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Abstract

Background—Amygdala-orbitofrontal cortical (OFC) functional connectivity (FC) to emotional
stimuli and relationships with white matter remain little examined in bipolar disorder individuals
(BD).

Methods—Thirty-one BD (type I; n = 17 remitted; n = 14 depressed) and 24 age- and gender-ratio-
matched healthy individuals (HC) viewed neutral, mild, and intense happy or sad emotional faces in
two experiments. The FC was computed as linear and nonlinear dependence measures between
amygdala and OFC time series. Effects of group, laterality, and emotion intensity upon amygdala-
OFC FC and amygdala-OFC FC white matter fractional anisotropy (FA) relationships were
examined.

Results—The BD versus HC showed significantly greater right amygdala-OFC FC (p <.001) in
the sad experiment and significantly reduced bilateral amygdala-OFC FC (p = .007) in the happy
experiment. Depressed but not remitted female BD versus female HC showed significantly greater
left amygdala-OFC FC (p = .001) to all faces in the sad experiment and reduced bilateral amygdala-
OFC FC to intense happy faces (p = .01). There was a significant nonlinear relationship (p = .001)
between left amygdala-OFC FC to sad faces and FA in HC. In BD, antidepressants were associated
with significantly reduced left amygdala-OFC FC to mild sad faces (p = .001).

Conclusions—In BD, abnormally elevated right amygdala-OFC FC to sad stimuli might represent
atrait vulnerability for depression, whereas abnormally elevated leftamygdala-OFC FC to sad stimuli
and abnormally reduced amygdala-OFC FC to intense happy stimuli might represent a depression
state marker. Abnormal FC measures might normalize with antidepressant medications in BD.
Nonlinear amygdala-OFC FC—FA relationships in BD and HC require further study.
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Bipolar disorder is one of the most debilitating illnesses (1), characterized by severe emotion
dysregulation that might persist even during remission (2-4). Understanding patho-
physiological mechanisms of emotion dysregulation is a first step toward identifying biological
targets for future treatment development for bipolar disorder. Neuroimaging studies of bipolar
disorder individuals (BD) therefore examined functional abnormalities in amygdala and
orbitofrontal cortex (OFC), highly interconnected regions that are well-known from animal
and human lesion (5-14), and human neuroimaging (15-18) studies to support emotion
processing and emotion regulation. These studies reported abnormal activity in amygdala and
OFC in BD (19) to different emotional stimuli and during cognitive control tasks (19-21).
More recently, studies examined white matter (WM) in emotion regulation neural circuitry in
BD (22-26), with diffusion tensor imaging (DTI) and fractional anisotropy (FA), an index of
the ratio of diffusional anisotropy in longitudinal versus radial directions in WM tracts. We
demonstrated in BD versus healthy control participants (HC) reduced FA in one cluster in the
region of right uncinate fasciculus (UF), a major tract connecting anterior temporal cortex—
including the amygdala—with OFC and greater FA in three clusters of the region of left UF
(27). Our findings parallel other studies reporting abnormalities in the UF in BD, including
abnormal number of reconstructed fibers (22,25) or abnormal UF FA (23,25,26).

A main limitation of these studies in BD is that they did not examine how these key neural
regions implicated in emotion processing and regulation are functionally integrated during
emotion processing. Functional integration within a distributed network can be characterized
interms of “functional connectivity” (FC), referring to correlations over time between activities
in different neural regions (28). This FC approach can be used to examine the functional
integrity of neural systems supporting emation processing and regulation to better understand
biological mechanisms of emotion dysregulation in BD. One study reported decreased left
amygdala-right OFC FC in manic BD relative to HC during fearful and angry face-matching
and labeling (29). With a different connectivity methodology—effective connectivity, which
refers to the impact that activity in one region exerts over that in another and can be used to
estimate forward versus backward connectivity between regions—we previously showed
abnormally reduced left OFC (Brodmann area 11)-left amygdala and right amygdala-right OFC
effective connectivity during happy face emation labeling in depressed BD (30). It remains
unknown, however, whether changes in mood state impact amygdala-OFC FC to emotional
stimuli in BD. Only one study examined FC—FA relationships in neural circuitry supporting
emotion regulation in BD (31) and demonstrated reductions in FA and FC between amygdala
and pericingulate gyrus during happy and fearful face processing in BD versus HC (31).

