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Abstract

Objectives—Convergent evidence supports limbic, anterior paralimbic, and prefrontal cortex
(PFC) abnormalities in emotional processing in bipolar disorder (BD) and suggests that some
abnormalities are mood-state-dependent and others persist into euthymia. However, few studies
have assessed elevated, depressed, and euthymic mood states while individuals processed
emotional stimuli of varying valence to investigate trait- and state-related neural system responses.
Here, regional brain responses to positive, negative, and neutral emotional stimuli were assessed
in individuals with BD during elevated, depressed, and euthymic mood states.

Methods—One hundred and thirty-four subjects participated in functional magnetic resonance
imaging scanning while processing faces depicting happy, fearful, and neutral expressions: 76
with BD (18 in elevated mood states, 19 depressed, 39 euthymic) and 58 healthy comparison (HC)
individuals. Analyses were performed for BD trait- and mood-state-related features.

Results—Ventral anterior cingulate cortex (VACC), orbitofrontal cortex (OFC), and ventral
striatum responses to happy and neutral faces were decreased in the BD group, compared to the
HC group, and were not influenced by mood state. Elevated mood states were associated with
decreased right rostral PFC activation to fearful and neutral faces, and depression was associated
with increased left OFC activation to fearful faces.

Conclusions—The findings suggest that abnormal VACC, OFC, and ventral striatum responses
to happy and neutral stimuli are trait features of BD. Acute mood states may be associated with
additional lateralized abnormalities of diminished right rostral PFC responses to fearful and
neutral stimuli in elevated states and increased left OFC responses to fearful stimuli in depressed
states.
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Over the past several decades, functional neuroimaging research has contributed to
significant advances in understanding neural system abnormalities that underlie bipolar
disorder (BD). Findings have converged to support dysfunction in a neural system that
subserves emotional processing and regulation, which includes anterior paralimbic cortices
and their subcortical connections sites, including amygdala and ventral striatum, as well as
more rostral and lateral prefrontal cortices (1). Studies that focused on elevated, depressed,
or euthymic mood states of the disorder suggest that some abnormalities are present only in
individuals experiencing acute mood episodes of the disorder; whereas other abnormalities
reflect the BD trait in that they are also present in euthymia. However, there are few studies
that concurrently examined individuals in elevated, depressed, and euthymic mood states to
clarify mood-state- and trait-related features. Such clarification may provide information
important to understanding neural system features associated with vulnerability to, and
recovery from, acute mood episodes and may suggest treatments to prevent or treat episodes
of a particular valence, as well as markers of treatment response.

Neural system findings associated with acute mood states of BD have primarily been in
anterior paralimbic and more rostral and lateral cortices, including ventral anterior cingulate
cortex (VACC), orbitofrontal cortex (OFC), rostral PFC (RPFC), and dorsolateral PFC
(DLPFC). In comparison to healthy individuals, individuals with BD experiencing elevated
mood episodes (including manic, mixed, or hypomanic episodes) have shown alterations in
activation in these prefrontal regions at rest and in responses to activation tasks (2—7) that
have tended to be decreases in the right hemisphere. These findings are consistent with
lesions studies in which disinhibited manic-type states have been observed in association
with frontal lesions, particularly when they occur in the right hemisphere (8-10). In
individuals with BD experiencing depressive episodes, differences have tended to be in the
left hemisphere and have tended to be activation increases (4, 11, 12), which may be elicited
especially in response to negative emotional stimuli. For example, in one study in which
faces of varying emotional expressions were presented, fearful face processing was
associated with increases in left ventrolateral PFC activation (11). Recent functional
neuroimaging investigations demonstrating dysfunction in VACC, OFC and RPFC during
euthymia suggest dysfunction in these regions may be a trait feature of BD (4, 13-18),
which is particularly elicited by emotional challenge and stimuli that may be of positive as
well as negative valence (17, 19).

