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Abstract

Resting-state connectivity studies, which examine unconstrained low frequency BOLD fluctuations, have reported inconsistent
abnormalities in bipolar disorder (BP). In this study, we investigated intrinsic brain connectivity under the constraints of a
Continuous Emotion Regulation Task (CERT) in BP patients in depressed (BPD) and manic (BPM) states, along with healthy
control participants. Medication-free participants, with either a diagnosis of BP (BPD =27, BPM = 30) or healthy controls (N =
33) were included. We collected 2 fMRI scans using the CERT paradigm, in which participants continuously watched negative
pictures and either maintained emotions (MAINTAIN) or suppressed emotion using reappraisal techniques (SUPPRESS).
Network-based statistic and graph theory analyses were examined for (i) the main effect of condition (within-group) and (ii)
group and condition interactions. In healthy participants, MAINTAIN largely involved occipital and parietal cortices (p <.001),
whereas SUPPRESS also recruited the frontal and cingulate cortices (p =.023). The interaction between group (BPD vs. BPM)
and condition revealed a network involving the inferior frontal lobe which was stronger during MAINTAIN for BPD and during
SUPPRESS for BPM (p =.037). Graph theory properties (i.e., clustering coefficient) for key nodes also evidenced significant
group by condition interactions. We observed BP-related changes in network properties involved in normal and abnormal

emotion regulation, which provide insights into the neural bases for affective disturbances in BP.
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Introduction

Bipolar disorder (BP) is a chronic condition that remains one
of the most debilitating forms of mental illness (Ormel et al.
2008). BP is characterized by shifts into states of seemingly
opposing affective valence — episodes of (hypo)mania and
depression. Thus, understanding BP-related neural circuitry
requires identifying disturbances characteristic of each of
these states, potentially providing insight into the mechanisms
by which each mood state is triggered.
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BP research implicates dysfunction in brain networks
supporting affect regulation (Strakowski et al. 2005; Brady
et al. 2014; Wessa et al. 2014). For example, mounting evi-
dence supports the existence of BP-related disturbances in
functional networks (mapped via fMRI) (Vargas et al. 2013).
However, these studies have produced inconsistent findings,
and thus the nature of network disturbances in BP remains
poorly understood. Several shortcomings in these studies
may explain these inconsistencies. For example, the majority
did not examine mania and depression simultaneously, mak-
ing it impossible to parse BP-related disturbances (i) specific
to (hypo)mania or (ii) specific to depression. Furthermore,
participants were taking psychotropic medications, which
can impact fMRI (Anand et al. 2007), making it difficult to
disentangle the effects of pathology vs. medication.

Finally, the methodology employed in these studies has
several key limitations. First, most studies examine connectiv-
ity with only a small a set of ‘seed’ regions (and different sets
across studies), potentially overlooking important connec-
tions. Furthermore, typical methods examine only pairwise
coupling, ignoring the role of that connection within the
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greater network. Most importantly, these methods do not pro-
vide insight into whether BP is associated with restructuring
of the functional organization of networks. Methods such as
graph theory address these concerns by assaying emergent
properties (e.g., network cohesiveness) of both the global net-
work and specific regions.

Recently, we used a functional connectomic approach in a
sample of both hypomanic/manic and depressed BP patients to
identify brain network disturbances associated with BP
(Spielberg et al. 2016). Employing graph-theory techniques,
we identified unique connectome disturbances associated with
each BP mood state: mania was related to hyperconnectivity in
an amygdala network and disruption in the ‘small worldness’
of the global network, whereas depression was related differ-
ences in an orbital frontal cortex (OFC) network and decreased
resilience of the global network (Spielberg et al. 2016).

Although promising, this study examined low-frequency
(<0.1 Hz) blood oxygen level-dependent (BOLD) fluctuations
(LFBF) obtained while participants were in a resting state (i.e.,
participants were instructed to think about nothing in particu-
lar). Thus, this study could not provide insight into the net-
work responses observed when regulation of affect is actually
required. However, LFBF correlations may be conceptualized
as a steady-state continuous measure of brain network func-
tion and can therefore also be measured while participants are
engaged in a continuous performance task (CPT) (e.g., regu-
lation of affect). For example, investigators have reported on
the organization of functional networks while participants
continuously perform motor (finger tapping) (Lowe et al.
2002), memory (Fornito et al. 2012), and attentional tasks
(Spadone et al. 2015; Tomasi et al. 2014). Importantly,
steady-state connectivity changes that occur when participants
are continuously engaged in a task may be more akin to real
life functioning, as compared to either block or event related
task designs or the commonly used resting state studies.
Therefore, in this respect, a continuous performance, steady-
state design may be much more reflective of brain connectiv-
ity in real-life settings.