A well-known hemispheric lateralization of emotion processing theory emphasizes a left
hemisphere specialization for approach-related (e.g., positive) and a right hemisphere
specialization for withdrawal-related (e.g., negative) emotions (32). The left-right difference
in abnormal amygdala-OFC WM that we previously demonstrated in BD might underlie
abnormal amyg-dala-OFC FC to positive and negative emotional stimuli, but this remains
unexamined. In the present study, we therefore first aimed to examine amygdala-OFC FC to
positive and negative emotional faces in BD and HC. Our previous effective connectivity data
in depressed BD allowed us to hypothesize that BD versus HC would show abnormally reduced
bilateral OFC-amygdala FC to positive emotional faces but did not allow us to be more specific
about the nature of left-right amygdala-OFC FC abnormalities to negative emotional faces in
BD. We secondly aimed to examine whether mood state impacted left and right amygdala-
OFC-amygdala FC in BD, by recruiting subgroups of remitted and depressed BD. Our previous
findings (33) allowed us to hypothesize that depressed BD would show significantly reduced
amygdala-OFC FC versus HC to happy faces in both hemispheres but did not allow us to have
a specific hypothesis regarding the relative magnitude of amygdala-OFC FC abnormalities in
depressed versus remitted BD. In exploratory analyses, we aimed to examine left and right
amygdala-OFC FC-FA relationships in BD and HC to positive and negative emotional stimuli.
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To examine these aims and hypotheses, we used a well-validated facial emotion labeling task
that includes facial expressions displaying the range of emotion from neutral to mild and intense
happiness or sadness displayed in everyday social interactions (30,34-36). We computed
amygdala-OFC FC in each hemisphere with a methodology developed in our laboratory (37—
39).

Methods and Materials

Participants

Fifty-six participants were recruited through local advertising and the Western Psychiatric
Institute and Clinic, Mood Disorder Treatment and Research Program, and signed informed
consent to participate in the study. Functional magnetic resonance imaging (fMRI) data were
collected in 31 adult BD (type I; DSM-IV criteria) (40), with the Structured Clinical Interview
for DSM-1V, Research Version, SCID-P (41), and in 24 of 25 HC (no previous psychiatric
history, SCID-P criteria, or psychiatric history in first-degree relatives), alongside DTI data
(27) in the same neuroimaging session. The fMRI data were not collected in one HC, because
of scanner problems that day.

Fourteen BD were recruited in depressed episode on the basis of SCID-P criteria (at least 2
weeks of depressed mood); 17 euthymic BD were recruited in full remission on the basis of
SCID-P criteria and had been euthymic for at least 2 months before the scanning session. All
BD had a Young Mania Rating Scale (42) score <10; remitted and depressed BD had a 25-
item Hamilton Rating Scale for Depression—25 (43) score <7 and >13, respectively. All BD
had at least two episodes of depression or mania in the last 4 years. Ten BD had a lifetime
history of alcohol/substance abuse/dependence. Remitted and depressed BD did not differ
significantly in age, age of illness onset, illness duration, and history of alcohol/substance abuse
but did differ in depression severity, gender ratio, and proportion of individuals taking
anxiolytics but not other medications: there were more women than men, and more individuals
taking anxiolytics in depressed than remitted BD (Table 1).

The HC and BD were gender-ratio- and premorbid 1Q-matched. The HC were younger than
BD. Age was therefore included as a covariate in between group analyses. All participants
were right-handed (Annett criteria) (44).

Exclusion criteria for all participants included history of head injury (medical records and self-
report), cardiovascular accident, epilepsy, dementia, neurodevelopmental/neurodegenerative
disorder, loss of consciousness >10 min, systemic medical illness, cognitive impairment (score
<24 Mini-Mental State Examination) (45), premorbid 1Q estimate <85 (National Adult Reading
Test) (46), Axis 1l borderline personality disorder, and exclusion criteria for MRI studies
(presence/questionable history of body metallic objects, positive pregnancy test for women,
and claustrophobia). Lifetime history and/or current alcohol and illicit substance abuse
(determined by saliva and urine screen, respectively) were additional exclusion criteria for HC.
The study was approved by the University of Pittsburgh Institutional Review Board.

Paradigm: Explicit Emotion Labeling Tasks

Participants completed two previously employed (35,36) 6-min fast event-related fMRI
experiments displaying: 1) 20 intense happy, 20 mild happy, and 20 neutral facial expressions;
and 2) 20 intense sad, 20 mild sad, and 20 neutral facial expressions (Methods and Materials
in Supplement 1). The two experiments were presented in a counterbalanced order across
groups and separated in time by structural data acquisition. Participants judged whether each
face was emotional or neutral by pressing the index or middle finger in a touch-sensitive glove.
Between-group difference in number of correct answers was performed with a Mann-Whitney
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U test. In three BD, data were unrecorded during the happy experiment because of technical
difficulties. The experimenter verified that these participants performed the task by observing
their responses made during task performance on a computer screen in the scanner control
room. The FC data from these three BD were not included in analyses of relationships between
FC and task performance in the happy experiment.