Some studies have suggested that subcortical abnormalities may also be present across mood
states of BD. Amygdala increases have been reported in manic, depressed, and euthymic
mood states of BD, suggesting amygdala dysfunction may not be dependent on the valence
of the mood state (11, 12, 20-33). However, there are some recent studies that suggest
subcortical findings may be influenced by mood state, as there are reports of negative
findings in euthymia and of abnormally increased amygdala activity that has been
particularly associated with the depressed state in BD (17, 20, 34). The ventral striatum is
highly implicated in BD because of its role in motivated behaviors, which are
characteristically disrupted in acute mood episodes, such as in the disinhibited pursuit of
motivationally-charged situations in mania and amotivated behavior in depression. The
ventral striatum has less often been a focus in neuroimaging studies of BD although ventral
striatal abnormalities have been reported in adults and adolescents with BD (11, 28, 35, 36).

There are few neuroimaging studies that include individuals with BD in elevated, depressed,
and euthymic mood states. A functional magnetic resonance imaging (fMRI) study in which
individuals performed a color-word Stroop task showed decreased right OFC responses in
association with elevated mood states, increased left OFC responses in association with
depression, as well as an area of decreased left medial RPFC that was present across mood
states (4). There were some consistencies between these findings and those of another fMRI
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study of the three mood states of BD during emotional processing. In that study, 12 manic,
12 depressed, and 18 euthymic individuals with BD, and 18 healthy individuals, were
scanned while processing blocks of face stimuli depicting happy, fearful, or neutral
expressions. Compared with healthy subjects, activation was reduced in OFC in individuals
with BD across mood states and activation was also decreased in right DLPFC. No influence
of the valence of the facial expression of the stimuli was detected (37). However, these
findings were identified in an analysis that focused on specific regions of interest, and
ventromedial PFC and RPFC regions were not assessed.

The aim of the current study was to use an event-related fMRI design performed during
implicit processing of positive, negative, and neutral faces by individuals with BD in
elevated, depressed, and euthymic mood states to identify trait- and state-related
abnormalities in neural system patterns of responses to the stimuli. We hypothesized ventral
PFC decreases in responses would be present across mood states of BD, consistent with
those decreases being trait features of the disorder. We further hypothesized that additional
right PFC decreases would be associated with elevated mood states and that left PFC
increases would be associated with depression. We anticipated amygdala and ventral striatal
abnormalities (1, 24). We also explored wholebrain to assess whether there might be
differences in other regions not hypothesized.

Participants and methods

Subjects

The BD group included 76 participants (mean age 32.4 + 11.9 years, 61% females) recruited
from the medical centers of the Yale School of Medicine and Veterans Affairs Connecticut
Healthcare System, and the surrounding communities. Diagnoses, presence of rapid-cycling,
and mood states at scanning were determined by the Structured Clinical Interview for DSM-
IV Axis | Disorders (SCID) version 2.0 (38). At the time of scanning, 18 BD subjects were
experiencing an elevated (manic/mixed/hypomanic) mood episode (mean age 31.4 + 12.5
years, 56% females), 19 were experiencing a depressive episode (mean age 34.2 + 10.8
years, 74% females), and 39 were euthymic (mean age 32.1 + 12.3 years; 56% females). The
healthy comparison (HC) group was comprised of 58 participants (mean age 30.0 + 9.9
years, 59% females) matched for handedness and without personal history of a DSM-1V
Axis | Disorder or a first-degree relative with a major mood, psychotic, anxiety, or substance
use disorder assessed by the Family History Screen for Epidemiologic Studies (39).
Exclusion criteria for all subjects included loss of consciousness for five or more minutes,
history of neurological diseases, or major medical disorders that could affect central nervous
system functioning.

Forty-four BD participants (58%) had a history of rapid-cycling. Nineteen (25%) BD
participants were unmedicated at the time of scanning [3 (16%) depressed, 8 (44%) elevated,
and 8 (21%) euthymic]. Medications prescribed to the other BD subjects included lithium
salts [7 (37%) depressed, 1 (6%) elevated, and 10 (26%) euthymic], anticonvulsants [9
(47%) depressed, 6 (33%) elevated, and 17 (44%) euthymic], atypical antipsychotics [8
(42%) depressed, 5 (28%) elevated, and 16 (41%) euthymic], and antidepressants [9 (47%)
depressed, 4 (22%) elevated, and 16 (41%) euthymic].

