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Abstract
Background—Irritability is prevalent and impairing in pediatric bipolar disorder (BD) but has
been minimally studied using neuroimaging techniques. We used magnetoencephalography
(MEG) to study theta band oscillations in the anterior cingulate cortex (ACC) during frustration in
BD youth. ACC theta power is associated with attention to emotional stimuli, and the ACC may
mediate responses to frustrating stimuli.

Methods—We used the affective Posner task, an attention paradigm that uses rigged feedback to
induce frustration, to compare 20 medicated BD youth (14.9±2.0 years; 45% male) and 20 healthy
controls (14.7±1.7 years; 45% male). MEG measured neuronal activity following negative and
positive feedback; we also compared groups on reaction time, response accuracy, and self-reported
affect. Patients met strict DSM-IV BD criteria and were euthymic. Controls had no psychiatric
history.

Results—BD youth reported more negative affective responses than controls. Following
negative feedback, BD subjects, relative to controls, displayed greater theta power in the right
ACC and bilateral parietal lobe. Following positive feedback, BD subjects displayed lower theta
power in the left ACC than did controls. Correlations between MEG, behavior, and affect were
nonsignificant.

Conclusion—In this first MEG study of BD youth, BD youth displayed patterns of theta
oscillations in the ACC and parietal lobe in response to frustration-inducing negative feedback that
differed from healthy controls. These data suggest that BD youth may display heightened
processing of negative feedback and exaggerated self-monitoring following frustrating emotional
stimuli. Future studies are needed with unmedicated bipolar youth, and comparison ADHD and
anxiety groups.
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Introduction
Of the many impairing symptoms associated with pediatric bipolar disorder (BD), irritability
is one of the most debilitating (1-3). Despite the importance of irritability in pediatric BD,
little work examines its pathophysiology.

In prior research, we studied irritability in pediatric BD by adding an emotional component
to a standard attention task, the affective Posner (4), to induce frustration (5;6). During an
initial non-emotional condition, BD and control subjects displayed comparable affect,
behavior, and psychophysiology (electroencephalography, EEG, event-related potentials,
ERPs). However, when rigged negative feedback was introduced, BD youth, relative to
controls, reported more negative affect, exhibited slower reaction time, and displayed
decreased P300 amplitude, an index of attention allocation. These results suggest that BD
youth had attention deficits when frustrated, perhaps because of their heightened negative
emotional state.

Here we extend this work using magnetoencephalography (MEG) in an independent sample
of euthymic youth with BD to clarify the neuronal activity of frustration. MEG measures
instantaneous changes in neuronal activity (7), and thus has excellent temporal resolution,
i.e. to the millisecond (8;9). While MEG and EEG have comparable temporal resolution,
MEG data analytic techniques such as Synthetic Aperture Magnetometry (SAM), allow
superior spatial resolution. SAM can localize neuronal oscillations to specific brain regions,
within different frequency bands, and in response to particular stimuli (10-13), e.g. those
which elicit frustration.

Our MEG analyses focused on theta band (4-8 Hz) power generated by the anterior
cingulate cortex (ACC). Theta power generated by frontal-midline structures such as the
ACC is thought to facilitate attention to, and processing of, emotional stimuli (14-23),
including evaluative feedback (24), and is also associated with self-monitoring (25;26); i.e.
the conditions involved in the affective Posner task. In addition, the ACC has been
implicated in the pathophysiology of frustration (27;28), and ACC structural (29;30) and
functional (31;32) aberrations have been documented in BD youth.

Using MEG and the affective Posner task, we sought to identify how theta oscillations in the
ACC differed in euthymic youth with BD vs. controls following the presentation of negative
or positive feedback, in the context of frustration. We predicted that, when frustrated, BD
youth would display greater theta power in the ACC than would controls, indicating
heightened attention to negatively-valenced events.

Materials and Methods
Participants

Twenty BD youth and 20 healthy controls enrolled in an IRB-approved study at the National
Institute of Mental Health (NIMH). Subjects and a guardian provided written informed
assent/consent.

