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Abstract

Inability to modulate attention away from emotional stimuli may be a key component of
dysregulated emotion in bipolar disorder (BD). Previous studies of BD indicate abnormalities in
neural circuitry underlying attentional control, yet few studies examined attentional control in the
context of emotional distracters. We compared activity and connectivity in neural circuitry
supporting attentional control and emotion processing among 22 individuals with BD type 1,
currently remitted and euthymic, and 19 healthy controls. Participants performed an emotional n-
back paradigm, comprising high and low attentional demand conditions, each with either
emotional (happy, fearful), neutral or no face flanker distracters. During the high attentional
control demand conditions without emotional distracters, BD individuals showed reduced activity
versus controls in dorsolateral prefrontal cortex, dorsal anterior cingulate cortex (dACC), and
inferior parietal cortex. During the high attentional control demand conditions with fearful-face
distracters, BD individuals showed greater activity than controls in these regions and amygdala
and striatum. Relative to controls, BD individuals also showed abnormal patterns of effective
connectivity between dACC and amygdala during high attentional control demand with emotional
face distracters. Inter-episode bipolar disorder is characterized by abnormal recruitment of
attentional control neural circuitry, especially in the context of emotionally distracting
information.
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1. Introduction

Bipolar disorder (BD), one of the ten most debilitating illnesses worldwide (World Health
Organization, 2004), is characterized by a central deficit in the ability to regulate emotion
(Goodwin and Jamison, 2007). Importantly, this deficit may persist even during remission
(Phillips et al., 2003); thus, examining the neural basis of emotion dysregulation in BD may
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advance understanding of key pathophysiologic processes of the illness. The ability to
flexibly redirect attention (i.e., attentional control) away from emotionally distracting stimuli
represents an important component of emotion regulation that may be deficient in BD
(Phillips et al., 2008a).

Attentional control entails 1. selective attention toward goal-relevant stimuli, and 2.
redirection of attention away from distracting, goal-irrelevant stimuli (Phillips et al., 2008a).
Attentional control is fundamental to a range of cognitive tasks, including working memory
(Gazzaley, 2010), sustained attention (Braver et al., 2003), and attentional set shifting
(Nagahama et al., 2001). Maintaining attention to pertinent information is particularly
challenging in the presence of distracting emotional stimuli, which compete for cognitive
resources (Luo et al., 2007). Distributed prefrontal and parietal-cortical, anterior cingulate-
cortical, and striatal-thalamo circuitry mediates attentional control (Alexander and Crutcher,
1990; Bush and Shin, 2006). Furthermore, maintaining attention in the presence of
emotional distracters is dependent on this circuitry (Bishop et al., 2004; Dolcos and
McCarthy, 2006; Erk et al., 2007; Goldstein et al., 2007) and intact functional coupling
between prefrontal and anterior cingulate cortices and amygdala (Etkin et al., 2006; Urry et
al., 2006).

Attentional control deficits have been documented among BD individuals using tests of
sustained attention (Clark et al., 2002, 2005; Maalouf et al., 2010) and working memory
(Martinez-Aran et al., 2005; Thompson et al., 2007). Neuroimaging studies employing
working memory paradigms reported reduced (Monks et al., 2004; Lagopoulos et al., 2007;
Townsend et al., 2010), but also increased (Adler et al., 2004), activity in prefrontal
attentional control circuitry in BD individuals relative to controls. Studies using the Stroop
color-word selective attention task reported reduced activity in BD individuals versus
controls in ventral prefrontal regions (Blumberg et al., 2003; Strakowski et al., 2005;
Kronhaus et al., 2006) and anterior cingulate cortex (ACC) (Gruber et al., 2004), although
greater activity in dorsolateral prefrontal cortex (dIPFC) (Gruber et al., 2004). Although
some inconsistencies remain, these findings suggest that attentional control deficits among
BD individuals may reflect diminished recruitment of underlying attentional control neural
circuitry.