One paradigm often used to engage mood circuitry in-
volves exposing participants to negative emotional stimuli
and asking them to either maintain or regulate (i.e., with cog-
nitive reappraisal) their emotional response (Ochsner and
Gross 2005) Using this strategy in a traditional activation par-
adigm, it has been reported that maintenance of emotion is
associated with increased amygdala activation, as well as ac-
tivation of the medial prefrontal cortex, whereas down-
regulation of emotion involves increased activation of the or-
bital prefrontal cortex (Ochsner et al. 2004). However, impor-
tantly, the neural network-level dynamics associated with
maintenance vs. down-regulation of emotional response via
reappraisal have not been studied using the steady-state LFBF
correlation paradigm, either in healthy participants or patients
with BP.
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To address these issues described above, we used graph
theory to examine brain network changes in medication-free
manic and depressed BP patients and health controls while
they performed a continuous emotion regulation task
(CERT) in which they continuously looking at pictures show-
ing negative emotional stimuli and either maintained emotion
or regulated using reappraisal strategies. We hypothesized dif-
ferences in brain networks and their properties during mainte-
nance and reappraisal of continuously presented emotional
stimuli when bipolar participants are compared to healthy par-
ticipants and when manic and depressed bipolar groups are
compared to each other (Hummer et al. 2013).

Materials and method
Participants

Individuals with BP who were medication-free for at least
2 weeks, along with psychiatrically healthy adults, were re-
cruited from the outpatient psychiatry clinic at Indiana
University Hospital and by advertisement to the community.
After complete description of the study to the participants,
written informed consent, approved by the Institutional
Review Board (IRB) at the Indiana University School of
Medicine, was obtained. Both patients and healthy control
participants were paid $75 for screening and $75 for an MRI
scan. Participants underwent the Mini International
Neuropsychiatric Interview (MINI; Sheehan et al. 1998), as
well as a clinical interview by a psychiatrist (AA) to determine
the appropriate Diagnostic and Statistical Manual 4th Edition
Text Revision (DSM-IV-TR; First et al. 2002) diagnoses.
Participants also completed the 17-item Hamilton
Depression Rating Scale (HDRS; Hamilton 1960) and the
Young Mania Rating Scale (YMRS; Young et al. 1978) at
the time of the scan.

BP participants aged 18—60 years were included in the
study if, at the time of scan, they satisfied DSM-IV-TR criteria
for BP and satisfied DSM-IV TR criteria for a hypomanic,
manic, or depressed episode. In addition, to further delineate
the two BP groups, BPD group was required to have HDRS
>15 and YMRS <10 and the BPM group an HDRS <12 and a
YMRS >12. Exclusion criteria for participants included: life-
time diagnosis of schizophrenia or schizoaffective disorder; a
current primary anxiety disorder; use of psychotropic medica-
tions in the past 2 weeks; fluoxetine use over the past 4 weeks;
acute suicidal or homicidal ideation or behavior; recent (<
1 week) or current inpatient hospitalization; meeting DSM-
IV-TR criteria for substance dependence within the past year
(except nicotine); positive urinary toxicology screening at
baseline; use of alcohol in the past 1 week; serious medical
or neurological illness; current pregnancy or breast feeding;
and metallic implants or other contraindications to MRI.
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Healthy controls (HC) (18-60 years) were also required to
have no personal or family history of psychiatric illness or
alcohol or substance abuse/dependence; current use of any
centrally acting medications; use of alcohol in the past week;
serious medical or neurological illness; pregnant or breast-
feeding; and metallic implants or other contraindication to
MRI.

MRI acquisition

Scans were performed using a Siemens 3 T Tim Trio. After a
short scout imaging scan to survey head position and center
the field of view (FOV), a high-resolution 3D magnetization
prepared rapid gradient echo (MPRAGE) scan was collected
(160 sagittal slices, 1.0 x 1.0 x 1.2 mm). Subsequently, func-
tional scans were acquired using T2*-weighted gradient echo
echo-planar imaging (EPI) (TR/TE 2250/29fms; 39 axial
slices; FOV 220 x 220 mm; 2.5 x 2.5 x 3.5 mm). An integrat-
ed parallel acquisition technique was implemented using a
generalized auto-calibrating partially parallel acquisition
(GRAPPA) with a reduction factor of 2 to improve spatial
resolution, reduce geometric distortion, and decrease scan
time. Two scans, one during emotion maintenance and one
during emotional reappraisal were collected, each lasting
5:33 min (145 volumes) (Van Dijk et al. 2010).