Data Acquisition

The fMRI and DTI data were acquired during the same scanning session with parameters
previously employed (27,33,47) (Methods and Materials in Supplement 1).

Data Analyses

The fMRI data were analyzed with SPM5 (Statistical Parametric Mapping;
http://www fil.ion.ucl.ac.uk/spm/software/spm5) software. The DTI data were analyzed as
described previously (27) (Methods and Materials and Table S1 in Supplement 1).

We chose for FC analyses in each hemisphere two key regions connected by the UF that we
included in our previous connectivity study in depressed BD (33): amygdala and OFC
(Brodmann area 11). These regions were defined with the Wake Forest University PickAtlas
software, the SPM atlas toolbox (http://fmri.wfubmc.edu/), on the basis of the Talairach
Daemon database.

For FC analyses, eigen variates (weighted mean where atypical voxels are down-weighted)
were extracted from the first-level maps of parameter estimates in each participant’s time series
in both experiments in each voxel/region by setting p = .99 significance level, with volume of
interest, in SPM5, and entered into FC analyses.

FC Analyses—We computed FC as the normalized partial mutual information, a measure
of linear and nonlinear dependence in two time series (OFC and amygdala) in each hemisphere
(37,38) (Figure S1 in Supplement 1). This methodology, employed previously (48), was
implemented in MATLAB via a Functional Connectivity toolbox developed in our laboratory
(39). Mutual information is a statistical measure of both linear and nonlinear dependence. It
quantifies the shared information between two time series. This approach generally assumes
stationarity of the time series. In the case of event-related designs, where the recurring effect
of a stimulus always exists on two regions, it might overestimate true connectivity when
calculating mutual information between the two regions. In this case, stimulus effects upon
time series can be explicitly accounted for before computing connectivity via partial mutual
information by entering a stimulus-related response as a covariate. We can assume that the
effects of the stimulus are constant across trials. We therefore constructed a covariate waveform
for each stimulus type (emotion intensity) in each experiment by convolving a canonical
response with a & function at the stimulus frequency.

BD Versus HC: To test our first main hypothesis comparing BD and HC for left and right
amygdala-OFC FC, we examined main effects of group (BD-HC), FC laterality (left-right),
emotion intensity (intense-mild-neutral), and interactions between these factors upon
amygdala-OFC FC for each experiment, with a general linear model analysis of covariance,
covarying for age.

Remitted and Depressed BD Versus HC: To examine our second aim, comparing each
depressed and remitted BD subgroup with HC on left and right amygdala-OFC FC, we
examined women only, because there were different gender ratios in each BD subgroup, with
most BD women: 8 remitted women (7 for the sad experiment), and 12 depressed women. In
view of the smaller numbers of women in each BD subgroup, we focused examination on the
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extent to which depressed and/or remitted BD showed abnormalities (vs. HC) on abnormal
amygdala-OFC FC measures shown by all BD.

In post hoc analyses, examining significant main effects and interactions involving group, we
used pairwise comparisons for estimated marginal means for both between- and within-subject
factors, with p values corrected to control for multiple tests.

FC-FA Relationships—We applied “Best Fitting Curves” in SPSS (SPSS, Chicago,
Illinois) to determine which linear or nonlinear curves were the best fit curves describing
relationships between: 1) left amygdala-OFC FC in happy and sad experiments for all faces
and FA in the three clusters in the region of left UF showing abnormal FA in BD relative to
HC (27); and 2) right amygdala-OFC FC in happy and sad experiments for all faces and FA
of the cluster in the region of right UF showing abnormal FA in BD relative to HC (27). We
used a corrected statistical threshold of p < .05/8 = .006 to control for the eight multiple tests
in each group between left amygdala-OFC FC to all faces in both experiments and the three
clusters in the region of left UF (n = 6 tests/group) and between amygdala-OFC FC to all faces
in both experiments and the cluster in the region of right UF (n = 2 tests/group).

Relationships Between Clinical Variables and FC—We examined relationships
between age, age of illness onset, illness duration, depression severity, emotion labeling task
performance, gender, the four individual psychotropic medication classes taken, and presence
versus absence of lifetime comorbid substance abuse/dependence and FC in BD. We also
examined relationships between age, task performance, and gender and FC in HC. We used
Pearson correlations for the first six and Student t tests for the remaining six tests, with a
statistical threshold of .05/12 = .004, to control for multiple tests.

