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Abstract
Objective—To examine abnormal patterns of frontal cortical-subcortical activity in response to
emotional stimuli in euthymic individuals with bipolar disorder type I in order to identify trait-like,
pathophysiologic mechanisms of the disorder. We examined potential confounding effects of total
psychotropic medication load and illness variables upon neural abnormalities.

Method—We analyzed neural activity in 19 euthymic bipolar and 24 healthy individuals to mild
and intense happy, fearful and neutral faces.

Results—Relative to healthy individuals, bipolar subjects had significantly increased left striatal
activity in response to mild happy faces (p < 0.05, corrected), decreased right dorsolateral prefrontal
cortical (DLPFC) activity in response to neutral, mild and intense happy faces, and decreased left
DLPFC activity in response to neutral, mild and intense fearful faces (p < 0.05, corrected). Bipolar
and healthy individuals did not differ in amygdala activity in response to either emotion. In bipolar
individuals, there was no significant association between medication load and abnormal activity in
these regions, but a negative relationship between age of illness onset and amygdala activity in
response to mild fearful faces (p = 0.007). Relative to those without comorbidities, bipolar individuals
with comorbidities showed a trend increase in left striatal activity in response to mild happy faces.

Conclusions—Abnormally increased striatal activity in response to potentially rewarding stimuli
and decreased DLPFC activity in response to other emotionally salient stimuli may underlie mood
instabilities in euthymic bipolar individuals, and are more apparent in those with comorbid diagnoses.
No relationship between medication load and abnormal neural activity in bipolar individuals suggests
that our findings may reflect pathophysiologic mechanisms of the illness rather than medication
confounds. Future studies should examine whether this pattern of abnormal neural activity could
distinguish bipolar from unipolar depression.
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Bipolar disorder is one of the most debilitating illnesses worldwide (1). Bipolar disorder type
I, in particular, is characterized by abnormalities in psychosocial and cognitive function as well
as emotion and mood regulation that can persist outside of episodes of mania and depression,
during remission (2-6), and likely reflect pathophysiologic mechanisms of the illness (7) that
are not mood state dependant. The research agenda for DSM-V emphasizes a need to translate
basic and clinical neuroscience findings into a new classification system for all psychiatric
disorders based upon pathophysiologic and etiological processes (8,9). Examining neural
system abnormalities in euthymic individuals with bipolar disorder type I during paradigms
specifically designed to measure emotion processing is therefore a first stage toward identifying
biomarkers of bipolar disorder that reflect pathophysiologic neural mechanisms of the disorder
(10). These, in turn, can then be included in future diagnostic classification systems for
psychiatric disorders.

Most functional neuroimaging studies of neural systems implicated in emotion processing in
bipolar disorder have not recruited exclusively euthymic individuals (11-18) and have thus
been unable to investigate abnormal activity in neural regions involved in mood regulation that
likely reflect persistent pathophysiologic mechanisms of bipolar disorder. Recent studies that
have examined euthymic bipolar individuals provided conflicting reports of decreased (19)
and increased (20-22) subcortical limbic activity in response to emotional stimuli. Differences
in the nature of these emotion-processing paradigms and the stimuli employed in these studies
may have contributed to their discrepant findings. Functional neuroimaging studies employing
simple, well-validated facial expression paradigms in euthymic bipolar individuals would help
clarify the functional abnormalities in sub-cortical limbic and prefrontal cortical regions
implicated in emotion processing that likely reflect pathophysiologic processes of the illness.

Facial expressions are well-validated, socially salient emotional stimuli, and have been
employed in numerous neuroimaging studies examining emotion processing in healthy and
psychiatric populations (23), including studies of individuals with bipolar disorder. Aberrant
labeling of facial expressions have, for instance, been reported in bipolar individuals when
stable (18), as well as during mania (24,25). One study (26) specifically demonstrated impaired
labeling of facial expressions of disgust in euthymic bipolar individuals. Neuroimaging studies
examining neural activity in response to facial expressions in remitted, or euthymic, individuals
with bipolar disorder have reported significantly increased activity in subcortical limbic
regions, including amygdala, striatum and parahippocampal gyrus, implicated in normal
emotion and reward processing (27,28) in response to happy (14,16) and fearful faces (16,
18,21). Additionally, decreased activity in dorsal prefrontal cortical regions implicated in
voluntary inhibition of emotional behavior (29) has been shown in remitted bipolar individuals
in response to emotional faces (16,18). Together, these findings support theories proposing
abnormally increased activity in subcortical limbic emotion-processing regions (e.g., amygdala
and striatum) and decreased activity in dorsal and lateral prefrontal cortical emotion-regulation
regions as a neural model representing emotion and mood dysregulation in bipolar disorder
(7,23).