All subjects and a parent completed the Kiddie-Schedule for Affective Disorders-Present
and Lifetime Version (K-SADS-PL) (33), a diagnostic interview administered to parents and
children separately by graduate level clinicians with established reliability (i.e. kappa ≥ 0.9).
All BD subjects met strict DSM-IV (34) criteria for BD, including a history of at least one
hypomanic or manic episode meeting full duration criteria —i.e. lasting ≥ 4 days--
characterized by elevated mood (35). Comorbid diagnoses were diagnosed on the basis of
symptoms present during euthymia (Table 1). Medicated patients were included because the
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high rates of medication use in bipolar youth made enrolling only unmedicated patients
extremely challenging. Also, it was not ethical for us to require medication cessation solely
for research purposes

Control subjects had no psychiatric history in themselves or first-degree relatives, as
determined using the KSADS and a review of family psychiatric history.

All participants had normal physical and neurological history. Exclusion criteria included
I.Q. < 70 [as measured with the Wechsler Abbreviated Scale of Intelligence (WASI) (36)],
pervasive developmental disorder, unstable medical illness, or substance abuse within two
months.

BD patients' mood was evaluated with the Children's Depression Rating Scale (CDRS) (37)
and the Young Mania Rating Scale (YMRS) (38). The Children's Global Assessment Scale
(CGAS) (39) measured general level of function.

Procedure
Affective Posner Task—All subjects completed the affective Posner task (4-6) (Figure
1), a modified version of the standard Posner paradigm (40). The task consisted of three
conditions of 100 trials each. Conditions involved the same stimuli and instructions, but
differed in feedback. A fixation cross appeared in the center of the screen (750 msec),
followed by two boxes arranged horizontally (300 msec). The cue consisted of one box
illuminating blue (200 msec). Following this, a target square appeared inside one of the
boxes (maximum 1260 msec, depending on response). Subjects were instructed to press the
button (i.e. left, right) matching the target location. Feedback was presented (2000 msec)
following the response.

Condition 1 was the non-emotional baseline; feedback told subjects of their response
accuracy (“Good job!” or “Incorrect!”). Condition 2 introduced contingencies: subjects won
or lost twenty-five cents on each trial, based on performance (“Great Job! Win 25 Cents” or
“Wrong! Lose 25 Cents”). Condition 3 had the same contingencies as condition 2, but
rigged negative feedback was added to induce frustration. After 44% of correct responses,
subjects received accurate feedback and reward (“You're Quick! Win 25 Cents”). However,
after 56% of correct responses, rigged feedback informed the subject that he/she was too
slow and lost money (“Too Slow! Lose 25 Cents”), even though there was no timing
component to the task. Incorrect responses always resulted in punishment feedback
(“Wrong! Lose 25 Cents”). The frustration elicited by the task did not exceed minimal risk
standards of pediatric research i.e., it was no greater than that encountered in typical daily
experience. Further, no participant displayed affect or behavior necessitating the cessation of
the task, nor did any subject request that the task be terminated.

Data collected included reaction time (RT) and response accuracy (i.e. percentage of
responses matching target location). Self-reported mood was collected after each condition,
with subjects rating two aspects of their affective response [valence: happy/sad; arousal:
calm/excited] using the Self-Assessment Manikin (41) line-drawings.

MEG Recording
Neuromagnetic data were collected with a whole-head 275-sensor MEG system (CTF
Systems Inc., Vancouver, Canada), located in a magnetically shielded room
(Vacuumschmelze, Germany). The MEG signal was recorded with a sampling rate of 600
Hz (bandwidth: 0–150 Hz). Each sensor was configured as a first-order axial gradiometer
with 18 mm coils and 50 mm baseline, with an average spacing of 22 mm. Head positioning

Rich et al. Page 3

Depress Anxiety. Author manuscript; available in PMC 2011 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was measured continuously to monitor the participant's movement. Subjects included in the
analyses did not have movement exceeding 6 mm.

Anatomical MRI Recording and Coregistration
Each participant received a high resolution T-1 weighted structural magnetic resonance
image (sMRI) with a 3-Tesla or 1.5-Tesla scanner (GE Signa, Milwaukee, WI.) We used a
standardized magnetization prepared gradient echo sequence (180 1.2 mm sagittal slices;
FOV = 24; NEX = 1; TR = 11.4 ms; TE = 4.4 ms, matrix = 256×256×256; TI= 300 ms;
bandwidth = 130 Hz/pixel, 33 kHz/256 pixels). Anatomical scans were transformed into
Talairach space using AFNI (42).

