mania subjects, 46
analyzed scans from 24 bipolar euthymia subjects, and 40 analyzed scans from 23 HC
subjects. Functional and structural images were co-registered. Structural images were then
normalized and segmented into gray, white and CSF partitions.. A Friston 24-parameter
model(Friston et al., 1996) was used to regress out head motion effects from the realigned
data. The CSF and white matter signals as well as the linear trend were also regressed as
nuisance covariates. After realigning, slice timing correction, and co-registration, framewise
displacement (FD) was calculated for all resting state volumes (Power et al., 2012). All
volumes with a FD greater than .2mm were regressed out as nuisance covariates. After
nuisance covariate regression the resultant data were band pass filtered to select low
frequency (.01-.08Hz) signals. Filtered data were normalized by into MNI space and then
smoothed by a Gaussian kernel of 8mm3 full-width at half maximum (FWHM). Voxels
within a group derived gray matter mask were used for further analyses. While the
combination of GSR with volume editing effectively removes motion effects, there remain
concerns about the effect of GSR to distort group differences (Gotts et al., 2013; Power et
al., 2014; Yan et al., 2013). We therefore processed the resting state data twice, once as
above and a second time with global signal regression.

Functional Connectivity Analysis—We measured whole-brain changes in FC by
utilizing an existing brain atlas that parcellates brain grey matter into 200 functionally
distinct subunits (Craddock et al., 2012). We then calculated correlation coefficients for the
BOLD timecourses between each ROI and all 199 other ROIs for each subject using
DPARSF(Chao-Gan and Yu-Feng, 2010), generating a 200x200 matrix of correlation
coefficients for each subject. We used DPARSF to Fisher’s Z transform these R values
generating a 200x200 matrix of z-transformed functional connectivity (zFC) values for each
subject.
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Statistical Analyses

Results

Group identity and functional connectivity—We performed a one-way ANOVA
comparing zFC values for all ROI pairs in the 200x200 matrix for the three groups (bipolar
mania, bipolar euthymia, and HC). We then corrected the resulting p-values for multiple
comparisons using a false discovery rate (FDR) of g <.05. Post-Hoc testing for differences
between individual groups was performed using Tukeys HSD test. We then repeated this
analysis using resting state data that had been preprocessed using the additional step of
global signal regression. Only results that were statistically significant under both
preprocessing methods are presented here.

Medication dosage and functional connectivity—Given differences in antipsychotic
medication prescription between bipolar manic and euthymic groups, we examined the
effect of antipsychotic dosage on FC values by computing the Pearson’s correlation
coefficient between prescribed antipsychotic dosage (in chlorpromazine equivalents, CPZE)
and each of the zFC values in the 200x200 matrix for the 47 subjects with bipolar disorder.

Voxel-wise differences in functional connectivity—To complement the ROI to ROI
based changes in functional connectivity and better integrate these results with extant FC
literature; we performed an exploratory analysis of how mania symptomatology correlates
with FC at the individual voxel level (i.e. a ROI to voxel analysis). We did this by utilizing
the DPARSF toolkit to generate whole brain maps of zFC values for all subjects using ROIs
identified in the ROI to ROI analysis. These maps were then entered into SPM8 (Statistical
and Parametric Mapping, http://www.fil.ion.ucl.ac.uk/spm) to generate maps of how whole
brain FC to selected ROISs varies with group membership (mania versus euthymia and
euthymia vs HC).

Table and figure generation—Graphs of relationships between group and zFC values
were generated using SPSS Version 23. Projections of ROIs and T contrast maps onto
cortical surfaces was accomplished using Caret (Van Essen et al., 2001)