Surprisingly few studies in bipolar disorder have examined associations between psychotropic
medication and neural activity. Recent studies acknowledged that medication may have been
a potential confound but did not examine this further (19), or they subdivided individuals into
those taking versus those not taking different psychotropic medications (14,16,22). These latter
studies reported either no significant associations between psychotropic medication and
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abnormal neural activity (22) or significantly decreased amygdala activity in medicated versus
unmedicated subgroups in response to emotional stimuli (14). Similarly, studies examining
neural activity during non-emotion-processing, cognitive control paradigms reported either no
significant associations between psychotropic medication and magnitude of prefrontal cortical
activity (30-32) or significantly increased dorsolateral prefrontal cortex (DLPFC) activity in
medicated versus unmedicated bipolar subgroups (33). Other studies examined correlations
between chlorpromazine dose equivalents and neural activity in bipolar individuals taking
antipsychotic medication (18,34). These studies reported significant negative correlations
between chlorpromazine dose equivalent and amygdala activity in response to emotional
stimuli in bipolar males (18) and significant positive correlations between antipsychotic dose
and dorsal prefrontal cortical activity during selective attention tasks in bipolar adults (34).

Together, these findings indicate that medicated more than unmedicated bipolar individuals
show decreased subcortical limbic activity during emotion processing, and increased dorsal
prefrontal cortical activity during cognitive control paradigms, i.e., levels of activity in these
regions resembling those of healthy individuals. These reports suggest that functional neural
abnormalities observed in bipolar individuals likely reflect pathophysiologic processes that
may be ameliorated by, rather than abnormalities that are secondary to, psychotropic
medication. We have recently proposed the examination of impact of total psychotropic
medication load, reflecting both dose and variety of different medications taken, on neural
activity in bipolar disorder (35). No studies have yet examined this in bipolar disorder. This,
therefore, remains a major limitation of current neuroimaging studies of the disorder.

Additionally, few studies have examined associations between illness duration variables,
comorbid psychiatric diagnoses and abnormal neural activity in individuals with bipolar
disorder. One study reported a significant negative correlation between age of illness onset and
activity within DLPFC during facial expression labeling in remitted individuals (18).

Our first aim was to examine functional abnormalities in subcortical limbic regions and DLPFC
implicated in emotional processing and emotion regulation, respectively (23), in euthymic
individuals with bipolar type I in response to well-validated, socially salient emotional stimuli:
happy and fearful faces, previously employed in studies in bipolar disorder (15-17). In addition
to faces displaying intense emotional expressions, we included faces displaying milder-
intensity expressions. These are thought to be ecologically more valid (21,36) and we have
previously shown increased subcortical limbic activity in response to these milder emotional
stimuli, in particular mild happy facial expressions, in bipolar disorder (16). We therefore
hypothesized greater subcortical limbic (including striatum and amygdala), and decreased
dorsal prefrontal cortical activity in response to both mild and intense happy and fearful facial
expressions in euthymic bipolar relative to healthy individuals. Our second exploratory aim
was to examine associations between total psychotropic medication load, illness duration
variables and activity in neural regions showing abnormal activity in response to these facial
expressions in euthymic bipolar relative to healthy individuals.

Methods
Participants

A total of 22 bipolar individuals who had not participated in any of our previous neuroimaging
studies were identified using DSM-IV criteria with the Structured Clinical Interview for DSM-
IV (SCID-I) (37). All bipolar individuals were recruited from the Western Psychiatric Institute
and Clinic, Mood Disorders Treatment and Research Program, University of Pittsburgh,
Pittsburgh, PA, USA (47% female). Three of these were excluded from analyses due to
excessive movement (>5 mm) during or inability to complete scanning procedures, allowing
data of 19 bipolar individuals to be analyzed. Euthymic status was defined, a priori, as having