Paradigms with intersecting cognitive and emotional demands may be particularly relevant
to BD, given the aforementioned attentional control deficiencies and consistent findings of
abnormally increased activity in subcortical regions supporting emotion processing among
BD individuals (Lawrence et al., 2004; Altshuler et al., 2005; Hassel et al., 2008, 2009;
Almeida et al., 2010). The few studies in this area have provided conflicting results, with
some studies indicating that BD individuals show abnormally e/evated activity in attentional
control prefrontal cortical (Elliott et al., 2004; Wessa et al., 2007; Deckersbach et al., 2008)
and in emotion processing subcortical (Wessa et al., 2007) circuitry during cognitive task
performance with emotional distraction, while others have found abnormally reduced
activity in attentional control circuitry relative to healthy controls (Malhi et al., 2005;
Strakowski et al., 2005; Lagopoulos and Malhi, 2007). Several factors likely contributed to
these discrepancies, including the use of different paradigms, unequal between-group task
performance (Malhi et al., 2005), and recruitment of BD individuals in different mood
states. Furthermore, while all of the tasks used in these studies required attentional control,
they addressed slightly different domains of executive functioning, from response inhibition
(e.g., affective Go/No-Go; Elliott et al., 2004; Wessa et al., 2007), set shifting (e.g.,
emotional Stroop; Malhi et al., 2005; Lagopoulos and Malhi, 2007), to working memory
(Deckersbach et al., 2008), each engaging partially distinct patterns of cortical activation.
Another factor is the use of different types of emotionally distracting stimuli, from
emotional words (Elliott et al., 2004; Wessa et al., 2007), to pictures (Strakowski et al.,
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2011), to induced negative mood (Deckersbach et al., 2008). Also noteworthy is that some
studies employed only negative emotionally distracting information (Deckersbach et al.,
2008), while other used negative emotional and neutral distracters (Lagopoulos and Malhi,
2007; Strakowski et al., 2011), or negative and positive emotional distracters (Elliott et al.,
2004; Malhi et al., 2005; Wessa et al., 2007). Further research is clearly required to elucidate
possible neural system abnormalities among BD individuals during cognitive tasks requiring
redirection of attention away from emotional distracters.

Given that attentional control is mediated by distributed neural circuitry, connectivity
analyses are a natural extension of this literature. Functional connectivity (FC) measures
correlations over time between activity in different neural regions, while effective
connectivity (EC) measures the impact of activity in one region over another (Roebroeck et
al., 2005). Thus far, studies employing these techniques in BD have used emotion
processing paradigms, and reported decreased amygdala-vIPFC FC (Foland et al., 2008),
decreased amygdala-ACC FC (Wang et al., 2009), increased parahippocampal-subgenual
cingulate cortical EC (Almeida et al., 2009a), and reduced vmPFC-amygdala EC in BD
individuals versus controls (Almeida et al., 2009b). One study also described decreased
resting state amygdala-VPFC FC among BD individuals relative to controls (Chepenik et al.,
2010). In the current study, we employed the Emotional Face N-Back (EFNBACK) task, a
paradigm requiring direction of attention away from emotional (fearful and happy) and
neutral-face distracters to perform an n-back working memory task (Ladouceur et al., 2009).
The paradigm also includes a no-distracter, attentional control condition. We previously
showed slower task performance on the attentional demand condition with fearful-face
distracters in high trait anxiety individuals at risk of mood disorders (Ladouceur et al.,
2009), and significantly greater dIPFC activity to this condition in remitted individuals with
a history of major depressive disorder (Kerestes et al., in press). We used a region of interest
(ROI) approach to examine differences in activity and EC between BD individuals and
controls within: 1. attentional control neural circuitry: prefrontal and parietal cortices, ACC
and striatum during attentional control; and 2. this neutral circuitry and the amygdala, a key
emotion processing region, during attentional control in the context of emotional distracters.
The EFNBACK has two important features, the combination of which distinguishes it from
previous paradigms examining attentional control in the context of emotional distracters in
BD. First, the distracters in this task are distinct from the stimuli comprising the attentional
control component (unlike, for example, affective Go/No-Go tasks). Second, the paradigm
includes neutral, positive, and negative emotional distracters, enabling us to
comprehensively examine neural circuitry supporting attentional control versus attentional
control in the context of different types of emotional and neutral distracting stimuli.
Furthermore, we examined neural circuitry when task performance was equivalent across
groups, to avoid the potential confound of poor task performance upon neural activity of
some studies in BD (Adler et al., 2004; Gruber et al., 2004; Malhi et al., 2005; Strakowski et
al., 2005; Thermenos et al., 2010). We examined remitted, euthymic BD individuals to
identify functional neural abnormalities that were mood state independent.