Subject Characteristics

Table 1 lists demographic and clinical characteristics of the study population. When grouped
according to DSM criteria, bipolar subjects in a DSMIVTR defined manic state were
significantly more symptomatic than subjects in a euthymic state on all symptoms scales.
Increased MADRS scores in mania typically came from scores on the reduced sleep,
concentration difficulties, and inner tension items. All bipolar subjects were prescribed
medication. All antipsychotic medications prescribed in both groups were second
generation. Subjects in the manic group were more likely to be prescribed anti-psychotics
and at higher doses than the euthymic group. The two bipolar mood state sub-groups did not
differ in prevalence of lithium, anti-epileptic drugs, anti-depressants, or benzodiazepines in
their medication regimens. Bipolar subjects had a higher mean framewise displacement (FD)
than HC subjects. The manic sub-group had a higher mean FD than the euthymic sub-group
or HC subjects but there were no significant differences in FD between any of the groups.
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NAART testing, an estimate of pre-morbid intellectual ability, was available for all 23 manic
bipolar subjects and 21 of the euthymic bipolar subjects. Scores on the NAART for the
manic (115 +/- 9.23) and euthymic (120 +/- 7.37) bipolar subject groups did not show
significant differences (p=.245). In comparing illness history, information about duration of
illness was available for 46/47 bipolar subjects and information about the number of prior
hospitalizations was available for 45/47 bipolar subjects. Duration of illness in the manic
(6.81 +/- 7.06 years) and euthymic (9.04 +/- 11.7 years) groups was not significantly
different (p=.438). The number of prior hospitalizations in the manic (2.05 +/- 3.32) and
euthymic (3.0 +/- 2.77) groups was not significantly different (p=.307).

ROI to ROI Functional connectivity changes related to bipolar diagnosis and mood state

Dividing all grey matter regions into 200 individual ROIs and measuring zFC values
between ROIs reveal ROI-pair relationships that demonstrate significant differences across
the three groups. Out of 1.99 x 104 unique ROI-ROI pairs, twenty-two ROI pairs
demonstrated significant (p-FDR corrected <.05) across group differences regardless of the
preprocessing strategy used (GSR vs no GSR). These ROI pairs (including hemisphere, lobe
and Brodmann area locations) and zFC values (after preprocessing without GSR) are
reported in Table 2. ANOVA F-statistic and Post-hoc testing using Tukey’s HSD tests for
between group differences are also reported in Table 2. A graphic representation of all
significant ROI pairs projected onto the cortical surface is presented with bar graphs for zFC
scores for each group in Supplementary Figure 1. ROl numbering corresponds to Craddock
et al.(Craddock et al., 2012).

Examining the twenty-two ROI pairs for between-group differences in functional
connectivity, several patterns emerge:

Within the group of subjects with bipolar disorder type I, mania is differentiated from
euthymia by increased functional connectivity in two patterns: First, increased functional
connectivity is seen in mania between bilateral occipital / parieto-occipital ROIs (ROI85,
ROI97, and ROI 114) and multiple other occipital / parieto-occipital ROIs.

A second pattern of increased functional connectivity in mania (compared to euthymia) is
observed between a pair of bilateral ROIs located in the dorsal frontal lobe (ROl 38 and ROI
61) and multiple other ROIs distributed across the temporal lobe (ROIs 39 and 140), the
precuneus (ROI 174), and medial prefrontal cortex (mPFC) (ROIs 186 and 187).

Comparing bipolar euthymia to a HC population reveals a variation on the two patterns
described above. First, the occipital / parieto-occipital FC differences observed between
bipolar mania and euthymia are observed to differentiate bipolar euthymia from a HC
population with most ROI pairs showing increased FC in the HC population when compared
to euthymia. These differences are less pronounced than the differences between bipolar
mania and bipolar-euthymia. For most ROI pairs, the HC population shows FC values
intermediate between low FC values in bipolar euthymia and high FC values in bipolar
mania.
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The second pattern of FC differences between bilateral dorsal frontal ROIs (ROI 38 and 61)
and a distributed set of ROIs across frontal, parietal, and temporal lobes is also observed to
differentiate bipolar euthymia from a HC population. Here again the HC group is observed
to demonstrate increased FC relative to the euthymia group. For these ROIs however, the
bipolar-mania and HC populations are not significantly different with the exception of the
relationship between ROI 38 and ROI 116 located at the intra-parietal sulcus (IPS). This ROI
pair did not demonstrate correlated activity in the HC population but showed significant
correlation in both bipolar populations.