Hassel et al. Page 3

Bipolar Disord. Author manuscript; available in PMC 2009 July 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



been in remission for at least two months as assessed by SCID and clinical interview. All but
one bipolar individual (who scored 11) scored <7 on the Hamilton Rating Scale for Depression
25-item version (HRSD-25) (38). This individual was included in the analyses because clinical
evaluation deemed eligibility for inclusion into the study on grounds other than the rating on
the HRSD-25, i.e., SCID interview. All bipolar individuals scored <10 on the Young Mania
Rating Scale (39). For means, standard deviations, mean illness duration and age of illness
onset, see Table 1. Eleven of these bipolar individuals had other (multiple) comorbid diagnoses,
such as eating (binge eating) disorder (n = 3), substance use disorder (n = 5), specific (n = 2)
or social (n = 1) phobia, panic disorder (n = 2), generalized anxiety disorder (n = 1), anxiety
disorder not otherwise specified (NOS) (n = 1) and obsessive compulsive disorder (n = 1).
Three bipolar individuals were symptomatic for comorbidities of specific phobia (n = 1), social
phobia (n = 1), and anxiety disorder NOS (n = 1) in the past month prior to their assessment.
All but one of the bipolar individuals were taking medication; one was taking mood-stabilizer
monotherapy (lithium), five were taking antipsychotic monotherapy, and 12 were taking
multiple medications for at least one month prior to the study. For details of medication
combinations, see Table 2. Additionally recruited by advertisement were 24 healthy individuals
gender ratio matched with bipolar individuals (54% female) without current and lifetime
personal (SCID-I criteria) or family history of psychiatric disorder. There were no significant
between-group differences in age or verbal IQ as estimated by National Adult Reading Test
(NART) (40). For means, standard deviations and range see Table 1.

Exclusion criteria included borderline personality disorder (SCID-II criteria), history of head
injury or neurological disease, non-right handedness (Annett criteria) (41) and failure to meet
magnetic resonance imaging (MRI) screening criteria (pregnancy, metallic fragments, cardiac
pacemaker, or claustrophobia). Additionally, patients reporting drug and alcohol dependence
and abuse within the past three months (except episodic abuse related to mood episodes) were
excluded. After complete description of the study to participants, written informed consent was
obtained. The University of Pittsburgh Institutional Review Board approved this study.

Paradigm
All participants completed two six-minute, event-related neuroimaging paradigms that are
reliably associated with subcortical limbic activity in healthy individuals (42), and that have
been employed in several previous neuroimaging studies of mood-disordered populations
(16,43,44). In one experiment, participants viewed 20 neutral, 20 mild and 20 intense happy
facial expressions, and in the other experiment, they viewed 20 neutral, 20 mild and 20 intense
fearful facial expressions. Both paradigms included neutral faces and a baseline fixation cross;
hence, three different types of facial stimuli were included in each of the two experiments
(16). All facial stimuli were taken from a standardized series (45). Ten different models posed
each neutral and emotional expression, so that in each experiment, each of the 30 individual
stimuli was presented twice. Mild emotional facial expressions were included as these are more
representative of the non-intense facial expressions observed in everyday life. Furthermore, in
a previous study of remitted bipolar individuals, we demonstrated increased amygdala and
striatal activity in bipolar relative to healthy individuals that was particularly apparent in
response to these mild emotional facial expressions (16). Participants judged the gender of
each face, a task of implicit emotion processing reliably associated with activity in subcortical
limbic regions in healthy individuals (14,42,46). To determine emotion-labeling accuracy, 15
of the bipolar and 21 of the healthy individuals also performed an emotion-labeling task prior
to scanning. Here, participants viewed 45 faces depicting sadness, anger, fear, happiness,
disgust or neutral expressions (47), and chose corresponding emotion labels from a list of six
options. Discrepant numbers of participants taking part in neuroimaging tasks and facial
expression labeling tasks outside of the scanner were due to problems in accommodating all
scanning and offline procedures in a small number of bipolar and healthy individuals.
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Data acquisition
Neuroimaging data were collected using a 3.0 Tesla Siemens Allegra MRI scanner at the
University of Pittsburgh/Carnegie Mellon University Brain Imaging Research Center.
Structural 3D Sagittal MPRAGE images were acquired [echo time (TE): 2.48 ms, repetition
time (TR): 1630 ms, flip angle 8 , field of view (FOV): 200 mm, slice thickness: 1 mm, matrix:
256 × 256, 192 continuous slices]. Mean blood-oxygenation-level-dependent (BOLD) images
were acquired with a gradient echo planar imaging (EPI) sequence: 33 axial slices (3 mm thick,
0 mm gap; TR/TE = 2000/25 ms, FOV = 24 cm, matrix = 64 × 64).