Continuous emotion regulation task (CERT)

In each scan, participants were continuously shown pictures
with negative emotional valence derived from the
International Picture System (IAPS; Lang et al. 1997). Each
picture was shown for 15 s for a total of 21 pictures in each
scan. The pictures for the two scans were matched for valence
and arousal ratings. In the first scan, participants were
instructed to maintain their emotional response to the pictures
(MAINTAIN). For the second scan, participants were asked to
suppress their emotional response to the pictures using ap-
praisal techniques taught during the training session before
the scan (SUPPRESS). These training techniques included
trying to distance themselves from what was happening and
imagining that it was not real. At the end of each scan, partic-
ipants were asked to rate the entire picture set on a 1-5 scale
for emotional valence with 5 being the most negative.

Image analysis

Preprocessing and motion correction The images were
corrected for physiologic noise (Beall 2010; Glover et al.
2000) using signals obtained with PESTICA (Physiologic
Estimation by Temporal ICA; Beall and Lowe 2007).
Special attention was paid to motion correction, because
both linear and non-linear motion artifacts have been
shown to affect functional results (Van Dijk et al. 2012;

Power et al. 2012). Motion correction was performed using
SLice-Oriented MOtion COrrection (SLOMOCO) (Beall
and Lowe 2014). SLOMOCO first performs an in-plane
slicewise motion registration followed by an out-of-plane
motion parameter estimation and regularization. The regu-
larized out-of-plane and residual in-plane motion parame-
ters are used in a slice-specific second-order motion model
that accounts for the effect of adjacent slice motion into or
out of the slice of interest as well as the present slice.
Finally, the software regresses the physiologic noise model
in parallel with the slice-wise second-order motion model,
and this regression correction comprises the last stage of
SLOMOCO to produce data that has been corrected for
physiologic noise and motion.

After motion correction, variance due to picture onset was
regressed from the timeseries in order to ensure that lower-
level stimulus responses did not drive connectivity estimates.
Next, images were corrected for non-neural sources of vari-
ance using a regression-based correction with time series ob-
tained from eroded white matter and ventricular masks (Jo
et al. 2010). The corrected images were normalized to
Montreal Neurological Institute (MNI) space and resampled
to 2 mm isotropic voxels using Statistical Parametric Mapping
Version 5 (SPM5; Penny et al. 2011) and finally, bandpass
filtered to retain low-frequency fluctuations (.008-.08 Hz).
For every scan, the number of motion-corrupted volumes
was identified using the Jiang average voxel displacement
measurement (Jiang et al. 1995) computed from the slice-
wise motion parameters from SLOMOCO. A corrupted vol-
ume was defined as a volume where at least one slice within
that volume experienced greater than 1 mm of out of plane
motion. Any participant with 15 or more volumes with greater
than 1 mm of out of plane motion were excluded from the
analysis (Beall and Lowe 2014; Jiang et al. 1995). Note,
corrupted volumes were not removed from the timeseries,
and this was only used to identify participants with high levels
of motion-related variance.

Evaluation of changes in network connectivity Time series
were extracted using principal component analysis (1st
eigenvariate extracted) for a 195 regions of interest (ROI) atlas
(Craddock et al. 2012) and connectivity matrices were obtain-
ed via Pearson correlations within the Graph Theory GLM
(GTG) toolbox (Spielberg et al. 2015).

Connectivity matrices were then entered as dependent
variables into the Network Based Statistic toolbox (NBS;
Zalesky et al. 2010). In NBS, the regression model is first
tested for each link, following which a t-threshold is applied
across the network to remove unassociated links. Next,
clusters of supra-threshold links (links sharing a node with
>1 other cluster links) are identified and the corrected sig-
nificance of each cluster computed. Specifically, the supra-
threshold network’s intensity is calculated by summing the
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test statistic for each included connection and a corrected p
value is calculated by comparing observed cluster intensity
against a null distribution of maximal supra-threshold sizes
intensities via permutation (5000 randomizations),
resulting in an overall corrected « <.05. For all analyses,
mean DVARS (linear and quadratic) and motion
(volumetric and slice-wise) were used as regression covar-
iates. Given age differences between groups, age was also
used as a covariate for analyses with multiple groups. For
each calculation, permutations were restricted to repeated
measures of each participant using exchange blocks.