We formulated the following hypotheses based on the collection of previous attentional
control studies in BD, as well as the neural model of emotion regulation deficits in BD
previously described by our group (Phillips et al., 2008a). This model highlights the role of
abnormal dorsolateral, ventrolateral and dorsomedial (including dACC) prefrontal cortices
activity during voluntary regulation of attention away from emotional distracters among BD
individuals. In light of previous studies of attentional control neural circuitry in BD
(Blumberg et al., 2003; Monks et al., 2004; Strakowski et al., 2004; Kronhaus et al., 2006;
Lagopoulos et al., 2007), we hypothesized that BD individuals would show reduced activity
in attentional control neural circuitry versus controls, particularly in dIPFC and dACC,
during the no-distracter, attentional control condition. We hypothesized that during
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attentional control in the context of emotional distracters, BD individuals would show
abnormally efevated activity in this circuitry and amygdala versus controls, given that the
only previous study of euthymic BD individuals using a paradigm employing both positive
and negative emotional distracters documented greater activity in BD versus healthy
individuals (Wessa et al., 2007). Exploratory analyses compared EC between neural regions
in attentional control circuitry and the amygdala during attentional control in the context of
emotional distracters in BD individuals versus controls.

2. Materials and Methods
2.1 Participants

The study was approved by the Institutional Review Board at the University of Pittsburgh.
All individuals provided written informed consent before participation. 41 participants (aged
19-46 years): 22 individuals with bipolar I disorder (Structured Clinical Interview for DSM-
IV, Research Version (SCID-P) (First et al., 1995) criteria), and 19 healthy controls without
previous personal or family history of psychiatric illness in first- or second-degree relatives,
were recruited (Table 1). All BD individuals had experienced =2 mood episodes in the last 4
years, were euthymic (Hamilton Depression Rating Scale (HDRS-25) (Hamilton, 1960)
score<7 and a Young Mania Rating Scale (YMRS) (Young et al., 1978) score<10), and in
remission (euthymic for =2 months at the time of scanning). All BD individuals were
medicated; 64% endorsed a previous history of DSM-1V alcohol or substance abuse
disorder, but the minimum reported period of abstinence was 7 months (mean:100 months);
41% a history of anxiety disorder, and 41% a history of psychotic symptoms. Groups were
age- and gender-ratio-matched. All participants were right-handed, native English speakers.
Handedness was assessed using the Behavioral Handedness Index (Annett, 1967).

Exclusion criteria for all participants included: history of head injury; systemic medical
illness; cognitive impairment (score<24 on the Mini-mental State Examination (Folstein et
al., 1975)); premorbid 1Q estimate<85 using the National Adult Reading Test (Nelson,
1982); borderline personality disorder; MRI exclusion criteria (presence/questionable
history of metallic objects in the body, positive pregnancy test/self-reporting of pregnancy,
panicking in enclosed spaces); alcohol or substance abuse disorder during the previous 2
months (determined by SCID-P, saliva and urine screen); and task performance accuracy
<70% (no BD individuals, and one control participant, were excluded for this reason).
Previous lifetime history of substance abuse was an exclusion criterion for controls.
Presence of rapid-cycling (=4 illness episodes per year) or required emergency psychiatric
management were additional exclusion criteria for BD individuals.

Participants were recruited using local advertisements, and were demographically
representative of Pittsburgh and the surrounding area. BD individuals were recruited from
the University of Pittsburgh Medical Center.

2.2 Paradigm

Participants performed the EFNBACK task during neuroimaging (Figure 1). This task is a
modified version of the n-back working memory task (Cohen et al., 1994). The original task
includes two memory conditions with varied attentional control demands: a low-attentional
control (0-back: “Press the button to a “‘G’”) and a high-attentional control (2-back: “Press
the button whenever the current letter is identical to the letter presented two trials previously
(G-X-G)”) condition. The EFNBACK task comprises the original n-back task with
additional blocks in which each trial letter is flanked by two identical face pictures (actors
posing neutral, fearful, or happy expressions). Facial stimuli are grayscale male and female
pictures from the NimStim facial expression series (Tottenham et al., 2009). Facial images
comprise a cropped oval of 400x600 pixels, normalized for size and luminance, and aligned
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by eye positioning, such that all face stimuli appear at the same location. In each of three
quickly-successive runs, 8 blocks are presented: two attentional load conditions (0-back, 2-
back), each combined with one of the 4 face distracter conditions (no-distracter, neutral-
face, fearful-face, happy-face). Each block comprises 12, 500ms trials, with intertrial
interval (ITI) jittered (mean duration=3500ms). Task duration is 21min, 12s. Participants
respond to target letters by pressing a button with their index finger, ignoring face
distracters. Each run begins with the most simple, 0-back no-distracter block to ease
participants into the task, followed by the remaining 0-back and 2-back blocks in different
pseudorandomized orders for each run. At the beginning of each block, instructions are
briefly presented on the screen stating whether the block will be 0-back or 2-back.