To facilitate localization and spatial coregistration of the MRI and MEG data, MRIs were
converted into AFNI format and co-registered with the MEG data by aligning fiducial
points. MEG source localizations were calculated using multi-sphere head models derived
from individual participants' MRIs. Group 3D-maps of event-related activity were calculated
with Talairach-aligned volumes using AFNI (42) software. We employed standard 6 mm
voxel spacing.

Data Analysis
Behavioral and Affective Data—Analyses focused on the rigged-feedback condition 3
because: 1) our a priori hypotheses concerned performance in a frustrating context, and; 2)
we were unable to examine performance following negative feedback in conditions 1 and 2
because of high performance accuracy (i.e. ≥ 98% in both groups). Such high levels of
performance generate an insufficient number of post-negative feedback trials to
meaningfully analyze behavioral or neural responses. Thus, we used a series of 2 (group:
BD vs. CON) × 2 (positive vs. negative feedback) ANOVAs to compare self-reported mood
and behavioral performance during the frustration-inducing condition 3.

MEG Data—MEG raw data was filtered in 3rd gradient mode for noise reduction using
reference coils with fixed weights along with DC offset removal, minimal highpass filter
(0.61 Hz), and powerline (60 Hz) filtering.

To determine the optimal time-frequency windows for analysis, we conducted Stockwell
Transformations (ST) (43). ST produces a time-frequency (TF) representation of a real
signal with absolute phase information. The ST was performed on raw MEG signals for
channels overlying areas of interest (e.g. frontal channels for ACC) for each subject. The
complex ST was then squared, yielding power for each channel. The resulting TF arrays of
power were then averaged across channels and trials. We performed this operation in the
active (post feedback) and control (fixation) time windows beginning 200 msec before the
onset of feedback and extending to 900 msec after feedback. Visual inspection of this
window indicated it was of sufficient length to capture theta oscillations that might be
evoked by feedback (25;44-46). We used a non-parametric Wilcoxon test (42) to identify TF
regions showing a significant difference between the active and control arrays both within
and between groups. Results of the ST supported the use of a 700 msec window beginning
immediately following feedback presentation as the basis for analysis. As an example,
Figure 2 depicts the comparison between BD and CON samples of the TF representations of
channels overlying the right medial frontal sensors (i.e. sensors likely to record ACC
activity).

To investigate condition-related cortical activation, the Synthetic Aperture Magnetometry
(SAM) beamformer technique was used to calculate the electromagnetic source power
distribution for individual voxels (10-12). SAM produces a 3D representation of brain
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activity by using the recorded magnetic field across the entire array of 275 sensors and
computing a set of beamformer weights to estimate activation. At each voxel an optimal
spatial filter (beamformer) is determined through a minimum variance procedure that
reduces extraneous power sources but preserves signal from the voxel to limit potential
artifacts. The orientation of the source dipole is estimated by the vector based approach of
Sekihara et al. (47).

For each subject the SAM procedure calculated pseudo F-values (10;48;49) to provide a
ratio of power between the active state (700 msec immediately following feedback
presentation) and control state (700 msec window in which the fixation cross appeared). At
the individual-subject level, SAM volumes were normalized to Z-scores by subtracting the
mean and dividing by the standard deviation of the entire volume. They were then averaged
and transformed into common Talairach coordinate space.

Then, at the between-subjects level, the normalized pseudo F-values were compared
between the BD and control samples. Specifically, we examined the neural response to both
negative and positive feedback in the frustration-inducing condition 3 to determine if our
results reflected activation to feedback generally or, alternatively, if there was a differential
response to feedback type in BD and control subjects. We conducted a 2 × 2 ANOVA on
theta band power with group (BD vs. control) and feedback type (negative vs. positive) as
our independent variables. Increased theta power (i.e. synchronization) indicated neuronal
activation (50-53).