Functional connectivity changes related to medication prescription

Given the presence of significant differences in prescribed antipsychotic dosage between the
bipolar mania and bipolar euthymia groups, we measured the correlation between zFC and
CPZE for all 200x200 ROI-ROI zFC values across all subjects with bipolar disorder. None
of the ROI pairs showed a significant (p-FDR <.05) correlation between CPZE and zFC. We
repeated this analysis with the bipolar manic and bipolar euthymic groups individually and
similarly failed to find significant associations in ROI pair connectivity and CPZE.

ROI-Voxel based changes in functional connectivity related to bipolar diagnosis and mood

State

To better place the results of the ROI to ROI analysis in the context of published fMRI
activation maps that display results in a voxel-wise format, we conducted exploratory ROI to
voxel analyses using the ROIs most frequently showing across group differences in FC
(ROIs 85, 97, 38, and 61). We chose these ROIs because they were represented in 17 of the
22 ROl pairs identified in the previous analysis.

Comparing FC in bipolar mania to euthymia using the occipital ROIs 97 and 85 (Figure 1A
&B), reveals a pattern of occipital / parieto-occipital increased FC to these ROIs in mania
compared to euthymia. This map of increased connectivity in mania corresponds to
published maps of the posterior portions of the dorsal attention network (DAN). When this
map is combined with the finding of increased connectivity between ROI 34 and ROI 115 in
the frontal lobe in mania, the result closely matches the canonical distribution of the DAN.

Comparing FC in bipolar mania to euthymia using the dorsal frontal ROIs 38 and 61 (Figure
1C and 1D) reveals increased FC in mania in a distributed pattern across the mPFC,
temporal-parietal junction, temporal lobes and the precuneus. This map of increased
connectivity in mania corresponds to published maps of the default mode network (DMN).

Comparing FC in the HC population to a bipolar euthymia population using the dorsal
frontal ROIs 38 and 61 (Figure 2A and 2B), reveals a similar distributed pattern of increased
connectivity in the HC population across the mPFC, temporal-parietal junction, temporal
lobes and the precuneus corresponding to the distribution of the DMN. Also observed in a
significant decrease in FC between ROI 38 and the IPS corresponding to ROI 116 as
observed in the ROI-ROI analysis above. The occipital ROl 97 demonstrates increased FC in
the HC group compared to bipolar euthymia in the DAN in a similar pattern to that observed
in the mania versus euthymia comparison but in a more limited spatial extent (figure 2C).
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As an exploratory analysis, we sought to supplement the between-group mania versus
euthymia comparison with a correlation between functional connectivity and a continuous
measure of manic symptomatology (YMRS) across all 47 bipolar subjects (manic and
euthymic). We observed a highly significant correlation between YMRS and zFC values for
the ROI pairs selected for analysis (Supplemental Methods, Supplemental Table 1 and
Supplemental Figure 2). Although the bipolar patient groups did not show significant
differences in the presence or absence of medications other than antipsychotics in their
prescribed regimens, it is possible that some of the observed connectivity differences are
attributable to these medications. We therefore re-calculated the correlation between YMRS
and zFC values for these ROI pairs with the presence or absence of medication classes as a
covariate (supplemental methods). We still observed highly significant correlations between
mania symptomatology and zFC values even with medication covariates added
(Supplemental Table 1).

Discussion

To our knowledge, this is the first study to examine whole brain functional connectivity
across the manic and euthymic states in bipolar disorder. In this data driven approach to
whole brain connectivity, we observe two patterns of altered functional connectivity that
differentiate mood states in bipolar disorder as well as distinguishing bipolar euthymia from
a HC population:

The first of these patterns is altered functional connectivity within the dorsal attention
network. For most nodes within this network, the bipolar euthymia group demonstrates
hypo-connectivity and the mania group demonstrates hyper-connectivity relative to a HC
population. Our current understanding of the role of this brain network suggests its
importance in the allocation of cognitive resources either in pursuit of internally motivated
goals or in response to stimuli (Recently reviewed in (Vossel et al., 2014)). Most studies of
the dorsal attention network have examined activity in response to cognitive tasks rather than
resting state activity. How does resting state connectivity in this network correlate with
cognition or behavior? The data collected in this study does not include cognitive testing and
performance measures to correlate with DAN connectivity so we can only offer hypotheses.
Drawing on existing literature of DAN connectivity in patient groups, it seems unlikely that
DAN hyperconnectivity reflects distractibility in mania. Existing studies of resting state FC
in adult attention deficit disorder (ADD) demonstrates hypoconnectivity in the DAN in this
population that correlates with ADD symptomatology (McCarthy et al., 2013).