2.3 Data acquisition

Neuroimaging data were collected using a 3.0 Tesla Siemens Trio MRI scanner at the
Magnetic Resonance Imaging Center in the University of Pittsburgh Medical Center. (See
Supplementary Methods for data acquisition parameters).

2.4 Behavioral data analyses

Behavioral data were analyzed using SPSS 16.0 software (SPSS Inc.). We performed a
mixed multivariate analysis of variance (MANOVA), with diagnostic group as the between-
subjects factor, and attentional load and emotional distracter as within-subjects factors.
Number of correct trials, and reaction time on correct trials were the dependent variables.
The multivariate test statistic reported is Wilks’ lambda. Univariate and post hoc multiple
comparisons were conducted with Bonferroni corrections.

2.5 Demographic and clinical data analyses

Between-group differences among demographic and clinical variables were analyzed using
independent-samples t-tests and non-parametric tests as appropriate (Table 1).

2.6 Neuroimaging analyses

Data were preprocessed and analyzed using Statistical Parametric Mapping software (SPM5;
http://www.fil.ion.ucl.ac.uk/spm). Data were corrected for differences in acquisition time
between slices, spatially normalized into a standard stereotactic space (Montreal Neurologic
Institute, MNI; http://www.bic.mni.mcgill.ca), realigned and unwarped, resampled to
2x2x2mm? voxels, and smoothed using a 6mm FWHM Gaussian kernel. Trials with
incorrect behavioral responses were excluded from fMRI analysis. This was because our
focus was the examination of group differences in neural activity during successful
attentional control, so as to avoid the confound of including unsuccessful trials that may
have reflected a variety of different, non-attentional control processes (e.g., fatigue,
boredom). As discussed in the results section, task performance was strong in both groups,
resulting in less than 3% of trials being excluded for controls, and less than 5% for bipolar
individuals.

We used a two-level random-effects procedure to analyze fMRI data. This task had many
components, but in order to test our specific hypotheses we focused on attentional control
and emotion processing circuitry during: 1. attentional control; and 2. attentional control in
the context of emotional distracters in euthymic BD individuals versus controls. For 1. we
examined between-group differences in neural activity during the high attentional demand
(2-back) no-distracter versus low attentional demand (0-back) no-distracter condition. For 2.
we examined between-group differences in neural activity to the high attentional demand (2-
back) condition with emotional face (either happy or fearful) distracters versus non-
emotional, neutral-face distracters. We also examined between-group differences in activity
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in attentional control neural circuitry during the high attentional demand (2-back) condition
with neutral face distracters versus no-face distracters to determine whether between-group
findings for contrasts in 2. above were specific to the distracting effect of emotion (fearful
versus neutral/happy versus neutral), or to faces in general (neutral versus no-face). We used
the WFU PickAtlas (Wake Forest University, Winston-Salem, NC) to construct anatomical
masks corresponding to Talairach regions: bilateral dIPFC (BA9, BA46), parietal cortex
(BA40) and dACC (BA24, BA32), as key ROls in attentional control (Alexander and
Crutcher, 1990; Bush and Shin, 2006), and attentional control in the context of emotional
distracters (Erk et al., 2007; Dolcos et al., 2008). We also included as ROIs bilateral striatum
(caudate nucleus, putamen and ventral striatum) and bilateral amygdalae, as representative
subcortical regions in attentional control (striatum) and emotion processing (ventral striatum
and amygdala) (Alexander and Crutcher, 1990).

At the first level, individual wholebrain statistical maps were constructed to evaluate each of
the four main condition contrasts: 2-back no-distracter versus 0-back no-distracter; 2-back
fearful-face versus 2-back neutral-face; 2-back happy-face versus 2-back neutral-face; 2-
back neutral-face versus 2-back no-distracter. Movement parameters derived from
realignment were included as covariates of no-interest. The effects of emotional and neutral-
face distracters on activity to the 0-back condition, which is much less cognitively
demanding and not expected to engage attentional control neural circuitry, were analyzed in
parallel fashion to the above 2-back condition contrasts and included as supplementary data.