Emotion Labeling Accuracy

There was no significant difference between BD and HC in sad emotion labeling. The BD were
less accurate than HC on happy emotion labeling (U = 209.0; p =.019), resulting from a trend
for BD more than HC to mislabel intense happy faces as neutral (U = 244.0, p = .069). The
HC and BD were more accurate on happy than sad emotion labeling (sad-happy: U =—-4.1, p
<.001 and U =—4.0, p <.001, respectively) there was no significant difference between
depressed and remitted BD on emotion labeling for either experiment (Table 1).

Neuroimaging Data

Extraction of mean blood oxygen level dependent signal in a priori regions (amygdala and
OFC) indicated that these regions were activated to stimuli (vs. baseline) in both experiments
in BD and HC (Figure 1).

FC Analyses

BD Versus HC: Sad Experiment: Data were excluded for one remitted BD during the sad
experiment, because of inability to tolerate the scanner. The FC data were therefore analyzed
for 30 BD and 24 HC. There were significant main effects of group [F(1,51) = 13.55; p =.
001], emotion intensity [F(2,50) = 4.61; p = .015], and a group X laterality interaction [F(1,51)
= 6.47; p = .014] for amygdala-OFC FC. We focused post hoc tests upon examination of the
main effect of group and group x laterality interaction to test our first hypothesis, with a
Bonferroni-corrected statistical threshold of p = .05/4 = .013 (four post hoc tests comparing
amygdala-OFC FC between two groups and two hemispheres). The BD showed significantly
greater right amygdala-OFC FC overall emotion intensities than HC [F (1,51) =17.98,p <.
001] and greater left amygdala-OFC FC, which just missed our conservative significance
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threshold [F (1,51) = 6.28, p = .015]. The HC but not BD showed greater left than right
amygdala-OFC FC overall emotion intensities, which also missed our conservative
significance threshold [BD:F(1,28) = 2.82, p = .104; HC:F(1,22) = 4.59, p = .043] (Figure 2,
Tables 2A and 3 for estimated marginal means for FC values in BD and HC).

BC Versus HC: Happy Experiment: There was a significant main effect of emotion intensity
and a group x emotion intensity interaction upon amygdala-OFC FC [F(2,51) = 3.86, p =.028
and F(1,52) =4.48, p = .0186, respectively]. We focused post hoc tests upon examination of the
group x emotion intensity interaction to test our first hypothesis comparing difference in
amygdala-OFC between BD and HC, with a Bonferroni-corrected statistical threshold of p = .
05/3 = .017 (three post hoc tests comparing amygdala-OFC FC between the two groups
separately for each of the three emotion intensities). The BD showed significantly reduced
amygdala-OFC FC to intense happy faces than HC over both hemispheres [F (1,52) = 7.95;
p =.007] (Figure 3, Tables 2A and 4 for estimated marginal means for FC values in BD and
HC).

Depressed and Remitted Female BD Versus Female HC: Sad Experiment: All BD showed
significantly greater right (and to a lesser extent left) amygdala-OFC FC overall emotion
intensities than HC (p = .013; see preceding text). We therefore performed separate analyses
in depressed and remitted female BD versus female HC, with the statistical threshold of p = .
013/4 = .003 to control for the additional four post hoc tests comparing depressed BD versus
HC and remitted BD versus HC on left and right amygdala-OFC FC overall intensities. Both
depressed and remitted BD showed significantly greater right amygdala-OFC FC than HC
overall intensities [F(1,22) = 20.37; p <.001, and F(1,17) = 16.57; p = .001, respectively],
whereas only depressed BD showed significantly greater left amygdala-OFC FC than HC
overall intensities [F(1,22) = 16.13; p = .001] (Tables 2B and 3 for estimated marginal means
for FC values in depressed and remitted BD and HC).

Depressed and Remitted Female BD Versus Female HC: Happy Experiment: All BD
showed significantly reduced amygdala-OFC FC to intense happy faces than HC over both
hemispheres (p = .017, see preceding text). We therefore performed separate analyses in
depressed and remitted female BD versus female HC, with a statistical threshold of p =.0017/2
=.008 to control for the additional two post hoc tests comparing depressed BD versus HC and
remitted BD versus HC on amygdala-OFC FC to intense happy faces over both hemispheres.
Depressed but not remitted BD showed significantly reduced amygdala-OFC FC, compared
with HC, to intense happy faces that only just missed the stringent significance threshold [F
(1,22) = 7.46; p = .012] (Tables 2B and 4 for estimated marginal means for FC values in
depressed and remitted BD and HC).