This research was approved by the Institutional Review Boards of the Yale School of
Medicine and Department of VVeterans Affairs and was performed in accordance with the
Helsinki Declaration of 1975. All subjects provided written informed consent prior to
participation.
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Image acquisition and emotional face paradigm

FMRI data were acquired using a 3-Tesla Siemens Trio MR scanner (Siemens Erlangen,
Germany) with a single-shot echo planar imaging (EPI) sequence. Thirty-two axial-oblique
slices aligned with the anterior commissure-posterior commissure plane were obtained:
repetition time (TR) = 2000 msec, echo time (TE) = 25 msec, matrix = 64 x 64, field of view
= 240 x 240 mm?, flip angle = 80°, slice thickness = 3 mm without gap.

The event-related emotional face gender-labeling paradigm was conducted as described
previously (17, 27, 40). In brief, subjects viewed faces from Ekman series depicting happy,
fearful, and neutral expressions (41). Each face stimulus was displayed for 2 sec, during
which participants were instructed to make a determination if the face was of a female or
male and respond by pressing one of two corresponding buttons on a button box. In the
baseline condition, subjects were fixated on a cross-hair for durations of 4 sec, 8 sec, or 12
sec. Within each 4 min 50 sec run, subjects viewed 10 face stimuli (five females and five
males) depicting each emotional expression, for 30 emotional face stimuli in each run. The
fMRI paradigm consisted of four runs counterbalanced for face identity, gender, emotional
expression, and inter-stimulus interval.

FMRI data processing and data analyses

The Statistical Parametric Mapping software package 5 (SPM5)
(http://www.fil.ion.ucl.ac.uk/spm) was used for fMRI data processing and model estimation.
Images were corrected for slice timing and movement and co-registered to the standard
template from Montreal Neurological Institute (MNI). Images were resampled to 3 mm x 3
mm x 3 mm during normalization and subsequently spatially smoothed with a Gaussian
filter of 8-mm full-width-at-half-maximum (FWHM). At the first level analysis, response
amplitudes for each of the three event types (happy, fearful, and neutral expressions, each as
compared to the fixation baseline) were estimated for each subject. These contrast images
for the three emotional conditions were entered into the second-level random-effects model
to estimate the main effect of group using an analysis of variance (ANOVA).

To investigate BD trait-related features, comparisons were performed between the BD group
and the HC group. Comparisons were performed separately for each emotion face type
(happy, fearful, and neutral). Signal extracted from hypothesized regions in which
differences were observed was assessed by ANOVA for effects of mood state.

To test hypotheses regarding mood-state-related abnormalities, comparisons were performed
between the elevated mood BD subgroup and the HC group, and the depressed BD subgroup
compared to the HC group. Comparisons between the elevated and the depressed BD
subgroups, each with the euthymic subgroup, were also explored.

Clusters with a height threshold of p < 0.005 and extent threshold of 20 voxels were defined
as significant, which was consistent with previous publications (18, 42—45). Analyses were
performed with small volume correction (SVC) for multiple comparisons (p < 0.05,
corrected) to further confirm the findings for the hypothesized regions. Results are also
presented with Bonferroni correction for the three emotional face types.

For both trait and state analyses, exploratory wholebrain analyses were performed to assess
potential differences in regions not hypothesized a priori, findings were considered
significant for p < 0.05 corrected for false discovery rate (FDR) and 20-voxel extent
threshold.

Extracted values from regions of significant differences were also explored for potential
effects of clinical factors by ANOVA, including presence or absence of history of rapid-
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cycling, and for medication status (on/off) at the time of scanning overall, and for each
medication type (lithium salts, anticonvulsants, atypical antipsychotics, and antidepressants).

No significant differences in age or sex were found among any of the four subgroups (HC,
BD euthymic, BD depressed, BD elevated).