Imaging analyses
Data were preprocessed and analysed using statistical parametric mapping software (SPM5;
http://www.fil.ion.ucl.ac.uk/spm). Data for each participant were first corrected for differences
in acquisition time between slices, realigned using the first slice as a reference, and unwarped
to correct for static inhomogeneity of the magnetic field and movement by inhomogeneity
interactions. They were then coregistered with the subject's anatomical image, segmented,
normalized to standard Montreal Neurological Institute (MNI) template, resampled to 3 × 3 ×
3mm3 voxels, and spatially smoothed with a Gaussian kernel of 6 mm full-width at half-
maximum (FWHM).

A first-level, fixed-effect model was constructed with three emotion intensities (neutral, mild,
intense) in both experiments (fearful, happy) entered as separate conditions in an event-related
design with fixation cross as baseline in the design matrix. Movement parameters from the
realignment stage were entered as covariates of no interest to control for participant movement.
Trials were modeled using the Canonical Haemodynamic Response Function. The three
intensities were then entered as separate t-contrasts into second-level analyses.

A second-level, random-effects group analysis was conducted on the t-contrasts generated in
the previous single-subject analyses in a 2 (group) by 3 (intensity) repeated-measures ANOVA
for each experiment to examine the main effect of group and group-by-intensity interaction.
Significant activation clusters were verified using small volume correction. BOLD signal in
any a-priori regions (i.e., subcortical limbic regions, including amygdala and striatum, and
DLPFC) identified in these whole-brain analyses was extracted using MarsBar 0.40 toolbox
(48). If the above a-priori regions were not detected at whole-brain level analyses, these were
subsequently defined using the Wake Forest University (WFU) PickAtlas (49).We further
examined any findings regarding main effect of group and group-by-intensity interaction in
any of the above a-priori neural regions of interest emerging from whole-brain analyses in post
hoc independent t-tests, using extracted values of BOLD signal change in these regions and
SPSS (SPSS 15.0 for Windows, Rel. 15.0.0. 06 September 2006; Chicago, IL, USA: SPSS,
Inc.). We used an adjusted statistical threshold of p = 0.05/(number of comparisons plus number
of regions examined) to allow for multiple between-group comparisons in these post hoc
analyses.

Examination of gray matter volume in a-priori regions
Potential contributions of gray matter volume in a-priori regions (i.e., subcortical limbic
regions, including amygdala and striatum, and DLPFC) were assessed using SPM5. Regions
for which no between-group differences of functional magnetic resonance imaging (fMRI)
data were reported (bilateral amygdalae) were defined anatomically using the WFU PickAtlas
(49). Using SPM5, previously converted files were first segmented into gray and white matter
and normalized to the standard international consortium for brain mapping template using a
unified model (50). Voxel values were modulated by the Jacobian determinants derived from
the spatial normalization: when brain structures showed volume reduction after spatial
normalization, the total volume generated took into account regional decreases proportional to
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the degree of total volume. Voxel resolution after normalization was 2 × 2 × 2 mm. Images
were smoothed using a 12 mm Gaussian kernel. In a-priori regions, proportional gray matter
volumes were extracted and the mean values of each region exported to SPSS for group
comparison.

Examination of potential confounding effects of medication load and illness variables
We have developed a strategy for measuring total medication load in bipolar individuals by
coding the dose of each antidepressant, mood stabilizer, antipsychotic and anxiolytic
medication as absent = 0, low = 1, or high = 2. For antidepressants and mood stabilizers, we
converted each medication into low- or high-dose groupings using a previously employed
approach (35,51,52). Individuals on Levels 1 and 2 of these criteria were coded as low dose,
those with Levels 3 and 4 as high dose. We added a no-dose subtype for those not taking these
medications. We converted antipsychotic doses into chlorpromazine dose equivalents, and
coded as 0, 1, or 2, for no medication, chlorpromazine equivalents dose equal or below, or
above the mean effective daily dose (ED50) of chlorpromazine as defined by Davis and Chen
(53). Lorazepam dose was similarly coded as, 0, 1 or 2, with reference to the midpoint of the
Physician's Desk Reference-recommended daily dose range. We generated a composite
measure of total medication load, reflecting dose and variety of different medications taken,
by summing all individual medication codes for each medication category for each individual
bipolar participant. We used Spearman rank correlational analyses to examine associations
between total medication load and magnitude of BOLD signal change in a-priori neural regions
showing significant group-by-condition interactions and/or a significant main effect of group.