We conducted whole brain analyses and interpreted results that survived false discovery rate
(FDR) and cluster detection analysis (CDA) procedures. These are methods standard to
neuroimaging research to account for the number of analyses and brain voxels and thereby
reduce the possibility of Type I and II error (48;54-59). FDR analyses correct for multiple
comparisons by estimating the percentage of false positives across the entire brain volume
for a given statistical threshold. This is based on the observed distribution of p values; we
choose an FDR of .1 (or 10%) based on previous recommendations (60;61). CDA analyses
identified connected voxels of activation that survived the threshold determined by FDR
analyses. This best identifies and controls for voxels more likely to be false positives given
the extent to which they are contiguous with other voxels that survived the FDA threshold
procedure. We defined a cluster connection radius (rmm) of 11 mm, based on our 6 mm
voxel size, and a minimum cluster volume (vmul) of 648 micro-liters (3 voxels). This
procedure is consistent with, or more conservative than, recent MEG studies using
cognitive/behavioral tasks (7;49;62-65). We report those regions that survived this
procedure for the 2-way ANOVA interaction (group × feedback type). All results are
reported in Left, Posterior, Inferior (LPI) coordinates and reflect the peak activation voxel of
that region. The presence of outliers was defined using the SPSS (66) convention of data
points greater than three standard deviations.

Secondary analyses used independent-sample t-tests to compare theta power in BD subjects
with and without comorbid ADHD or anxiety (separately) as well as those taking vs. not
taking various classes of psychotropic medications.

Results
Participant Demographics and Clinical Data

BD (14.9±2.0 years; 45% male; IQ=108.9±17.7) and control (CON) (14.7±1.7 years; 45%
male; IQ=111.5±9.2) subjects did not differ in age (t38=.35, p=.73)], gender (X2

40=.00,
p=1.00), or IQ (t38=.-56, p=.58).
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Within the BD sample, 80% (N=16) had BDI, while the other 20% had BDII. Patients had
an average of 2.7 ± 1.6 diagnoses and 90% (N=18) of patients were medicated (Table 1).
CDRS (mean= 24.4 ± 5.7) and YMRS (mean= 5.8 ± 3.6) scores indicated that 100% (N=20)
of our BD subjects were euthymic (i.e. CDRS ≤ 40 and YMRS ≤ 12). CGAS scores (51.3 ±
11.1) indicated that the BD sample was moderately to severely impaired.

Affective Data
We conducted two 2×2 ANOVAs (group; feedback type) examining self-report mood after
condition 3: one for valence (i.e. happy/sad), the other for arousal (i.e. calm/excited). For
valence, the group × feedback valence interaction was significant [F(1,38)=5,48, p=.02] as
was the group main effect [F(1,38)=8.60, p=.006]. BD subjects were significantly more
upset during condition 3 than controls, and more specifically, BD subjects were significantly
more upset than controls following negative feedback (p=.01) but not following positive
feedback (p=.20). We should note that there was one outlier in the BD sample for valence
after negative feedback. Removal of this subject did not change our results.

The ANOVA for arousal during condition 3 found a nonsignificant interaction
[F(1,38)=1.52, p=.23] and a nonsignificant main effect for group [F(1,38)=1.13, p=.29].

Behavioral Data
The between-group ANOVA comparing RT following negative vs. positive feedback on
condition 3 found a nonsignificant group × feedback valence interaction [F(1,38)=.81, p=.
37]. The group main effect was significant [F(1,38)=5.85, p=.02], indicating that BD
subjects were slower to respond than controls regardless of feedback valence.

The ANOVA comparing response accuracy found a nonsignificant group × feedback
valence interaction [F(1,38)=.04, p=.83], and a nonsignificant group main effect [F(1,38)=.
69, p=.41]. There were no outliers in the behavioral data.

MEG Data
Whole-brain analyses revealed a significant group (BD vs. control) × feedback (negative vs.
positive) interaction in the theta band in two regions: the bilateral ACC and parietal lobe.

Specifically, the two clusters in the ACC displaying a significant group × feedback
interaction were: 1) left ACC [Brodmann Area (BA) 10/9; 1,47,14], [F(1,76)=11.13, p=.
001]; and 2) right ACC [BA 32; 17,31,28], [F(1,76)=11.91, p=.001] (Table 2; Figures 3 and
4).

Post hoc analyses of the left ACC found that, following positive feedback, BD subjects had
significantly lower theta power (i.e. lower activation) than controls (t38=-3.42, p=.0009).
The between-group comparison following negative feedback was nonsignificant (t38=1.30,
p=.20).