In a second level, random-effects group analysis in each of the ROIs described above, t-tests
compared BD individuals and controls on each of the condition contrasts. For second level
analyses, we included age as a covariate of no-interest, given evidence of age-related
changes in attentional control neural circuitry (Milham et al., 2002).

We controlled for multiple comparisons in our regions of interest using the AlphaSim
program (http://afni.nimh.nih.gov/afni/doc/manual/AlphaSim) with 1000 Monte Carlo
simulations to compute extent thresholds corrected for family-wise error at p<0.05. The
derived thresholds were as follows: dIPFC = 70 voxels; parietal cortex = 79 voxels; dACC =
105 voxels; amygdala = 24 voxels; striatum = 88 voxels. AlphaSim is a validated method for
correction for multiple voxelwise comparisons that has previously been employed in
neuroimaging studies adopting an ROI approach in studying clinical samples (e.g., Hamilton
and Gotlib, 2008; Almeida et al., 2010; Hamilton et al., 2011; Matthews et al., 2011).

2.7 EC analyses

Granger Causality Mapping (GCM) was employed to examine group differences in EC
between a key emotion processing region, the amygdala, and prefrontal and parietal regions
during attentional control and attentional control in the context of emotional distracters.
Granger Causality theory states that a discrete time series X “Granger-causes” a discrete
time series Y if the past values of X improve the prediction of the current value of Y, given
that all other sources of influence have been taken into account (Roebroeck et al., 2005).
Owing to interregional variation in timing of the hemodynamic response, GCM may
determine temporal precedence between regions in which neuronal firing is instantaneously
coupled (David et al., 2008). This limitation is not relevant in analyses, such as those in the
present study, examining different within and between-group GCM maps for multiple
experimental conditions: if within- and between-group differences in connectivity patterns
were due solely to hemodynamic response timing, or physiologic noise, the same pattern of
within-group, and between-group differences in connectivity would be observed between
neural regions across all stimulus conditions. This did not occur in the present study (see
Results).
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DICOM images were preprocessed using the Brain Voyager QX2.1 software package (Brain
Innovation, Maastricht, The Netherlands) with the same parameters as those listed above.
We chose bilateral amygdala as the seed region for EC analyses to examine functional
coupling between this key emotion processing region and prefrontal and parietal regions
during attentional control and attentional control in the context of emotional distracters. We
used the WFU Pickatlas to create the anatomically-defined bilateral amygdala ROI.

GCM was conducted at the individual level to generate an individual #statistic image of the
GCM map for all controls and all BD individuals. For each Granger map, p-values were
subjected to a multiple-comparison correction (FDR(g)<0.01) (Genovese et al., 2002) over
the wholebrain, a significance threshold that ensures that, on average, the proportion of false
positives among activated voxels <g. Next, GCM maps were computed at the group level,
and ANOVAs were employed to compare controls and BD individuals for each 2-back
distracter condition. As we were primarily interested in EC between amygdala and
attentional control neural circuitry during attentional control in the context of emotional
distracters, we focused on between-group differences in EC between amygdala and
prefrontal and parietal cortices.

2.8 Medication

To quantify medication, commonly taken by the majority of individuals with BD (Phillips et
al., 2008b), we computed a medication load for each participant, as in previous studies
(Hassel et al., 2008, 2009; Versace et al., 2008; Almeida et al., 2009a, 2009b)
(Supplementary Table 1). We conducted exploratory analyses of associations between
medication load and activity in ROls, and between-group differences in activity in these
ROIs for BD individuals taking, versus not taking, each of the four main psychotropic
medication classes: antidepressants, antipsychotics, mood stabilizers, and benzodiazepines.

2.9 Relationships between task performance, clinical variables, and neural activity and EC

3. Results

For each participant group, we extracted mean BOLD signal from ROIs showing significant
between-group differences in activity for each of the main 2-back stimulus condition
contrasts. We computed corresponding reaction time contrasts. Correlations were computed
for each group between activity in each cluster and reaction times for corresponding
stimulus conditions contrasts.

In BD individuals, we explored associations between activity in ROIs and several
demographic and clinical variables: HDRS-25 total score, YMRS total score, age of illness
onset, illness duration, medication load, taking versus not-taking each of the four main
classes of psychotropic medication, gender, comorbid anxiety disorder, and comorbid
substance use. Analyses for each ROI were controlled for the total of thirteen multiple tests
between activity and task performance, demographic and clinical variables, using
Bonferroni (corrected threshold, p<0.004).