FC-FA Relationships: One cubic relationship (R2 = .6; p = .001) between left UF FA
(Montreal Neurological Institute [-33, 21, —17]) and left amygdala-OFC FC to all sad faces
in HC survived our criteria for statistical significance after controlling for multiple tests (Table
S2 in Supplement 1). We did not examine FC—FA relationships separately in remitted and
depressed BD, because these groups did not differ in right or left UF FA (27).

Demographic and Clinical Variables, Task Performance, and FC: The BD not taking
antidepressants had greater left amygdala-OFC FC to mild sad faces than BD taking
antidepressants (t = 3.99, p =.001) but did not differ from HC (t=-.02, p =.981). In BD, there
were normalizing effects of aging and greater age of illness onset upon amygdala-OFC FC to
faces in the sad but not happy experiment that did not survive correction for multiple tests
(Tables S3 and S4 in Supplement 1 for all relationships).
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Discussion

The goal of the present study was to examine amygdala-OFC FC to emotional faces in BD and
HC. Our main finding, in support of our first hypothesis, was that BD showed abnormal
amygdala-OFC FC to sad and happy faces. All BD showed significantly greater right
amygdala-OFC FC than HC to all faces in the sad experiment. Although both depressed and
remitted female BD showed significantly greater right amygdala-OFC FC than female HC to
these faces, only depressed female BD showed significantly greater left amygdala-OFC FC
than female HC to these faces. The BD showed significantly reduced amyg-dala-OFC FC over
both hemispheres, compared with HC, to intense happy faces that was evident in depressed
but not remitted female BD versus female HC, in support of our second hypothesis.

Our finding of significantly greater right amygdala-OFC FC to all faces in the sad experiment
in BD versus HC is consistent with previous data implicating abnormal right frontal cortical
activity in mood-disordered and anxiety-prone individuals (49,50) and greater right OFC
activity to sad versus neutral distractors in manic BD versus HC (51).

We recently highlighted a role of ventrolateral prefrontal cortex in voluntary emotion
regulatory subprocesses, including attentional control and reappraisal that might be mediated
via OFC (18). In depressed and remitted individuals with unipolar depression, previous reports
indicate positive relationships between activity in right ventrolateral prefrontal cortex during
sad mood induction and depression severity in depressed individuals (52) and between
increased regional cerebral blood flow in this region and depressive ruminations (53). We can
speculate that our finding of greater right amygdala-OFC FC in all BD, compared with HC, to
all faces in the sad experiment might be associated with abnormal “over-appraisal” of these
faces, which might reflect a predisposition to negative ruminations in depressed and remitted
BD (54).

Depressed but not remitted female BD showed significantly greater left amygdala-OFC FC,
compared with female HC, to all faces in the sad experiment. This finding is consistent with
previous studies showing significantly greater left OFC activity to negative emotional faces
(55) and significantly greater left amygdala activity to sad faces (56) in depressed BD versus
HC. All BD versus HC and depressed female BD versus female HC showed reduced amygdala-
OFC FC over both hemispheres to intense happy faces, consistent with our previous finding
of significantly reduced left “top-down” OFC-amygdala and right “bottom-up” amygdala-OFC
effective connectivity to happy faces in depressed BD versus HC (33). Abnormally elevated
right amygdala-OFC FC to sad faces that we observed in both remitted and depressed BD might
represent a predisposition to depression in BD, abnormally elevated amygdala-OFC FC to sad
faces, and abnormally reduced amygdala-OFC FC to happy faces, a state marker of depression
in BD. These findings are in contrast to the abnormally elevated inverse left but not right OFC-
amygdala effective connectivity to happy faces (33), which we recently reported in unipolar
depressed adults; this suggests that, unlike unipolar depression, bipolar depression is associated
with abnormal amygdala-OFC FC (and effective connectivity) to emotional stimuli in both
hemispheres.

Left-sided prefrontal cortical dysfunction was previously associated with proneness to
hypomania (57). We found no significant group x laterality interaction in the happy experiment
but only a group x emotion interaction. It is possible that our study was not powered to detect
a three-way interaction between group x intensity laterality. We were therefore unable to
determine whether the significantly reduced amygdala-OFC FC in depressed BD versus HC
was more evident in the left than in the right hemisphere. This can be a focus of future studies.

Only in HC did one nonlinear cubic relationship between left amygdala-OFC FC to sad faces
and left UF FA meet our stringent significance threshold after controlling for multiple tests. A
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previous report indicated a positive linear relationship between pericingulate gyral-amygdala
FC and UF FA in BD during happy and fearful facial expression processing but did not examine
left and right FC—FA relationships separately in either BD or HC and did not include a sad face
emotion labeling task condition (31). Direct comparison of these previous data and our present
data are therefore difficult. Further studies are needed to elucidate nonlinear amygdala-OFC
FC—FA relationships in BD and HC.