Post hoc analyses of the right ACC data found that, following negative feedback, BD
subjects had significantly greater theta power than controls (t38=2.99, p=.004). Following
positive feedback, the between-group comparison was non-significant, with a trend toward
greater theta power in controls (t38=-1.88, p=.06).

There was a significant group × feedback interaction at two parietal clusters: 1) left Inferior
Parietal Lobule (IPL) [BA 40; -55,-43, 35], [F(1,76)=8.80, p=.004], and; 2) right Superior
Parietal Lobule (SPL) [BA 7; 20,-67,45], [F(1,76)=9.34, p=.003] (Figures 5 and 6). Post hoc
analyses of the left IPL found that, following negative feedback, BD subjects had
significantly greater theta power than controls (t38=2.83, p=.006). Post hoc analyses of the
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right SPL found that, following negative feedback, BD subjects had significantly greater
theta power than controls (t38=3.16, p=.002). All other between-group comparisons for
parietal theta were nonsignificant.

Analyses found that there were no outliers for left ACC power after negative feedback, right
ACC power after negative and positive feedback, and SPL power after positive feedback.
For left ACC power after positive feedback, IPL power after positive and negative feedback,
and SPL power after negative feedback, there was a different single outlier from the BD
sample for each condition. When these subjects were removed from analyses, our results
were unchanged.

Secondary Analyses: Theta Associations Comorbid Diagnoses and
Medication—All secondary analyses focused on the four above-noted regions where BD
and control samples differed in theta power. Pearson bivariate correlations within each
group failed to identify significant associations between theta power and accuracy, RT, or
self-reported affect.

An ANOVA comparing BD subjects with comorbid ADHD (N=12), BD subjects without
ADHD (N=8), and controls found that BD subjects both with and without ADHD differed
from controls as described previously for the BD sample as a whole in terms of ACC and
parietal theta power. Similarly, an ANOVA comparing BD subjects with comorbid anxiety
(N=8), BD subjects without anxiety (N=12), and controls yielded identical results as with
the whole BD sample except that left IPL theta power in BD subjects without anxiety did
not differ from controls (p=.16).

We did not have enough unmedicated BD subjects to compare those on vs. off medications.
Correlations found nonsignificant relationships between theta power in the ACC or parietal
lobe and the number of medications taken by BD subjects. ANOVA comparisons of theta
power in BD subjects taking vs. not taking specific classes of medications (lithium, anti-
depressants, or atypical antipsychotics) revealed no between group differences.

Discussion
Irritability is often considered the most impairing symptom of pediatric BD (1-3), yet there
is minimal research on its pathophysiology. Prior work demonstrated affective, behavioral,
and psychophysiological deficits in BD youth in a frustration-inducing context (5;6). As in
that work, here we used the affective Posner task, modified by rigging feedback to induce
frustration, and we now examined the neural mechanisms of frustration in BD youth using
magnetoencephalography (MEG). We predicted greater ACC theta power in BD youth
following negative feedback because increased ACC theta power (i.e. synchronization),
which reflects neuronal activation (50-53), is seen during the processing of emotional
stimuli (16;67).

Replicating our previous finding (5;6), BD youth reported a more adverse affective response
to negative feedback in the frustrating context than controls. While not a measure
specifically of irritability, this result suggests that BD youth were more upset by the
frustration-inducing condition than were controls. BD youth were also slower to respond
than controls in the frustration condition, though this deficit was seen in response to both
positive and negative feedback. Our MEG results indicated that, in response to frustration-
inducing negative feedback, BD youth displayed greater theta power relative to controls in
the right ACC and bilateral parietal lobe (i.e. left IPL and right SPL). In contrast, compared
to BD youth, controls displayed greater left ACC theta power following positive feedback,
with a trend in the same direction in the right ACC.
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ACC-generated theta power is associated with self-monitoring and emotion processing,
often in response to evaluative feedback (25;26;68-73). Thus, our results suggest that,
compared to controls, BD youth display heightened processing of negative feedback and
exaggerated self-monitoring following this aversive stimulus. Information-processing
theories (74-77) would suggest that disproportionate cognitive engagement by negative
stimuli, such as that seen in BD youth, might sustain and/or exacerbate negative mood (i.e.
irritability and frustration). In contrast to results in BD youth, controls engaged the ACC
more robustly following positive feedback. Thus, in BD youth positive information which
might otherwise diminish negative mood may be filtered out.