In the happy face condition in the overall BD group, compared to the HC group, activation
was significantly reduced in the VACC and OFC [including Brodmann’s Areas (BA) 24/32
and 11] (maximum, in MNI coordinates, of x =0 mm, y = 38 mm, z = -8 mm, cluster = 54
voxels) and right ventral striatum (x = 12 mm, y = 14 mm, z = -8 mm, cluster = 23 voxels)
(Fig. 1). In the neutral face condition, activation was significantly reduced in the BD group,
compared to the HC group, in VACC and OFC (BAs 24/32 and 11) (x =9 mm, y = 56 mm,
z =-2 mm, cluster = 160 voxels) and the bilateral ventral striatum (x =12,y =11, z = -8,
cluster = 50 voxels) (Fig. 1). The findings in the VACC/OFC and ventral striatum for both
the happy and neutral conditions survived SVC. At the Bonferroni significance threshold,
correcting for the three emotional face type conditions, findings were reduced in spatial
extent: for the happy condition for the VACC/OFC region (23 voxels) and ventral striatum
(8 voxels), and for the neutral condition for the VACC/OFC region (49 voxels) and ventral
striatum (43 voxels). Group differences were not detected in these regions for the fearful
face condition. There were no significant effects of mood state (elevated, depressed,
euthymic) on the VACC/OFC or ventral striatum findings for either the happy or neutral
face conditions. There were no additional regional effects detected in the wholebrain
exploratory analyses.

In addition to the trait-related abnormalities above, significant decreases in right RPFC (BA
10) were observed in the elevated mood BD subgroup, compared to the HC group, for the
fear face condition (x =9 mm, y = 59 mm, z = 4 mm, cluster = 41 voxels) and the neutral
face condition (X =6 mm, y = 62 mm, z = 7 mm, cluster = 84 voxels) (Fig. 2). After
Bonferroni correction for the three face types, findings were reduced in spatial extent for the
fear condition (12 voxels) and for the neutral condition (45 voxels).

An additional regional abnormality was also observed in association with the depressed
mood state. Left OFC (BA 11/47) activation was increased in the depressed BD subgroup,
compared to the HC group, for the fearful face condition; however, this result did not
survive the cluster threshold (x = =45 mm, y = 47 mm, z = —14 mm, cluster = 11 voxels)
(Fig. 3). After Bonferroni correction for the three face types, the cluster size was 5 voxels.

In performing comparisons between the elevated and depressed subgroups to the euthymic
BD subgroup, the only additional significant finding was in the comparison between the
depressed and euthymic BD groups. The finding of increased left OFC response to fearful
faces in the depressed BD group versus the HC group was also observed in the comparison
of the depressed BD group versus the euthymic group with the same maximum point of
difference, but larger spatial extent (30 voxels).

Exploratory analyses within the BD group for potential effects of clinical factors did not
reveal significant effects of rapid-cycling, or medications overall or for medication
subclasses, on any of the regional differences above.

Discussion

The main findings of this study were of decreases in responses of the VACC and OFC, as
well as ventral striatum, to happy and neutral face stimuli in individuals with BD compared
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to healthy subjects, which did not differ across mood states. The presence of these findings
across mood states, including euthymic, is consistent with these findings as trait
abnormalities of the disorder. Mood-state-related features were also identified, as elevated
mood states were associated with diminished responses in the right RPFC to fearful and
neutral stimuli, while depressed mood states were associated with increased left OFC
responses to fear stimuli.