Although both HC and BD were more accurate on happy than on sad emotion labeling, BD
were less accurate than HC on happy but not sad labeling. Here, BD showed a trend for
mislabeling intense happy faces as neutral more than HC, which in turn might relate to the
significantly decreased amygdala-OFC FC to intense happy faces in BD (driven by depressed
BD) versus HC. These relationships need further exploration in future studies. Our findings
from exploratory analyses suggest normalizing effects of aging and greater age of illness onset
upon amygdala-OFC FC to faces in the sad but not happy experiment in BD but did not survive
correction for multiple tests.

There were no differential patterns of between-group differences for all BD versus HC in right
amygdala-OFC FC and for depressed female BD versus female HC in left amygdala-OFC FC,
for the different facial emotion intensities in the sad experiment. This might reflect a tendency
in BD for all faces in the sad experiment to be processed as negative emotional displays. In
contrast, our finding of reduced amygdala-OFC FC in the happy experiment in depressed
female BD was restricted to intense happy faces, suggesting that processing of intense but not
mild happy or neutral faces was associated with abnormally reduced amygdala-OFC FC in this
BD subgroup.

There are limitations to the study. Our findings should be replicated in future studies of BD.
Our analyses of depressed and remitted BD subgroups versus HC were restricted to women
only because of different gender ratios across BD subgroups. Future studies could include
similar gender ratios across BD subgroups and HC. We recruited medicated BD adults, as in
most neuroimaging studies of BD (18). Although depressed female BD had significantly
greater leftamygdala-OFC FC than female HC to all faces in the sad experiment, antidepressant
medications were associated with reduced and not greater left amygdala-OFC FC to mild sad
faces in all BD, and there was no significant difference in the proportion of individuals taking
versus not taking antidepressant medications in depressed and remitted female BD. These
findings suggest that antidepressants were associated with a normalization of abnormal
amygdala-OFC FC to sad faces rather than being a potential confounding factor upon these
neuroimaging measures in BD. Although we covaried for age in our main analyses, future
studies could match age across BD and HC. Future studies could also employ more difficult
paradigms including larger numbers of events for each stimulus to allow examination of
between-group differences in FC to correct and incorrect behavioral responses and measures
of electrodermal activity to examine emotional responses to different emotional stimuli in BD
and HC. Although we showed no significant relationships between amygdala-OFC FC and
lifetime comorbid substance abuse/dependence, it is possible that other related lifestyle factors
in BD (e.g., disrupted sleep) might have impacted amygdala-OFC FC.

We show that abnormally elevated right amygdala-OFC FC to sad stimuli might reflect a
predisposition to depression in BD, whereas abnormally elevated left amygdala-OFC FC to
sad stimuli, together with abnormally reduced amygdala-OFC FC to intense happy stimuli,
might represent a state marker of depression in BD. This pattern of abnormal amygdala-OFC
FC might be specific to bipolar rather than shared with unipolar depression. In BD, abnormal
FC measures might normalize with antidepressant and anxiolytic medication and aging. The
nature of nonlinear relationships between amygdala-OFC FC and FA during emotion labeling
in HC and BD requires further study. Future studies can determine the extent to which this
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pattern of abnormal amygdala-OFC FC to emotional stimuli represents a vulnerability marker

of

Supplement

BD in individuals at future risk of BD.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Coronal View  HAPPY EXPERIMENT Coronal View SAD EXPERIMENT |

Axial View

Figure 1.

Mean blood oxygen level dependent (BOLD) signal change in orbitomedial prefrontal cortex
(red) and amygdala (green) a priori regions of interest in bipolar disorder (BD) and healthy
control individuals (HC) to all faces (neutral, mild, and intense emotional) in each experiment
shown, three orthogonal views (top-down: coronal, sagittal, and axial). Left panel: BOLD
signal change in BD and HC in the happy experiment. Right panel: BOLD signal change in
BD and HC in the sad experiment. A priori orbitofrontal cortex (OFC) and amygdala regions
were defined with the Wake Forest University PickAtlas software in the SPM atlas toolbox,
on the basis of the Talairach Daemon database. For OFC regions of interests, the voxelwise
threshold was p <.001. At a less stringent threshold (voxelwise p <.05), BOLD signal was
observed in bilateral amygdala in BD and HC in each experiment.
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Figure 2.