To examine potential effects of illness duration, age of illness onset and current (subthreshold)
depression severity, we conducted post hoc correlational analyses between these variables and
BOLD signal change in a-priori neural regions (i.e., subcortical limbic regions, including
amygdala and striatum, and DLPFC). Since 11 out of 19 patients had multiple comorbid
diagnoses, and seven of these had comorbid anxiety disorders, we additionally compared
BOLD signal change in our a-priori neural regions of interest in bipolar individuals with
comorbid diagnoses versus those without any such diagnoses.

For the above analyses, we used an adjusted statistical threshold of p = 0.05/(number of
comparisons plus number of regions examined) to allow for multiple between-group
comparisons.

Results
Neuroimaging data analyses

To test our hypotheses, we examined the main effect of group and interaction between group
and intensity upon neural activity during both experiments. To examine further any significant
main effects or group-by-intensity interactions, specific between-group contrasts for each
emotion intensity were assessed.

Happy
Main effects and interactions—Whole-brain ANOVA revealed a significant group-by-
intensity interaction for several clusters including those in a-priori regions: bilateral striatum
[putamen/head-of-caudate-nucleus: left: F(6,123) = 10.39, p (corrected) = 0.008, Cohen's d =
0.98; right: F(6,123) = 9.20, p (corrected) = 0.018, Cohen's d = 0.95]. There was also a main
effect of group (bipolar versus healthy individuals) for several clusters including right DLPFC
[F(6,123) = 15.27, p (corrected) = 0.01, Cohen's d = 1.25 (Table 3)]. Bipolar relative to healthy
individuals had significantly higher left striatal (putamen/caudate nucleus) activity in response
to mild happy faces [F(1, 41) = 8.562, p (corrected) = 0.006, Cohen's d = 0.6 (Fig. 1 A, B)],
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and decreased activity in right DLPFC to all three intensities [neutral: t(1,41) = 3.32, p = 0.036,
Cohen's d = 0.6; mild: t(1,41) = 3.41, p = 0.028, Cohen's d = 0.62; intense: t(1,41) = 3.49, p =
0.023, Cohen's d = 0.63 (Fig. 1 C, D)]. Activity within the right striatum (caudate nucleus) was
decreased in response to all intensities relative to baseline in both groups. There were
nonsignificant trends for greater decreases in activity in this region in response to intense happy
and neutral faces in bipolar relative to healthy individuals [intense happy faces: mean for
bipolar individuals: −0.94; mean for healthy individuals: −0.15, F(1,41) = 3.02, p = 0.09;
neutral faces: mean for bipolar individuals: −0.69; mean for healthy individuals: −0.16; p >
0.1], but greater decreases in activity in response to mild happy faces in healthy relative to
bipolar individuals [mild happy faces: mean for bipolar individuals: −0.11; mean for healthy
individuals: −0.75, F(1,41) = 2.97, p = 0.093].

Fearful
Main effects and interactions—Whole-brain ANOVA revealed a significant main effect
of group for a cluster within left DLPFC [F(6,12) = 11.79, p (corrected) = 0.05, Cohen's d =
1.08] but no significant group-by-intensity interaction. Bipolar relative to healthy individuals
showed significant decreases in activity in response to all three intensities [neutral: F(1,41) =
11.49, p = 0.002, Cohen's d = 1.06; mild: F(1,41) = 5.76, p = 0.02, Cohen's d = 0.75; intense:
t(1,41) = 8.96, p = 0.005, Cohen's d = 0.94].

Amygdala
As we had specific hypotheses regarding amygdala activity, we used the WFU PickAtlas
amygdale template to define bilateral amygdalae regions of interest from which we extracted
mean BOLD signal to examine between-group differences in amygdala activity. There was no
significant main effect of group and no significant group-by-intensity interaction upon
amygdala activity in response to either emotion at any intensity.

Regional gray matter volume
There were no between-group differences in gray matter volume in a-priori regions emerging
from analyses of between-group differences (left striatum and bilateral DLPFC) or in bilateral
amygdalae.

Medication
There were no significant correlations between medication load and magnitude of activity
within any of the five a-priori regions (left striatum and bilateral DLPFC emerging from whole-
brain analyses and template-derived bilateral amygdalae), using a stringent statistical threshold
of p = 0.001 to control for multiple testing resulting from analyses in these five regions for two
emotion categories (happy, fearful) and three intensities (neutral, mild, intense emotion), or
even using a more lenient threshold of p = 0.05.