Our finding that ACC theta synchronization patterns in BD patients differed from controls
adds to structural (29;30;78-80) and functional (31;32;81;82) MRI literature implicating the
ACC in adult and pediatric BD. In pediatric BD specifically, data suggest ACC volumetric
deficits and ACC hyperactivation during non-emotional tasks (i.e. behavioral inhibition (32)
and working memory (31)), as well as during emotional tasks involving processing both
positive (31) and, in our study, negative stimuli. Continued work is necessary to elucidate
the extent to which these patterns of ACC theta oscillations are specific to bipolar youth or
frustration in general, and how variables such as age and gender impact MEG data.
Developmental studies have not been conducted using MEG, and the data using other
imaging techniques are mixed. For example, while some fMRI (83) and EEG studies (84-87)
find greater ACC activation in adults compared to youth, a number of studies report the
opposite finding (83;88;89).

In addition to the ACC result, BD youth displayed greater theta power than controls in the
inferior and superior parietal lobe (IPL and SPL) in response to negative feedback. The
parietal patterns identified here are consistent with our previous EEG-based findings of a
parietal P300 deficit in a different sample of BD youth using the affective Posner task (5;6).
These results, along with prior studies finding volumetric deficits (90) and hyperactivity
during attention (91), implicate parietal perturbations in the pathophysiology of pediatric
BD. In addition, our finding in BD youth of increased theta power in both the ACC and
parietal lobe is consistent with prior work identifying concomitant activation of these
regions. Specifically, coordinated activation of the ACC and parietal lobe is thought to
reflect attention (92) and performance monitoring, in particular in response to unexpected
conflicts (93;94) and feedback (95). In sum, prior ACC-parietal results further support the
suggestion that, in response to negative feedback, the neural mechanisms mediating self-
monitoring and attention to emotional stimuli differ between euthymic BD youth and
controls.

A strength of this study is that all BD participants were euthymic when tested. This may in
part be attributable to the medicated status of most of our patients, which is our primary
study limitation. Because it is unethical to discontinue medication solely for research
purposes, it was not feasible for us to limit the sample to unmedicated patients. A recent
MEG study of adults with schizophrenia found comparable theta activity between
unmedicated patients and those receiving neuroleptic medication (96). Previous fMRI
studies with BD subjects suggest that differences between unmedicated BD subjects and
controls are greater than those between medicated patients and controls (32;97-99),
suggesting that the inclusion of medicated subjects may inflate the possibility of Type II,
rather than Type I, error. In addition, a previous EEG study found that psychotropic
medications may reduce the power of neuronal oscillations (100). Despite this, we
documented increased theta synchronization in BD youth compared to controls, and this was
specific to negative, and not positive, feedback. However, there is documentation of altered
theta power resulting from lithium, (101-103), mood stabilizers (104-106), and serotonin-
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specific reuptake inhibitors (SSRIs) (107;108). Clearly, additional research is needed to
differentiate neural perturbations associated with BD from those associated with medication.

An additional limitation is that correlations between theta power and behavior and affect
were nonsignificant. Considerable previous work demonstrates discordance among between-
group differences in clinical characteristics, task-related performance, and brain function in
studies of psychiatrically-impaired children, adolescents, and adults. Indeed, the current
result is comparable to prior data that found inconsistent behavioral and neural results, i.e.
neural differences in the absence of behavioral differences (109-114), or incongruent
behavioral and neural results (109;112;115). The field continues to debate the advantages
and disadvantages of performing research with tasks that do or do not generate between-
group differences in behavior, in the context of brain imaging. On the one hand, some argue
that the absence of group differences in task performance is preferred, because group
differences in neural responses can not reflect potential subject performance deficits
(116;117). Other researchers, however, view differences in task performance as aiding
interpretation of differences in activation (118). This is because such differences provide on-
line evidence that a perturbed behavioral response style is specifically engaged in the
context of the imaging experiment. We should also note that the inconsistency in our study
may also reflect methodological issues. Namely, behavior and imaging data reflect processes
occurring at related but clearly differentiable points in time: behavior only was measured at
one point in time, in response to targets on trials following positive and negative feedback;
this was potentially 2800 ms after the continuously monitored patterns of theta responding
showed between-group differences. Moreover, emotional response was measured at the
completion of the 8-minute condition 3, rather than on a trial-by-trial, let alone millisecond-
by-millisecond, basis. It is important for future work to explore the relative contributions of
affective, behavioral, and neural data to understanding cognitive-emotional functioning in
psychiatric populations.