Three main analyses of interest were carried out. We first
examined the within-subject effect of CERT in (i) healthy
controls, (ii) all bipolar patients, (iii) BPM, (iv) BPD, and
(v) all participants. Given that these tests were within-group,
and thus more powerful and produce denser networks, a
higher NBS t threshold of 4.06 was used to provide more
interpretable networks. A second analysis examined the inter-
action between a BP, BPM or BPD vs. HC group factor and
CERT (MAINTAIN vs. SUPPRESS). The third analysis of
interest examined the interaction between BP group (BPD
vs. BPM) and CERT. A threshold of 3.40 was used in NBS
for these between-group analyses, consistent with similar
studies in BP (e.g., Wang et al. 2017). To better understand
what was driving significant interaction effects, follow-up t-
tests were conducted to examine whether connectivity differed
by condition within group (paired t-test) and whether connec-
tivity differed by group within each condition (independent
samples t-test).

Identification of disturbed graph properties Connectivity ma-
trices were entered into the Graph Theoretic GLM (GTG)
toolbox v.44 (Spielberg et al. 2015), which computes graph
properties for each participant (via Brain Connectivity
Toolbox; Rubinov and Sporns 2010). Each matrix was first
thresholded to include only positive weights.

One global property was examined: Mean Connectivity
Strength, which indexes the overall level of coupling). Two
node-specific properties were examined: Betweenness
Centrality and Clustering Coefficient. Betweenness
Centrality indexes the extent to which a node functions as a
hub for communication (i.e., number of shortest paths that
pass through the node). Clustering Coefficient reflects the
amount of clustering around a node (i.e., extent to which
neighbors of a node are connected to each other). Properties
were entered as dependent variables in repeated measures
GLM in GTG (5000 permutations, same predictors as above).

To limit the number of comparisons, properties were exam-
ined for only the nodes in the equivalent NBS analysis. False
discovery rate (FDR) correction was used to account for the
multiple nodes examined. As well, only the relevant analysis
(i.e., BPVHC x condition or BPMvVBPD x condition) was
examined.
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Results

Seventy six participants were enrolled and 19 participants
were not included in the analysis for the following reasons:
6 participants for motion, 3 participants for unreliable/unclear
information, 4 participants for not meeting the scan day
HAMD and YMRS criteria, 1 participant did not do the scan,
1 participant closed eyes during the scan, 1 participant was not
able to see the monitor during the scan, 2 participants had
technical difficulties in presentation of the task, 1 participant
did only the MAINTAIN condition. 57 bipolar participants
were included in the analysis out of which 27 were BPD and
30 were BPM, along with 33 HC. The demographic and ill-
ness characteristics of the participants are presented in Table 1.

Behavioral Measures: Participants were asked at the end of
MAINTAIN and SUPPRESS picture to rate the valence of
each picture. All groups reported decreased negative valence
for the SUPPRESS picture set compared to MAINTAIN pic-
ture set and the difference was statistically significant for the
BP groups as a whole, BPM group and HC but only trend
level significant for the BPD group (Table 2). Between-
group and Group x Condition effects however were not sig-
nificant for any of the comparisons (Table 3).

Within-group CERT effects on network connections

Two networks emerged from the NBS analyses for healthy
controls (Fig. 1a). In the first, connectivity was stronger dur-
ing MAINTAIN (p<.001, 18 nodes, 28 links), and it
consisted of differential connections within and between bi-
lateral occipital regions (i.e., inferior lateral occipital cortex,
occipital pole) and right superior parietal regions (e.g.,
precuneus, angular), with the largest number of differential
connections being with left inferior lateral occipital cortex.
In the second network, connectivity was stronger during
SUPPRESS (p=.023, 8 nodes, 7 links), and it consisted of
differential connections between a region of right superior
lateral occipital cortex and other regions in superior lateral
occipital cortex, bilateral prefrontal (middle and superior fron-
tal gyri), medial posterior cingulate cortex, and parietal re-
gions (e.g., angular).