Illness variables
There was a near-significant negative correlation between right amygdala mean BOLD signal
in response to mild fearful faces and age of illness onset (r = −0.596, p = 0.007), using the
stringent statistical threshold of p = 0.001. Neither illness duration nor depression severity
showed significant correlations with BOLD signal within any of the five a-priori regions (left
striatum and bilateral DLPFC emerging from whole-brain analyses and template-derived
bilateral amygdalae) (all p > 0.05). Controlling for multiple comparisons using a stringent
statistical threshold of p = 0.001, there was a trend only when comparing between-group
differences in bipolar individuals with any comorbid Axis I diagnosis versus those without
such comorbid diagnoses in mean BOLD signal within left striatum in response to mild happy
faces (t = 2.71, p = 0.04). Bipolar individuals with comorbid diagnoses had increased BOLD
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signal within this region (mean: 0.83) relative to bipolar individuals without such comorbid
diagnoses (mean: −0.12). Examining differences between bipolar individuals with comorbid
anxiety disorders only versus those without such comorbid diagnoses yielded no significant
differences within any of the five a-priori regions (left striatum and bilateral DLPFC emerging
from whole-brain analyses and template-derived bilateral amygdalae).

Relationships between medication load and illness variables
There were no significant correlations between medication load and age of illness onset, illness
duration, or depression severity using either a statistical threshold of p = 0.01 to allow for
multiple comparisons or at a more lenient threshold of p = 0.05. Additionally, medication load
did not differentiate between those patients with a diagnosis of any comorbid condition versus
those without, nor between those with a diagnosis of comorbid anxiety disorder versus those
without (p > 0.05).

Behavioral findings
Using Mann Whitney U-test for analyses, there were no between-group differences in facial
emotion-labeling accuracy for bipolar and healthy individuals (U = 144.5, p > 0.05) for the
task performed outside the scanner; nor were there between-group differences in gender-
labeling accuracy for the task performed during the neuroimaging experiments (U = 147, p >
0.05).

Discussion
We wished to examine functional abnormalities in neural regions underlying emotion
regulation in bipolar individuals to better understand pathophysiologic mechanisms of this
disorder. Data support our hypotheses of abnormal patterns of subcortical limbic and dorsal
prefrontal cortical activity in response to emotional faces in bipolar individuals. We show
increased activity in bipolar versus healthy individuals to mild happy faces in a region of
striatum centered on left putamen/head of caudate nucleus, and decreased DLPFC activity in
response to the majority of faces in the happy and fearful face experiments. These findings are
consistent with neural models of bipolar disorder which postulate increased activity within
subcortical limbic emotion-processing regions, together with decreased activity in dorsal
prefrontal cortical emotion regulation regions, as the neural basis for emotion and mood
dysregulation in the disorder (7,54).

Increased left striatal activity in response to mild happy faces in bipolar versus healthy
individuals supports our earlier finding of increased left putamen activity in response to mild
happy faces in bipolar versus healthy individuals (16), and is consistent with the left
hemisphere's role in positive emotion perception (55). Striatal regions are implicated in the
perception of potentially rewarding stimuli, e.g., food (56), happy faces (44), or during reward
anticipation (57). Increased left striatal activity in response to mild happy faces in euthymic
bipolar individuals suggests increased reward perception in these stimuli, even in the absence
of subthreshold manic symptoms. These findings contrast with those in medicated and
unmedicated unipolar depressed individuals, who show decreased striatal activity in response
to positive stimuli (44). Increased striatal activity in response to mild happy faces may,
therefore, represent an important pathophysiologic process specific to bipolar disorder. Future
studies should compare bipolar and unipolar individuals on positive and negative emotion-
processing tasks.

The pattern of decreased left and right DLPFC activity in response to mild happy and mild
fearful faces, respectively, in bipolar relative to healthy individuals is consistent with findings
of reduced DLPFC activity in bipolar females (18), and decreased activity in dorsal prefrontal
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cortical regions implicated in emotion regulation in bipolar disorder (7,17). The abnormal left-
versus right-sided DLPFC activity in response to mild happy and fearful faces, respectively,
in bipolar individuals supports theories emphasizing lateralization of positive and negative
emotion processing (55). Interestingly, both increased striatal activity and reduced DLPFC
activity in bipolar individuals were demonstrated predominantly in response to mild-intensity
emotions. Mild facial expressions may be more representative of expressions observed in
everyday life than the intense facial expressions in the standardized series employed here.
Abnormal striatal and DLPFC activity in bipolar individuals in response to mild-intensity
expressions may therefore underlie the dysfunctional social interactions in bipolar individuals
(2-4), even when euthymic. This finding is consistent with data from our previous study in
remitted bipolar individuals (16).