Right panel: axial views showing a schematic representation of functional connectivity (FC)
abnormalities in BD versus HC in the sad experiment to all faces. The arrows symbolize FC
between amygdala and OFC. The template on which the FC data are depicted is the standard
Montreal Neurological Institute 152 1-mm brain template showing the fractional anisotropy
(FA) white matter skeleton used for tract-based spatial statistics analysis of diffusion tensor
imaging data (shown in light-green) and between-group differences in FA in bilateral uncinate
fasciculus (UF): decreased FA in a cluster in blue in the right UF, and increased FA in clusters
inred-yellow in the left UF. The red ovoid is a representation of the amygdala region of interest.
Left panel: a bar graph depicting significantly greater right amygdala-OFC FC to all faces in
BD versus HC in the sad experiment (p < .001). Vertical axis: estimated marginal means of
FC values. The error bars show SDs of FC in each group. BA, Brodmann area; other
abbreviations as in Figure 1.
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Figure 3.

Right panel: axial views showing a schematic representation of FC abnormalities in BD versus
HC in the happy experiment to intense faces. The arrows symbolize FC between amygdala and
OFC. The template on which the FC data are depicted is the standard Montreal Neurological
Institute 152 1-mm brain template showing the FA white matter skeleton used for tract based
spatial statistics analysis of diffusion tensor imaging data (shown in light-green) and between-
group differences in FA in bilateral UF: decreased FA in a cluster in blue in the right UF, and
increased FA in clusters in red-yellow in the left UF. The red ovoid is a representation of the
amygdala region of interest. Left panel: a bar graph depicting significantly reduced bilateral
amygdala-OFC FC to intense faces in BD versus HC in the happy experiment (p < .007).
Vertical axis: estimated marginal means of FC values. The error bars show SDs of FC in each
group. Abbreviations as in Figure 1.

Biol Psychiatry. Author manuscript; available in PMC 2010 March 9.



Page 16

Versace et al.

NIH-PA Author Manuscript

91" ¢ eT= a(6/v) agp (440/NO) 8reuodeD winiyn
(2/01) Qg4

10T 1 L= (eret) aap (440/NO) 132111GBIS POOIA
[tglzst (21) ag!

100> 62 8G-=1 [ozlte (¥1) agp G2-asyH
[s6l €T (1) ag!

G/8° 62 19T-=1 [e9lsTr (¥1) agp (A) uoneang ssauj|
[got] v'5e (1) aqn

e 6 ¢T-=1 o1z (¥1) aap (K) 18suQ ssauj|l Jo oy
[zelovrr  pl€2)OH

82T peS  g1-=1 [oggleort (1e) aa LHVN
Lvleos oD as
830’ 009=n [o6lspy oD EP
[eslses (¥2) OH

610’ 0'60Z =N 62108y »(1€) ag oiseL Burjage jeuonow3 AddvH 03 80UBWI0NAd MSel
[oz1vor (1) agn
eTe g18=n [eorlgoe (¥1) agp
[tel 2ty (¥2) OH

cse ce6z =N [68] 2°8€ (0g) ag giseL Buijage] jeuonow3 QS 01 dduUBWLIOLISd MSel
(8/6) ag4
520° T 0§= (e1r2) agp
(€T/TT) OH

g T 90=¢ (0z/t1) a8 (3/W) Jepuzo
8l zve (21) ag!
6T 62 TT=1 [e'6] 088 (¥1) agp
[9'6] 562 (¥2) OH

4 €5 gz=1  [gselese (1e) ag (1K) ueos 1e 9By
(parrerz)d  yp sonspess  [as]uesn (u) dnouo

sa|geLieA [ealul]) pue aiydesbowseq
T 8lqelL

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2010 March 9.



Page 17

Versace et al.

‘asnge aourIsgns/|oyoae awnayl) Buipsebal (gl T ‘agp 2) ag € ul Buissiw sem uoljewogul QEBS&

*@gp auo ui Buissiw sem uoirewoyul 81eIN0Y_

“(aew A Gg) g4 auo ul uonewIoul Buissiw ‘swan Gz-aeas Buney aaissaidaq@ uoljiweH = GZ-SHAH "DH 2Uo Joj BUISSIW SeMm anjeA | ¥VN m;._.U

‘uawiiadxa Addey ayr ul (@gJ T pue Agp g) Ag € ul Buissiw sem aduewloylad v_mm._.o

(100" > d ‘T'v— = N :Addey-pes) OH pue (100" > d ‘07— = N :Addey-pes) g ui Juawiiadxa pes ueyl Addey ui Janaq sem aouewloiad v_mE.Q