We instead hypothesize that the DAN hyperconnectivity observed may reflect the heightened
activation / arousal to external stimuli or “vital sense” experienced by subjects in a manic
state. This circuit dysfunction could additionally be implicated in the emotional reactivity
observed in bipolar mania. We base this on the finding that emotional processing is an
attention-dependent process (Pessoa et al., 2002) and the observation that the DAN is
reliably and differentially activated in response to the emotional valence of external stimuli
e.g. cortical activation in response to pictures with a negative emotional valence compared to
neutral pictures (e.g. figure 2 from (Uchida et al., 2015)). Testing this hypothesis may be
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accomplished by follow-on studies that examine how FC in this network predicts responses
to emotionally valenced stimuli in subjects with bipolar disorder and HC subjects.

The second observed pattern of functional connectivity changes across groups involves the
default mode network (DMN). Here we observe that the bipolar euthymic state can be
differentiated from both the manic state and a HC population by connectivity changes
between dorsal frontal nodes of the DMN and the rest of the DMN. Notably, the euthymic
state shows hypo-connectivity, while bipolar mania demonstrates connectivity comparable to
a HC population. In our prior study, we observed a similar pattern of amygdala connectivity
with the HC showing connectivity that was intermediate between bipolar mania and
euthymia and we conjectured that the difference between HC and bipolar euthymia may
represent a compensatory mechanism rather than a disease process(Brady et al., 2016). Does
the dorsal frontal hypoconnectivity in the DMN in euthymia in our current study represent a
primary disease process or compensatory state? \We note that the location of the
disconnected DMN nodes corresponds to the standard left dorso-lateral prefrontal cortex
target for transcranial magnetic stimulation (TMS) for treatment of depression (Fox et al.,
2012). While there are multiple reports of treatment emergent mania in TMS treatment of
bipolar depression, it remains unclear to what extent TMS treatment contributes to this risk
(Xia et al., 2008). Our results provide a potential mechanistic link between TMS and
treatment emergent mania in that TMS causing increased functional connectivity between
other areas of the DMN and the TMS target area would potentially move a bipolar subject
towards a pattern of FC that resembles the manic state. None of the participants in this
experiment were depressed so this hypothesis remains conjecture until studies of TMS
treatment of bipolar depression are accompanied by functional MRI imaging.

Taken together, our findings join a growing body of neuroimaging literature that has
identified network dysfunction as a hallmark of several disease processes e.g. (Baker et al.,
2014; Seeley et al., 2009). In stark contrast to degenerative disorders such as Alzheimer’s
disease and fronto-temporal dementia, we here relate behavioral pathology not to circuit
disruption but rather increased coherence (connectivity).

The brain regions identified in these experiments represent comparatively novel circuits, not
previously implicated in the pathophysiology of bipolar disorder, as compared to those
already well characterized, such as amygdala-prefrontal circuits implicated in emotion
regulation. How can this finding be integrated with extant literature? Heretofore, most
studies of spontaneous neural activity have only made comparisons between bipolar disorder
and HC populations or have specified a prioriregions of interest. There are notable
exceptions to this: Meda et al. conducted an ICA based examination of between-network
connectivity and demonstrated reduced connectivity between frontal DMN regions and
posterior networks(Meda et al., 2012). Teng et al. examined whole brain connectivity to
multiple ROIs from the DMN and striatal-thalamic regions (Teng et al., 2014). This study
utilized a different set of ROIs than our study but in their analysis, dorsal medial regions of
the DMN (e.g. ROI 29 Left MFG/SFG) was observed to show decreased functional
connectivity to multiple non-frontal DMN nodes in bipolar disorder compared to a HC
population. Lv et al. compared whole brain connectivity using a different whole brain
parcellation between bipolar and HC groups. They observed that dorsal medial frontal nodes
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(e.g. medial superior frontal gyrus ROI) demonstrate significantly decreased connectivity to
other portions of the DMN (angular gyrus and anterior cingulate ROISs) in euthymic bipolar
disorder compared to HC subjects (supplementary materials in (Lv et al., 2016)). These
results are consistent with our own findings described above.