Two networks emerged for BP patients (Fig. 1b). In the
first, connectivity was stronger during MAINTAIN
(»=.009, 3 nodes, 2 links), and it consisted of differential
links between left occipital pole and bilateral inferior lateral
occipital cortex. In the second network, connectivity was
stronger during SUPPRESS (p =.012, 8 nodes, 9 links), and
consisted of differential connections between temporal areas
(e.g., temporal fusiform), mid-line regions (e.g., mid-cingulate
cortex, supplementary motor area), and bilateral occipital re-
gions (e.g., inferior lateral occipital cortex, occipital pole),
with the largest number of differential links being with right
temporal fusiform and with left posterior supramarginal.
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Table 1 Clinical and
demographic information by Measures BPD (N=27) BPMW=30) HC@{=33) ANOVA
group
Mean (SD) Mean (SD) Mean (SD)
Age (years) 34 (11) 3511 33 (11) 775
Age at first episode (years) 16 (8) 14 (4) — 395
Hamilton Depression Rating Scale (17 item) 20 (3) 6(3) - <.001
Young Mania Rating Scale 23) 16 (2) - <.001
Period off medication prior to scan (months) 27 (32) 53 (70) - .395
Number of prior mood episodes (depression) >20 >20 -
Number of prior mood episodes ((hypo) mania)  >20 >20 -
Weeks since last manic episode 23 (25) 29 (48) - .539
Weeks since last depressive episode 37 (29) 37 (86) - 986
Duration of current episode (weeks) 7 (6) 2(1) - <.001
N (%) N (%) N (%) X
Female 15 (56%) 18 (60%) 21 (64%) 817
Caucasian 22 (82%) 29 (97%) 31 (94%) 102
History of trauma 13 (48%) 16 (53%) 1 3%) .696
History of psychosis 10 (37%) 8 (27%) - 400
Bipolar I (vs. II) 9 (33%) 14 (47%) - .306
History of alcohol abuse 11 (41%) 11 (37%) - 7152
History of drug abuse 9 (33%) 13 (43%) - 439
Right handedness 17 (81%) 21 (84%) 30 91%) 551

Tests compare bipolar groups with the exception of age, sex, race, and handedness, which include all three groups.
The calculation of weeks since last manic/depressive episode do not include the current episode. Due to a data
collection error, handedness was not collected for 11 participants (6 BPD, 5 BPM)

One network emerged for the BPM group (Fig. lc) in
which connectivity was stronger during SUPPRESS than
MAINTAIN (p<.001, 31 nodes, 32 links), and it consisted
of differential connections within and between pons, prefron-
tal regions (e.g., frontal pole, middle frontal gyrus), parietal
regions (e.g., precuneus, parietal operculum), temporal re-
gions (e.g., temporal-occipital middle temporal gyrus, tempo-
ral pole), insula, cerebellum, later occipital cortex, posterior
cingulate gyrus, and thalamus, with the largest number of
differential connections being with pons.

One network emerged for the BPD group (Fig. 1d) in which
connectivity was stronger during MAINTAIN than SUPPRESS
(p=.036, 6 nodes, 5 links), and it consisted of differential links
within and between occipital regions (e.g., occipital pole, inferi-
or lateral occipital cortex) and midbrain, with the largest number
of differential links being with left occipital pole.

Table 2 Within group differences in picture-set valence ratings

Group Maintain Suppress Significance
(mean(SD)) (mean(SD))

BPD (N=23) 2.61 (.84) 2.13 (.87) 064

BPM (N=28) 2.86 (.71) 2.36 (1.1) .047

BP (N=51) 2.75 (77) 2.25(1.0) .007

HC (N=31) 2.81 (.70) 2.32 (.87) 016

Interestingly, four links were present in the cross-BP net-
works that were not found when looking at the groups sepa-
rately. These links were between regions in left occipital pole
and left inferior lateral occipital cortex for the MAINTAIN >
SUPPRESS contrast and between left posterior supramarginal
gyrus and three regions of inferior lateral occipital cortex (two
in the left hemisphere, one in the right) for the opposite con-
trast. This may seem strange if one expects that the cross-BP
networks should be the sum of their parts, and thus there
should be no links in the BP networks that were not in the
BPD and BPM networks. However, it is likely these effects
were present at a lower magnitude in each group, and as such
were not significant in the smaller groups but were in the
combined sample.

Between-group CERT effects on network connections

No findings emerged at a significant level in which connec-
tivity shifts associated with CERT differed between BP pa-
tients and controls.