We performed similar exploratory analyses between demographic and clinical variables and
amygdala EC, using extracted Granger connectivity values from prefrontal and parietal
regions showing significant between-group differences in amygdala EC.

3.1 Task Performance

MANOVA revealed significant main effects of attentional load, A2,38)=20.28, £<0.001,
and emotional distracter condition, A6,34)=4.43, P=.002. The effect of diagnostic group
was non-significant, and there were no significant diagnostic group * attentional load or
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group * emotional distracter condition interactions, or a significant group * attentional load
* emotional distracter interaction. Overall accuracy on the task was good; both groups had
mean accuracies over 90% even on the more difficult 2-back conditions (Supplementary
Table 2). Accuracy was lower, A1,39)=17.07, P<0.001, partial 2 = 0.30 (2-back mean =
34.04 vs 0-back mean = 35.48), and reaction times were slower, A1,39)=39.41, /<0.001,
partial n2 = 0.50 (2-back mean = 766.76 msec vs 0-back mean = 578.15 msec), in the high
versus low attentional load condition. Reaction times were also slower, A3,96)=6.26,
P<0.001, partial n2 =0.15 (mean for emotional-face distracter conditions = 685.99 vs no-
distracter condition = 631.86 msec), but accuracy was equivalent, in the emotional face
distracter versus no-face condition. Post hoc tests indicated that reaction time in all
participants was significantly slower during neutral-face (£=0.001, mean = 690.13 msec),
fearful-face (P=0.004, mean = 689.41 msec) and happy-face (P=0.001, mean = 678.42 msec)
distracters than the no-distracter condition. Accuracy did not differ significantly among the
emotion face distracter conditions.

3.2 Neuroimaging Findings

3.2.1 Attentional Control—For the 2-back no-distracter versus 0-back no-distracter
contrast, BD individuals showed significantly reduced activity versus controls in right
dIPFC, right dACC, bilateral inferior parietal cortex, and right putamen (~<0.05, corrected;
Figure 2; Table 2).

3.2.2 Attentional Control with Emotional Distracters—*For the 2-back fearful-face

versus neutral-face distracter contrast, BD individuals showed significantly greateractivity
relative to controls in left dIPFC, bilateral inferior parietal cortex, right amygdala, and right
putamen (~<0.05, corrected; Figure 3; Table 3).

There were no significant between-group findings for the 2-back happy-face versus neutral-
face distracter, or neutral-face versus no-distracter contrasts.

3.2.3 EC—To the 2-back fearful-face distracter condition, controls showed significantly
greater preceding EC from rostral/dACC to amygdala than BD individuals (439)=-3.40,
P=0.002; Figure 4).

To the 2-back happy-face distracter condition, BD individuals showed significantly greater
preceding EC from rostral/dACC to amygdala than controls (£39)=2.83, £=0.007; Figure 4).
There were no significant between-group differences in amygdala EC to the 2-back neutral-
face or no-distracter conditions.

3.2.4 Task performance, clinical variables, and neural activity and EC—For BD
individuals, activity in left parietal cortex to the 2-back fearful-face versus neutral-face
condition was negatively associated with age of illness onset (r=—.614, £=0.002). No other
relationships between clinical, demographic, medication or reaction time variables and
activity or EC in any of the clusters showing between-group differences in activity survived
Bonferroni correction. (See Supplementary Analyses for the small number of exploratory
findings at ~<0.05 not meeting Bonferroni thresholds).

4. Discussion

We aimed to identify functional abnormalities in neural circuitry supporting attentional
control and attentional control in the context of emotional distracters in euthymic BD
individuals using an emotional n-back task. During the no-distracter attentional control
condition, BD individuals showed reduced activity versus controls in fronto-cingulo-parietal
regions, consistent with previous studies using different attentional control paradigms
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(Blumberg et al., 2003; Gruber et al., 2004; Monks et al., 2004; Strakowski et al., 2005;
Kronhaus et al., 2006; Lagopoulos et al., 2007). Furthermore, BD individuals versus
controls had the opposite pattern of e/evated activity in this circuitry, and in amygdala and
striatum, for modulation of attention in the presence of distracting negative emotional
stimuli (fearful versus neutral faces), but not positive (happy versus neutral faces), or
neutral-face distracters per se. These findings are consistent with some of the few studies in
BD individuals of attentional control in the context of emotional distracters, that show
greater activity in dIPFC, dACC, and vmPFC in BD individuals versus controls (Elliott et
al., 2004; Wessa et al., 2007; Deckersbach et al., 2008). While BD individuals showed
significantly reduced preceding “top-down” EC from rostral/dACC to amygdala versus
controls during the 2-back fearful-face condition, during attentional control in the presence
of happy distracters, BD individuals showed greater preceding rostral/dACC-amygdala EC
than controls.