The putative trait-related findings in the VACC and OFC in response to happy and neutral
faces are consistent with previous reports of diminished responses to emotional stimuli in
these regions in each of the three mood states of BD (2, 17, 22, 29, 37, 43, 46-48).
Decreased ACC responses to happy face stimuli were reported in a recent meta-analysis of
BD, although those findings were dorsal to those found here (49). As described earlier, Van
der Schot et al. (37) also demonstrated decreased activation in an OFC region of interest;
however, the region assessed was more lateral than the findings of the current study.
Together, these studies suggest that ACC and OFC dysfunction may be a trait feature of BD.
Although specific subregions have differed across studies, as findings have converged in the
ACC and OFC across studies, we speculate that these cortices may be involved more
generally in the disorder. Differences in the task design, subject selection, or imaging
methods of the various studies may contribute to differences in the specific locations in
which findings are detected in a particular study. There has been less previous evidence of
trait abnormalities in ventral striatum in adults with BD, perhaps due to the fewer number of
studies that focus on this region. Decreased ventral striatum metabolism in depression and
alteration in ventral striatal responses to positive and negative emotional faces in depression
and euthymia have been reported in BD (11, 28, 35).

The VACC and OFC share substantial interconnections, as well as reciprocal connections
with the ventral striatum (50). Together, these structures comprise components of a neural
system that coordinates processing of motivationally-salient stimuli and regulation of
motivated behavior, and abnormalities in the connections among these structures have also
been observed in BD (40). This system is implicated in both the coding of the motivational
value of emotional stimuli and the integration of this information into adaptive decision
making (51-56). The finding of trait effects for the happy face stimuli is consistent with
theories that abnormalities in responses to positive emotional stimuli may be especially
salient in BD (11, 22, 57). As this corticostriatal system also contributes to the resolution of
conflict between stimuli associated with positive and negative reinforcers, we speculate that
as neutral stimuli can also be seen as emotionally ambiguous, differences during the
processing of neutral stimuli could reflect difficulties in resolving their reinforcing value. It
is also possible that effects during the processing of happy faces are carried over into neutral
face trials; however, this seems less likely as the findings during the processing of neutral
faces were relatively robust. A recent meta-analysis (49) that included BD subjects in
varying mood states showed decreases in ACC and ventral PFC regions in response to
fearful faces in the BD subjects; however, these findings were not detected in association
with the BD trait in our study. The reasons for the different findings are not clear, but it is
possible that the proportion of BD subjects with particular symptoms in each study may
have affected findings. We suggest that further study of the cortical and striatal components
and their connections within this system in BD, especially in the processing of positive and
emotionally ambiguous stimuli, may be fruitful in revealing abnormalities that underlie
vulnerability to alterations in motivated behavior associated with BD.

The decreased right RPFC response in association with elevated mood states of BD is
consistent with decreases in right RPFC activity in association with mania observed
previously in a positron emission tomography study (3). Decreases in right RPFC activation
in association with elevated mood states of BD and in response to fearful stimuli and neutral
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stimuli, as observed here, are consistent with a previous report of decreases in mania found
in an overlapping region in association with response to negative and neutral emotional
stimuli (7). The RPFC has been implicated in the integration of information from multiple
emotional and cognitive domains, including the processing of internal mental states and the
emotional states of others, and resolving conflicting information for adaptive control
behavior (58-63). We speculate that right RPFC abnormalities in the processing of fearful or
emotionally ambiguous stimuli during elevated mood states may reflect difficulties during
these states in assessing the potential adverse consequences of situations and the need to
inhibit approach behaviors, which leads to maladaptive, disinhibited behaviors.

We also observed overactivation of the left OFC in response to fearful faces in individuals
with BD experiencing depression. Elevated ventral PFC activation to intensely fearful faces
has been observed previously in depressed patients with BD, supporting the notion that this
could represent a state-related feature of BD depression (11). We speculate that increased
left ventral PFC activation may be consistent with mood-congruent biases towards negative
emotional stimuli in depression, in which depressed individuals are more likely to perceive
and exhibit exaggerated responses to negative emotional stimuli (64). Together with the
findings in the elevated state, these findings in depression in association with fearful faces
suggests that emotional stimuli of negative valence may especially elicit acute mood-state-
related pathology, and that there may be a dissociation between the findings such that right
frontal decreases in response to fearful stimuli are associated with elevated mood states
whereas left increases are associated with depressed states.