One network emerged in which connectivity shifts associ-
ated with CERT differed by BP group (Fig. 2, p=.037, 23
nodes, 23 links) and it consisted of differential links within
and between subcortical structures (e.g., pons, putamen, thal-
amus), frontal regions (e.g., frontal pole, inferior frontal gy-
rus), insula, cerebellum, occipital regions (e.g., lateral
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Table 3 Between Group and
Group x Conditions tests for

picture-valence set ratings

Condition Groups Test Significance
Maintain only BPHC Group 719
Suppress only BPHC Group 756
Maintain only BPM,HC Group 783
Suppress only BPM,HC Group .893
Maintain only BPD,HC Group 351
Suppress only BPD,HC Group 426
Maintain only BPD,BPM Group 256
Suppress only BPD,BPM Group 425
Maintain only BPD, BPM, HC Group 467
Suppress only BPD, BPM, HC Group .668
Maintain & Suppress BPHC Group X Condition 982
Maintain & Suppress BPM, HC Group X Condition 959
Maintain & Suppress BPD,HC Group X Condition .986
Maintain & Suppress BPD, BPM Group X Condition 951
Maintain & Suppress BPD, BPM, HC Group X Condition 998

occipital), temporal regions (e.g., superior temporal gyrus),
and paracingulate, with the largest number of differential links
being with right inferior frontal pole/inferior frontal gyrus pars
triangularis (rIF). Paired t-tests revealed that mean connectiv-
ity in this network was significantly stronger during
MAINTAIN relative to SUPPRESS in the BPD group (ty6 =
5.2, p<.001), whereas the opposite was true for the BPM
group (ty9=6.3, p<.001, df=29). Independent samples t-
tests revealed that BPD exhibited significantly stronger con-
nectivity in this network than did BPM during MAINTAIN
(tss=5.8, p<.001), whereas the opposite was true for
SUPPRESS (ts5s=4.0, p <.001).

Disturbances in graph properties

Analyses were carried out in the GTG toolbox examining the
group (BPM vs. BPD) by CERT (MAINTAIN vs.
SUPPRESS) interaction. These analyses revealed significant
interaction effects for clustering coefficient for rIF (F(y 46)=
9.1, p=.005 [corrected p=.039]), pons (F(; 4¢)=16.3,
p=.002 [corrected p =.039]), right putamen/mid-insula (rP-
aINS) (F(; 46,=8.6, p=.006 [corrected p =.039]), and right
thalamus (F(; 46)=7.9, p=.007 [corrected p=.039]). Given
that the graph properties used are influenced by the overall
density and mean connection strength of the global network,
we repeated significant analyses with the addition of density
and mean connection strength (after median normalization) as
covariates. All findings remained significant, further ensuring
that these effects are not driven by basic network properties.
Furthermore, given differences by group in the amount of time
that participants had been off medication, analyses were re-
peated with time off medications as a covariate. Due to a data
collection error, this information not collected for 5
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participants (3 BPD, 2 BPM), and thus these analyses includ-
ed only 52 participants. All analyses remained significant,
with the exception of the right thalamus clustering coefficient
(p=.065). However, given that the sample size was reduced
by 9%, it is quite possible that this lack of significance is due
to the reduction in power.

As shown in Fig. 3, rIF clustering coefficient evidenced a
crossover pattern, although none of the follow-up t-tests were
significant. Pons clustering coefficient for BPM (Fig. 3) dur-
ing suppress was significantly higher than both BPD suppress
(ts5=2.4, p=.020) and BPM maintain (tyo=3.8, p<.001).
Right thalamus clustering coefficient (Fig. 3) had extremely
similar values for the two groups during maintain, whereas
BPM had greater clustering than BPD during suppress (tss =
2.2, p =.030). Finally, right P-aINS clustering coefficient (Fig.
3) had similar values for BPD in both conditions and BPM in
suppress, whereas BPM clustering was lower during maintain.
BPM exhibited significantly greater clustering during sup-
press than maintain (t,o = 4.4, p <.001). However, the differ-
ence between BPD and BPM clustering during maintain was
only marginally significant (tss= 1.8, p =.081), and thus this
pattern should be interpreted with caution.