In the current study, the addition of negative, but not positive, emotional distracters resulted
in abnormal recruitment of attentional control circuitry in BD individuals, yet both distracter
types elicited abnormal patterns of rostral/dACC-amygdala EC. Our findings may thus
indicate a two-stage response to maintain attentional control and diminish emotional
response in the amygdala in the presence of emotionally salient distracters in BD
individuals. The first strategy involves strengthening top-down connectivity between the
ACC and amygdala. This strategy appears to have been implemented successfully by our
BD participants in the context of happy-face distracters, given the lack of abnormal activity
or impaired task performance. When there is a failure of top-down connectivity between the
ACC and amygdala, BD individuals appear to implement a second strategy, however, which
involves increasing recruitment of attentional control circuitry. This seemingly less-efficient
strategy, which our BD participants exhibited in response to fearful-face distracters, did not
prevent significant amygdala activation in these individuals. These findings thus suggest that
for BD individuals, negatively-valenced social stimuli may be more distracting, and
therefore require greater recruitment of attentional control neural circuitry than positively-
valenced social stimuli, to equate task performance with that shown by healthy individuals.

Greater activity in attentional control neural circuitry among BD individuals has been
conceptualized as a compensatory response to overcome otherwise impaired attentional
control (Elliott et al., 2004; Wessa et al., 2007). In the current study, BD individuals
exhibited equivalent task performance, despite aberrant patterns of activity and connectivity.
It is possible that a ceiling effect may exist, such that with a greater attentional load, e.g., a
more taxing 3-back or 4-back memory task, or more potent emotional distracters, no further
recruitment of attentional control neural circuitry would be possible, resulting in BD
individuals being unable to orient away from distracters to maintain performance. In real-
world situations, in which cognitive and emotional demands far surpass those in our
experimental paradigm, the ability to efficiently modulate attention is critical to avoid
engaging with emotional contexts that may interfere with goal-directed behavior. Thus, the
patterns of abnormal activity and EC to emotional distracters we detected may signal risk for
significant emotion dysregulation in the real world, when BD individuals are confronted
with distracting stimuli of a positive (e.g., perceived praise) or negative (e.g., perceived
criticism) valence. Furthermore, it is important to consider that our participants with BD
were in remission; in the context of a manic or depressed mood episode, deficiencies in the
ability to flexibly modulate attention may be exacerbated, and may perpetuate abnormal
mood by restricting attention to mood-congruent stimuli in the environment.

Our findings provide an interesting parallel to structural and structural connectivity studies
in BD. Investigations of structural abnormalities among BD individuals have generally
provided inconsistent results, yet three recent meta-analyses reported decreased gray matter
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in attentional control circuitry among BD individuals, specifically within dIPFC (Houenou
etal., 2011) and ACC (Bora et al., 2010; Ellison-Wright and Bullmore, 2010; Houenou et
al., 2011). Meanwhile, diffusion tensor imaging studies have reported abnormalities in white
matter tracts linking emotion processing and prefrontal cortical regions among BD
individuals (Versace et al., 2008; Benedetti et al., 2011; Lin et al., 2011) relative to controls.
Thus, our findings of abnormal activity and EC in attentional control neural circuitry may in
part reflect abnormal underlying morphology and white matter connectivity in this circuitry
in individuals with BD. The relationship between structure and functional activation is not
yet well established, however.

All BD individuals were between mood episodes, yet many were still experiencing
subthreshold mood symptoms. Persistence of low-level mood disturbance during inter-
episode periods is a well-documented feature of bipolar I disorder (Judd et al., 2002). While
there were no significant relationships between depression and mania severity and activity
or EC measures, it is still possible that residual mood symptoms may have influenced
patterns of abnormal activity and EC to happy and fearful face distracters.