(690" = d ‘0'v¥z = N) DH UeYl Ag Ul [esnau se sadey Addey asusiul Jo Buljagelsiw Jarealh wouy Bunnsal ‘Burjagel uonows Addey 10 QH UeY) 81eINIJE SSB| BIaM n_m_m
“S|eNpIAIpUI [03U02 Au3jeay ‘OH ‘S[enplAlpul JapJosip Jejodig paniwal ‘@gd ‘sfenpiaipul JapJosip sejodiq passaidap ‘@gp ‘s|enpialpul Japiosip Jejodiq ‘ag

'@gd 'sA agp 10 ‘QH "SA ag |[e Jayna oy saouaiayip dnoif ussmiag o} ages sonsneS “(pajiel-z) Go° S d sem ploysaiyy souediubIS "eusid (d-Alds) INSA 104 MaIAIBIU| [ed1Ul]D
|ean1onas uo paseq sisoubelp pue ‘Ajaanoadsal ‘gT< pue /> 8109s (GZ-SHAH) uolssaidaq 10y ajeas Buiey uoljiweH wall-Gz e pey agp pue agd ‘0T > 2400s (SHINA) 3[eds Buney eiuely BunoA e pey ag v

J01/9) sl (440/NO) 9ouspuadaq/asnqy
STL It L0=X 4(8/v) agp 99UBISNS/|OY0I| JO AI0ISIH SWIN8YI
(¥1/€) @g!
550° T le= (2i2) agp (440/NO) seuidazelpozuag
(6/8) @g!
18 1 g0=¢L (12) aap (440/NO) swessaidag nuy
(8/6) aa!
ves 1 ro=t (s/6) agp (440/NO) suoneaIpalA d10ydAsd nuY
(T1/9) @q!

(porerg)d  yp sonsmess  [asJuesw  (u)dnouo

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Biol Psychiatry. Author manuscript; available in PMC 2010 March 9.



duosnuey Joyiny vd-HIN duosnuely Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Versace et al. Page 18

Table 2
Amygdala-OFC Functional Connectivity (Estimated Marginal Mean and SD) in BD and HC

FC
Group [n] Mean [SD]
Sad Experiment
Right
Intense BD [30] .36 .02
HC [24] 25 02
Mild BD [30] .36 02
HC [24] .24 02
Neutral BD [30] .47 02
HC [24] .36 03
Left
Intense BD [30] .33 .02
HC [24] .26 02
Mild BD [30] .35 02
HC [24] .28 03
Neutral BD [30] .44 .02
HC [24] .40 02
Happy Experiment
Right
Intense BD [31] .40 .02
HC [24] .45 02
Mild BD [31] .35 02
HC [24] .34 03
Neutral BD [31] .38 02
HC [24] .37 .03
Left
Intense BD [31] .39 .02
HC [24] .48 02
Mild BD [31] .33 02
HC [24] .36 03
Neutral BD [31] .38 .02
HC [24] .37 .03
In Female Depressed, Remitted BD, and HC
Sad Experiment
Right
Intense  dBD [12] .36 .03
rBD [71 .30 .03
HC [13] .24 01
Mild dBD [12] .38 .04
rBD [n .32 .03
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FC
Group [n] Mean [SD]
HC [13] .22 01
Neutral dBD [12] 51 .02
rBD [ 45 04
HC [13] .38 02
Left
Intense  dBD [12] .35 .03
rBD [71 .28 02
HC [13] .27 02
Mild dBD [12] .37 .03
rBD [71 .28 02
HC [13] .25 02
Neutral dBD [12] .44 .02
rBD [ .47 .03
HC [13] .38 .02
Happy Experiment
Right
Intense  dBD [12] .40 .02
rBD 8 .42 02
HC [13] .46 02
Mild dBD [12] .37 03
rBD [8] .30 03
HC [13] .30 .03
Neutral dBD [12] .38 .02
rBD [8] .35 .02
HC [13] .34 02
Left
Intense  dBd [12] .40 02
rBD [8] .42 .04
HC [13] 49 02
Mild dBD [12] 32 03
rBD [8] .30 02
HC [13] 31 02
Neutral dBD [12] .40 .03
rBD 81 31 03
HC [13] .34 03

Page 19

BD, bipolar disorder individuals (evaluated at age = 36.0); HC, healthy central individuals (evaluated at age = 29.5); FC, functional connectivity;
dBD, female depressed bipolar disorder individuals (mean age = 6.4); rBD, female remitted bipolar disorder individuals (mean age = 33.5); HC, female

healthy control individuals (mean age = 28.8).
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