Discussion

In this study, the first of its kind, we examined brain network
dynamics while hypomanic (BPM) and depressed (BPD) in-
dividuals with bipolar disorder and healthy controls (HC) con-
tinuously maintained or suppressed (via reappraisal) negative-
ly valenced emotion. A network centered around right inferior
frontal pole/inferior frontal gyrus pars triangularis (rIF)
emerged in which BPD exhibited stronger connectivity during
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Fig. 1 Network based connectivity maps for Maintain vs. Suppress
Contrast in a Healthy; b All Bipolar; ¢ Manic; and d: Depressed
Groups. Red = maintain > suppress. Blue = suppress > maintain. L=
left; M = medial; R =right; ant=anterior; inf=inferior; lat = lateral;
mid = middle; post = posterior; sup =superior; ANG = angular gyrus;
CBLM = cerebellum; CING = cingulate gyrus; FP = frontal pole; INS =
insula; INTRAC = intracalcarine gyrus; LOC = later occipital cortex;
MB = midbrain; MFG =middle frontal gyrus; OFC = orbitofrontal

MAINTAIN than SUPPRESS, whereas the opposite was true
for BPM (Fig. 2).

Interestingly, four links were present in the cross-BP net-
works that were not found when looking at the groups sepa-
rately. This may seem strange if one expects that the cross-BP
networks should be the sum of their parts, and thus there
should be no links in the BP networks that were not in the

gyrus; oFUSI = occipital fusiform gyrus; OP = occipital pole; PCC =
posterior cingulate gyrus; PCUN = precuneus; POG = postcentral gyrus;
pOPERC = parietal operculum; PRG = precentral gyrus; SFG = superior
frontal gyrus; SMA =supplementary motor area; SUPRA =
supramarginal gyrus; tFUSI =temporal fusiform gyrus; THAL =
thalamus; toFUSI = temporal-occipital fusiform gyrus; toMTG =
temporal-occipital middle temporal gyrus; TP = temporal pole

BPD and BPM networks. However, it is likely these effects
were present at a lower magnitude in each group, and as such
were not significant in the smaller groups but were in the
combined sample.

Within-group analyses of condition provide further insight
into the organization of emotion-regulation circuitry within
these groups. No statistically significant corrected results were
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Fig. 2 Group (Mania vs. Depression) and Condition (Maintain vs.
Suppress) Interaction for Network Based Connectivity. BP =bipolar
disorder; BPD = depressed BP; BPM = manic/hypomanic BP; L = left;
M = medial; R =right; ant=anterior; inf=inferior; mid = middle;
CAUD = caudate; CBLM = cerebellum; FP = frontal pole; HIPP =
hippocampus; IFGtr = inferior frontal gyrus pars triangularis; INS =
insula; LOC = later occipital cortex; PRG = precentral gyrus; PUTA =
putamen; PARA = paracingulate; STG = superior temporal gyrus;
THAL = thalamus; toFUSI = temporal-occipital fusiform gyrus.
*##% = p <.001. Error bars reflect 1 standard deviation

observed when comparing either all BP or the BP subgroups
to HC, which may be due to the need for greater sample to
obtain significant results after the stringent correction for mul-
tiple comparisons performed herein. Finally, examination of
graph theory properties revealed significant group by task-
condition interactions for rIF, pons, right putamen/mid-
insula (rP-aINS), and right thalamus clustering coefficient.
Clustering coefficient reflects the extent to which the
neighbors of a node form a cohesive local network, and great-
er clustering coefficient reflects more efficient communication

@ Springer

in this local network. The highest levels of clustering coeffi-
cient for a node in pons was observed for BPM during
SUPPRESS (relative to both BPD SUPPRESS and BPM
MAINTAIN) (Fig. 3). Interestingly, mania following pontine
strokes has been observed in a small number of cases (Satzer
and Bond 2016), although a study examining brainstem vol-
umes in BP did not find any differences (Brambilla et al.
2001). Given the lack of spatial specificity of this ROI to
structures within the pons, and that a number of small nuclei
exist within this structure, it will be important to follow up this
finding in future research using acquisitions with greater gran-
ularity (e.g., multi-band EPI). Right thalamus clustering coef-
ficient exhibited a somewhat similar pattern (Fig. 3), although
in this case, all that can be inferred is that there is no group
difference in clustering for MAINTAIN, whereas clustering
becomes greater for BPM during SUPPRESS. Past work in
a large sample found smaller thalamic volumes in BP, and
evidence indicates that this might be prevented/reversed by
lithium treatment (Hibar et al. 2016). Thus, clustering around
thalamus may be an important target for future treatment
research.