Several limitations of this study should be noted. First, this study is hypothesis free and does
not test existing models of bipolar disorder. Rather, it may serve to complement these
models. Methodological limitations 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 including volume editing, global signal regression, and the use of
advanced models for head motion during preprocessing. Another potential limitation of this
study is medication effects. While all bipolar subjects were prescribed medications, the
identities and dosages used varied significantly between states. However, a recent review
suggests that concerns about these effects may be overstated(Hafeman et al., 2012). We
looked for, but failed to find significant correlations between medications and FC values in
the study population. Furthermore, the pattern of FC differences observed here frequently
demonstrate that the unmedicated HC population shows connectivity intermediate between
the two medicated bipolar groups, a result that seems entirely inconsistent with medication
effect. Another potential confound is that all bipolar subjects in this study had a history of
psychosis during manic episodes. While this is consistent 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 subjects with versus without
a psychosis history(Anticevic et al., 2015). The results of this study may not be
generalizable to subjects without a psychosis history.

Another limitation is that patients were not each studied longitudinally. This study compared
two cohorts of bipolar subjects in two different mood states rather than performing a within
subject comparison of subjects imaged in each mood state.

Finally, the nature of this experiment (data driven exploration) necessitates a correction for
multiple comparisons that likely result in type 2 errors. For this reason, we do not suggest
the presented results represent a comprehensive atlas of bipolar state and trait brain
connectivity differences. Rather, the presented results represent the most prominent and
most likely to be reproduced differences between patient groups. As an example of this, our
current approach did not identify the ACC-Amygdala disconnectivity in mania that we
previously identified in a hypothesis driven examination of amygdala connectivity (Brady et
al., 2016). Examining our imaging data after processing in the same method as that
publication, we observe that connectivity between the ROIs that most closely correspond to
the R amygdala (ROI 155) and the ACC (ROI 22) is different across groups at a p-FDR
corrected value of .062 and therefore, while showing a trend consistent with past findings,
did not meet the threshold for significance in the current analysis.

Future inquiries will include testing the hypothesis that FC in the dorsal attention network
predicts behavioral performance including studies of emotional reactivity. Other experiments
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include: Replicating these findings in a single cohort of subjects longitudinally across
multiple mood states as well as expanding the study populations to include non-psychotic
bipolar disorders and schizoaffective disorders, all in order to best delineate the neural
circuit changes of mania from markers of disease trait. Finally, the demonstration of mood
related variations in activity in networks accessible to transcranial magnetic stimulation (e.g.
(Halko et al., 2014)) provides potential new targets for neuromodulation in scientific
investigation and possible clinical intervention.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. We performed data driven analyses of functional connectivity in bipolar
disorder
. Whole brain connectivity patterns differentiate bipolar trait and mood
state
. Dorsal Attention Network connectivity differentiates mania and
euthymia
. Frontal connectivity in the Default Mode Network also differentiates
state & trait
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Figure 1. ROI to voxel maps of functional connectivity differences between bipolar mania and
bipolar euthymia
Using ROIs identified in the ROI to ROI connectivity analysis we examined whole brain

functional connectivity differences between the bipolar mania and bipolar euthymia groups.
The resulting maps of the bipolar mania-bipolar euthymia contrast are shown projected onto
the cortical surface. For each figure A-D the inset shows the ROl number and the ROI
location on the cortical surface. Voxels here are thresholded at the voxel P<.005 level. Color
Bar indicates T statistic.

J Affect Disord. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brady et al. Page 16

Figure 2. ROI to voxel maps of functional connectivity differences between the healthy
comparison and bipolar euthymia groups

Using ROIs identified in the ROI to ROI connectivity analysis we examined whole brain
functional connectivity differences between the healthy comparison and bipolar euthymia
groups. The resulting maps of the healthy comparison-bipolar euthymia contrast are shown
projected onto the cortical surface. For each figure A-C the inset shows the ROl humber and
the ROI location on the cortical surface. Voxels here are thresholded at the voxel P<.005
level. Color Bar indicates T statistic.
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