Contrary to our hypotheses, bipolar relative to healthy individuals did not demonstrate
increased amygdala activity in response to any faces. Previous studies in bipolar individuals
report increased amygdala activity in response to negative (11,16,18) and positive (14)
emotional faces. Unlike these studies, we examined euthymic individuals only. The absence
of amygdala activity may, therefore, reflect the euthymic status of our recruited bipolar
individuals.

Included in the second, exploratory aim of our study was examination of the potential
contribution of psychotropic medication to abnormal activity in neural regions implicated in
emotion processing in bipolar disorder. Most neuroimaging studies of bipolar disorder have
recruited medicated individuals, as these individuals are more representative of the bipolar
population, and it is often clinically unfeasible and ethically problematic to withdraw such
individuals from medication. We employed a new strategy (35,51) based on previous methods
(52,53) to compute a measure of total medication load that included dosage and number of
different medications taken. This novel approach for the study of potential medication effects
in neuroimaging studies of bipolar populations has several advantages over the study of
medicated versus unmedicated individuals. First, bipolar individuals (particularly those with
type I) who tolerate being medication free are unlikely to be matched for illness severity with
those who require medication. Direct comparison of medicated and unmedicated individuals
with bipolar disorder may be confounded, therefore, by between-group differences in illness
severity. Second, medicated individuals with bipolar disorder type I are more representative
of the bipolar population at large compared with bipolar individuals who can tolerate being
medication free (see 35). Third, compared with previously employed approaches of examining
individuals taking, versus those not taking, each class of psychotropic medication (e.g., 16,
22), the calculation of total medication load has the additional advantage of avoiding multiple
comparisons of medication subgroups comprising smaller numbers of individuals. Finally,
total medication load also reflects both the dose and variety of different medications taken by
bipolar individuals who have been medicated in real-world contexts, and are typically treated
with a number of different medications and medication combinations. Our findings indicate
no significant association between this measure and magnitude of activity in any neural regions
in which significantly abnormal activity was observed in bipolar individuals. Our findings are
consistent with previous studies showing no significant effect of psychotropic medication upon
neural activity in bipolar individuals (14,22,32). Other studies have shown predominantly
ameliorative, rather than confounding, effects of psychotropic medication upon neural activity
in bipolar individuals (16,30,33,34) or in male patients with bipolar disorder (18). Our findings,
therefore, suggest that it is possible to identify neuroimaging measures that may reflect
pathophysiologic processes of bipolar disorder that persist during euthymic phases of illness,
rather than measures that are confounds of psychotropic medication.

There was a trend toward a negative association between age of illness onset and amygdala
activity in response to mild fearful faces in bipolar individuals. This relationship may have
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obscured any between-group difference in amygdala activity in response to fearful faces that
has been demonstrated in previous studies (11,14,16), as some of our recruited bipolar
individuals had an older age of illness onset. The relationship between age of illness onset and
amygdala activity did not relate to illness duration per se, as there was no significant difference
in this latter measure between bipolar individuals with earlier versus later age of illness onset.
There was also a trend for bipolar individuals with comorbid Axis I diagnoses to have higher
left striatal activity in response to mild happy faces. This suggests that the presence of comorbid
psychiatric diagnoses might have contributed to the pattern of elevated striatal activity observed
in the bipolar individuals in this study. Bipolar disorder often presents with comorbid Axis I
conditions, and it is known that these negatively impact the severity of the course of illness.
The presence, therefore, of comorbid diagnoses that affect general functioning and well-being
should be examined further by studying the extent to which the spectra of comorbid conditions
in bipolar disorder impact patterns of abnormal subcortical limbic and DLPFC activity in
response to emotional stimuli in individuals with the disorder.

There was no significant between-group difference in facial emotion labeling performed in a
separate task outside the scanner or in gender labeling performed during the scan. Most findings
indicate subtle abnormalities in emotion labeling only (e.g., 24-26), and no gender labeling
diffculties (16), in bipolar individuals. Our findings suggest that abnormal neural activity in
response to facial emotion in bipolar individuals may reflect abnormal implicit processing of
these emotional stimuli rather than an inability to subsequently label facial emotion or gender
explicitly. Additionally, there were no significant between-group differences in gray matter
volume in left striatum, bilateral amygdalae or DLPFC, indicating that between-group
differences in neural activity were not secondary to abnormal regional gray matter volume in
bipolar individuals.