The lowest levels of clustering coefficient for rP-aINS were
observed for BPM during MAINTAIN (relative to BPM
SUPPRESS and, marginally, BPD MAINTAIN). Given the
importance of insula and putamen in the generation of affec-
tive experience (e.g., interoception in mid-insula; Craig 2003),
this finding may indicate that interoceptive signals, for exam-
ple, are less integrated within other pieces of the network
during the experience of emotion in mania. This is perhaps
surprising, given that deficits in BP are thought to be in the
regulation of affect, not un-regulated experience (Phillips et al.
2008). However, meta-analyses of fMRI studies in BP have
found consistent abnormalities in putamen (both hypo- and
hyper-activation, depending on the particular region)
(Houenou et al. 2011) supporting the involvement of this re-
gion. More generally, the observed reduction in cohesiveness
in the network around rP-aINS may reflect a vulnerability
wherein affective stimuli encountered during typical process-
ing (i.e., without explicit regulation) are not integrated as thor-
oughly into ongoing processing. In turn, this may result in a
failure to track the current state of the environment with ref-
erence to goals.

Finally, a cross-over pattern was observed for rIF clustering
coefficient (Fig. 3), with levels for BPD MAINTAIN and
BPM SUPPRESS being higher than the complementary
group/conditions. Given that none of the follow-up tests were
significant, only the relative shape of this pattern should be
interpreted. Past meta-analytic work found that BP was asso-
ciated with consistently reduced rIF activation during both
affective and cognitive tasks, and this effect was found in
BPM but not BPD or euthymic BP patients (Chen et al.
2011). Given that clustering coefficient reflects connectivity
among the neighbors of a node, not the node’s activity, our
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Fig. 3 Graph theoretic metrics showing significant group (Mania vs
Depression) and condition (Maintain vs Suppress) interactions. BP =
bipolar disorder; BPD = depressed BP; BPM = manic/hypomanic BP;

finding complements this meta-analytic work. For example,
our finding could indicate that one of the causes of lower IF
activation in BPM may be less cohesive processing in its
neighbors, at least during maintenance of affect.
Alternatively, it is possible that the increased levels of cohe-
sion during suppression of emotion may serve to down-
regulate IF processing.

The present study benefited from a number of strengths,
including a medication-free sample, examination of
(hypo)manic and depressed BP patients simultaneously, a
novel continuous performance and use of graph-theory
methods. Several limitations must also be considered.
Although participants were medication-free, they were not
medication-naive. As such, present findings may be driven,
in part, by long-term medication use. Furthermore, this work
was cross-sectional and could not differentiate between fac-
tors predisposing toward the development of BP from factors

IF =inferior frontal pole/inferior frontal gyrus pars triangularis; P-
aINS = putamen/anterior insula; * = p <.05; *** = p <.001. Error bars
reflect 1 standard deviation

arising as a consequence. An ideal study would longitudinally
examine the same individuals through both depressive and
(hypo)manic episodes. However, such work is extremely dif-
ficult and it is unethical to keep patients medication-free.
Therefore, present findings should be regarded as comple-
mentary to studies with medicated participants. As this study
was conducted in medication-free outpatients, only two pa-
tients met criteria for a full manic episode (the rest hypomanic)
and the majority of the depressed patients were only moder-
ately depressed. Thus, the extent to which present findings are
representative of more severe BP (i.e., mania, severe depres-
sion) remains unknown. The sample sizes are also relatively
small, although they are commensurate with other studies in
this field and reflect the inherent difficulty recruiting
medication-free individuals with bipolar disorder. Thus, the
study suffers from relatively low statistical power, and future
research should at least replicate the study with similar sample
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sizes, and ideally with much larger samples. Finally, choice of
individual-link thresholds in the NBS analysis can impact
findings, and there is currently no agreed upon threshold or
set of thresholds to use in the field. Although we have chosen
thresholds in as principled a way as possible, inconsistency
with other studies in threshold choice is still a limitation of the
present work.

In summary, the results of this study suggest that a contin-
uous emotional task can be used to identify networks involved
in emotional regulation in healthy controls and individuals
with mood disorders. The present findings suggest that poste-
rior cortical areas appear to be involved in maintenance of
emotion, whereas an anterior cortical network is involved in
suppression of emotion. Finally, an inferior frontal network
was implicated in differences between bipolar depression
and mania.
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