Structural neuroimaging and postmortem studies of BD suggest morphological and cellular
abnormalities in these brain areas that may contribute to these findings. Decreases in cortical
gray matter in VACC and OFC have been observed in BD by multiple research groups (65—
78). Reductions in non-pyramidal cell density in perigenual ACC (79), and glial reductions
in VACC and OFC (80, 81), have been reported in postmortem studies. Volume decreases in
ventral striatum have been observed in youth with BD (82), although ventral striatum
cellular decreases have not been reported to our knowledge. A postmortem study of BD did
show decreased expression of glutamatergic signaling proteins in ventral striatum thought to
reflect decreased innervation from the frontal cortex, suggesting a mechanism underlying
the VACC-ventral striatum connectivity abnormalities noted above (83).

Limitations of the study include the cross-sectional design. Future studies with larger
samples and longitudinal designs in which the same individuals are followed across mood
states are needed. Mood-state-related findings were not as robust as the putative trait-related
findings. This observation may relate to the size of the samples, as the euthymic sample was
approximately twice the size of each of the acute mood state subgroups. We did not find
group differences in activation to emotional stimuli of the amygdala. This might be related
to aspects of the study design. For example, in a study of BD, Lawrence et al. (11) noted
different effects depending on the intensity of the facial emotion. Future studies using
stimuli with varying emotional intensity may better elicit amygdala differences. Another
possible limitation was that one-quarter of the BD sample was unmedicated. The value of
including subjects with BD who are taking medications in studies has been discussed
previously (84); however, this may confound findings. Although we did not detect effects of
medication on the regional findings, subjects were on various combinations of medications
that limited the ability to control for the effects of any specific subclass of medication.
Systematic studies of treatment effects are needed.

In summary, the results support trait- and state-related functional abnormalities during
emotional processing in BD. The results also support trait-related abnormalities in VACC
and OFC, point to a role for the ventral striatum in the BD trait, and suggest that positive—
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and perhaps emotionally ambiguous—stimuli elicit trait dysfunction. The acute mood states
may be distinguished by additional abnormalities, including decreases in right RPFC
responses to negative and ambiguous emotional stimuli in association with elevated mood
state and increases in left OFC responses to negative emotional stimuli in association with
depressive states. Further confirmation of the findings may provide information important to
understanding neural system features associated with vulnerability to, and recovery from,
acute mood episodes.
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Fig. 1.

Regions of difference in activation between the group with bipolar disorder and the healthy
comparison group in the happy and neutral face conditions. The axial-oblique images
display the regions of significantly decreased activation in the ventral anterior cingulate and
orbitofrontal cortices and ventral striatum in the group with bipolar disorder, compared to
the healthy comparison group, for the happy face condition (top row) and the neutral face
condition (bottom row). Results are displayed at a threshold of p < 0.005 and extent of 20
voxels. The numbers in the lower left corner of each image are the Montreal Neurological
Institute atlas coordinates for the z-plane in mm. The right sides of the images show the right
side of the brain. The color bars show the #values.
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Fig. 2.

Regions of difference between the bipolar disorder group in elevated mood states and the
healthy comparison group in the fearful face and neutral face conditions. The axial-oblique
images display regions of decreased activation in the right rostral prefrontal cortex in the
subgroup with bipolar disorder experiencing elevated mood states during fearful face
processing (top row) and neutral face processing (bottom row). Results are displayed at a
threshold of p < 0.005 and extent of 20 voxels. The numbers in the lower left corner of each
image are the Montreal Neurological Institute atlas coordinates for the zplane in mm. The
right sides of the images show the right side of the brain. The color bars show the #values.
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Fig. 3.

Regions of difference between the depressed bipolar disorder group and the healthy
comparison group in the fearful face condition. The axial-oblique images display regions of
increases in activation during the fearful face condition in the left lateral orbitofrontal cortex
in the subgroup with bipolar disorder experiencing depression, compared to the healthy
comparison group. Results are displayed at a threshold of p < 0.005 and extent of 10 voxels.
The numbers in the lower left corner of each image are the Montreal Neurological Institute
atlas coordinates for the z-plane in mm. The right sides of the images show the right side of
the brain. The color bar shows the #values.
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