Consistent with other neuroimaging studies of bipolar youth (30;90;91;119-124), our patient
sample presented with high rates of comorbidity, most notably ADHD and anxiety
disorders. Post hoc analyses found that ADHD did not change the nature of our results,
though BD subjects without anxiety failed to display the left IPL theta power deficits seen in
the BD sample as a whole. However, these analyses are severely limited by the small sample
size, and therefore our results should be considered preliminary. Understanding our data is
also limited by the lack of strong normative population data. Future work should explore the
impact of comorbid disorders and compare youth with different diagnoses (e.g. BD, ADHD,
anxiety) to elucidate the specificity of neural perturbations.

Conclusion
To our knowledge, this is the first MEG study in youth with BD. Using a frustration-
induction paradigm, we found euthymic BD youth have increased ACC and parietal theta
power in response to negative feedback. These neural perturbations suggest heightened
attention to negative emotional stimuli and self-monitoring in a frustrating context. These
cognitive deficits might contribute to the irritability and affective-dysregulation that is both
prevalent and impairing in BD youth.
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Figure 1. Affective Posner task
Figure details the affective Posner task, which examines attention during different emotional
contexts, including frustration in response to rigged negative feedback.
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Figure 2. Between-group (BD vs. CON) comparison of Stockwell transformations of raw theta
power at right medial frontal sensors
Note: BD = bipolar disorder; CON = control. Figure displays the comparison between BD
and CON samples of the time-frequency representations of the averaged raw theta power in
response to the presentation of negative feedback as compared to theta power in response to
the presentation of the fixation cross. 0.0 on the X-axis reflects the onset of feedback or
fixation cross.
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Figures 3 & 4. Theta band power differences between youth with bipolar disorder and healthy
controls in the left and right anterior cingulate cortex (ACC)
Note: BD = bipolar disorder; CON = control. Figure displays the locations in the left ACC
(BA 10/9; 1,47,14) where BD subjects (N=20) had lower theta power than controls (N=20)
following positive feedback, and the right ACC (BA 32; 17,31,28) where BD subjects had
greater theta power than controls following negative feedback.
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Figures 5 & 6. Theta band power differences between youth with bipolar disorder and healthy
controls in the left inferior parietal lobule (IPL) and right superior parietal lobule (SPL)
Note: BD = bipolar disorder; CON = control. Figure displays the locations in the left IPL
(BA 40; -55,-43,35) and right SPL (BA 7; 20,-67,45) where BD subjects (N=20) had greater
theta power than controls (N=20) following negative feedback.
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Table 1

Demographic Data

BD Control p value

Age, years 14.9±2.0 14.7±1.7 .73

Sex (male): % (N) 45 (9) 45 (9) 1

IQ 108.9±17.7 111.5±9.2 .58

CGAS 51.3 ± 11.1 — —

Euthymic Mood State: % (N) 100 (20) — —

Diagnoses: % (N)

 BP I 80 (16) — —

 BP II 20 (4) — —

 ADHD 60 (12) — —

 GAD 20 (4) — —

 Separation anxiety 25 (5) — —

 Simple phobia 10 (2) — —

 Any anxiety 40 (8) — —

 ODD 20 (4) — —

Average Number of Diagnoses 2.7±1.6

Medicated: % (N)

 mood stabilizers 55 (11) — —

 antipsychotics 60 (12) — —

 lithium 40 (8) — —

 stimulants 25 (5) — —

 antidepressants 40 (8) — —

Average Number of Medications 2.4±1.4 — —

Note. BD = Bipolar Disorder; CGAS = Children's Global Assessment Scale; ADHD = Attention Deficit Hyperactivity Disorder; GAD =
Generalized Anxiety Disorder; ODD = Oppositional Defiant Disorder; All diagnoses are current.
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