In our exploratory analyses, we found a negative association between activity in left parietal
cortex to the 2-back fearful-face versus neutral-face condition and age of illness onset,
suggesting that earlier onset of bipolar disorder was associated with more abnormally
elevated activity in this region during the high attentional demand condition with fearful-
face distracters. This is consistent with reports that earlier illness onset confers a more
severe and chronic course in bipolar disorder (Wilcutt and McQueen, 2010).

There are limitations of this study. First, nearly all BD individuals were taking psychotropic
medications. Maintenance treatment with mood stabilizing medication between episodes is
necessary for most BD individuals (Goodwin and Jamison, 2007). Recruiting an
unmedicated remitted sample is therefore difficult and potentially unrepresentative of the
BD population. In this study, psychotropic medication use was initially associated with
abnormalities in activity and EC in bipolar individuals using a lenient threshold of P<0.05,
but not after applying a Bonferroni correction for multiple comparisons. Thus it is difficult
to consider this finding given the large number of tests performed. Nonetheless, further
examination of the effects of psychotropic medications on neural activity in BD during
performance of cognitive and affective tasks is needed. Many BD individuals had comorbid
Axis-I disorders but exploratory analyses did not reveal any significant differences in neural
activity or EC between BD individuals with, versus those without, comorbid substance use
or anxiety.

Our present findings provide insights into potential pathophysiologic processes underlying
emotion dysregulation in BD, highlighting the role of functional abnormalities in attentional
control neural circuitry, and connectivity between this circuitry and the amygdala. Future
studies should examine neural circuitry supporting attentional control in the context of
emotional distracters in BD individuals during different mood states, to determine whether
abnormal activity and EC in this circuitry represents persistent trait, rather than mood-state
dependent, features of the illness, and if these abnormalities are associated with future
illness course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The Emotional Face NV-back (EFNBACK) task. This is an example of the 2-back (high

Page 16

attentional demand) happy-face distracter condition. During the 0-back (low attentional

demand) condition, participants must respond to the letter M.
Abbreviations: ITI = intertrial stimulus interval, ms=milliseconds
Figure was reproduced with permission from (2009).
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Figure 2.

Significantly reduced activity in BD individuals relative to controls during the high versus
low attentional control condition without face distracters in (a) right dorsolateral prefrontal
cortex (175 voxels, [peak voxel=56, 18, 27], and (b) right putamen (125 voxels, [peak
voxel=23,-13,12]. Graphs represent activity in each region during the 2-back high
attentional demand no-distracters condition relative to the 0-back low attentional demand
no-distracters condition. Individual bars represent mean group BOLD signal change, and
error bars represent standard deviations. Between group differences were significant using
corrected regional thresholds (clusterwise) at A<0.05.

Abbreviations: BD = individuals with bipolar disorder, HC = healthy control individuals, R
= Right, L = Left, dIPFC = dorsolateral prefrontal cortex
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Figure 3.

Significantly greater activity in BD individuals relative to controls during the 2-back high
attentional demand condition with fearful-face versus neutral-face distracters in (a) left
dorsolateral prefrontal cortex (74 voxels, [peak voxel= —45, 18, 36], and (b) right amygdala
(11 voxels, [peak voxel= 29, =7, —=15]. Graphs represent activity in each region during the 2-
back high attentional demand with fearful-face distracters relative to the neutral-face
distracter condition. Individual bars represent mean group BOLD signal change, and error
bars represent standard deviations. Between group differences were significant using
corrected regional thresholds (clusterwise) at £ <0.05.

Abbreviations: BD = individuals with bipolar disorder, HC = healthy control individuals, R
= Right, L = Left, dIPFC = dorsolateral prefrontal cortex
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Figure4.

Group differences in effective connectivity during attentional control in the context of
emotional distracters. Using Granger Causality Mapping (GCM), BD individuals exhibited
(a) significantly reduced preceding “top-down” effective connectivity from rostral/dorsal
anterior cingulate cortex (ACC; peak voxel= -1, 25, 27; 48 voxels) to the amygdala versus
controls during the 2-back fearful-face distracter condition; and (b) significantly greater
preceding “top-down” effective connectivity from rostral/dorsal ACC to the amygdala (peak
voxel=5, 40, 12; 55 voxels) versus controls during the 2-back happy-face distracter
condition (shown as the red clusters). The Granger map was corrected (FDR(g)<0.01) at the
wholebrain level.
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