Limitations
Although this study represents one of the larger functional neuroimaging investigations of
euthymic bipolar individuals to date, the number of patients included in this study is relatively
modest. Our findings would need to be replicated in a larger sample of euthymic bipolar
individuals. Nearly all bipolar individuals in our study were taking psychotropic medication.
Our findings suggest no significant impact of medication load upon neural activity in bipolar
individuals in the present study. Future studies should, however, examine this further, both by
inclusion of our approach of using an index of psychotropic medication load (35) and by
including unmedicated bipolar individuals (as in, e.g., 58). In our study, a number of patients
had multiple comorbid Axis I diagnoses, as is generally observed in bipolar individuals. Further
examination of the relationship between the spectra of comorbid conditions and patterns of
abnormal subcortical limbic and DLPFC activity is needed in bipolar individuals.

Conclusions
Our findings are the first to demonstrate increased striatal activity in euthymic bipolar
individuals in response to mildly rewarding stimuli. This, in combination with decreased
DLPFC activity in bipolar individuals in response to the majority of facial expressions, may
underlie the mood instability observed even in euthymic individuals, and may represent an
important pathophysiologic neural mechanism of bipolar disorder. Furthermore, we report no
significant association between a novel composite measure of total psychotropic medication
load and magnitude of activity in the above neural regions in bipolar individuals. Future studies
should examine whether this pattern of abnormal neural activity can be used as a criterion to
distinguish bipolar from unipolar depression.
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Fig. 1.
(A) Loci of the significant group-by-condition interaction [p (corrected) = 0.05] for the happy-
face paradigm. (B) Activity is shown for bilateral striatum (head of caudate/putamen; left:
[−17, 20, 14]; right: [15, 11, 16]). (C) Specific between-group contrasts revealed that bipolar
individuals (BPI) relative to healthy individuals (HI) showed increased activity in left striatum
to mild happy faces (*p < 0.05). (D) A significant main effect of group is shown for the right
dorsolateral prefrontal cortex (DLPFC) [20, 14, 35], with BPI showing significantly decreased
activity in response to happy as well as neutral faces (*p < 0.05). BOLD = blood-oxygenation-
level-dependent.
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Table 1
Demographic information and bipolar individual characteristics

Bipolar individuals (n = 19) Healthy individuals (n = 24)

Handedness Right Right

Gender

    Female 9 13

    Male 10 11

Age, mean (SD) 32.47 (8.8) range: 29; 23−52 27.78 (8.7) range: 34; 18−52

NART, mean (SD) 114.9 (6.1) range: 21.68; 100−121 117.4 (5.4) range: 24.03; 101−125

Illness duration, mean (SD) 10.6 (6.61) range: 25; 1−26 n/a

Age of illness onset, mean (SD) 22.47 (8.01) range: 20; 12−32 n/a

HRSD-25, mean (SD) 1.94 (2.59) range: 11; 0−11 n/a

YMRS, mean (SD) 1.37 (2.67) range: 9; 0−9 n/a

NART = National Adult Reading Test; HRSD-25 = Hamilton Rating Scale for Depression 25-item version; YMRS = Young Mania Rating Scale.
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Table 2
Medication information for bipolar individuals

Medication Mood stabilizers Antipsychotics Antidepressants Anxiolytics

aLithium; n = 6 bRisperidone; n = 3 cBupropion; n = 1 dLorazepam; n
= 4

eValproate semisodium; n = 1 fAripiprazole; n = 7 gSertraline; n = 2
hLamotrigine; n = 1 iQuetiapine; n = 2 jMirtazapine; n = 1
kCarbamazepine; n = 2 lOlanzapine; n = 1 mTrazodone; n = 1
nOxycarbamazepine; n = 1 oClozapine; n = 1 pVenlafaxine; n = 2
qGabapentin; n = 1 rCitalopram; n = 1
sValproic acid; n = 1 tFluoxetine; n = 1

Monotherapy n = 1 (a) n = 5 (f, l,o) n = 0 n=0

Combination treatments

Mood stabilizers and antipsychotics n = 2 [(a, h, e) (f, b)]

Mood stabilizers, antipsychotics, antidepressant, and lorazepam n = 1 [(a, q) (f, b) (r) (d)]

Mood stabilizers and antidepressants n = 4 [(a, h, n, s) (p, m, t)]

Mood stabilizer, antidepressants, and lorazepam n = 2 [(k) (c, g) (d)]

Antipsychotic and antidepressants n = 2 [(i) (g, j)]

Antipsychotic and lorazepam n = 1 [(b) (d)]

Superscripts denote the types of medication taken in either monotherapies or combination treatment.
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