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Abstract
Cross-sectional neuroimaging studies are an important first step in examining developmental
differences in brain function between adults and youth with bipolar disorder (BD). Impaired
response flexibility may contribute to reduced ability to modify goal-directed behavior in BD
appropriately. We compared neural circuitry mediating this process in child (CBD) vs. adult BD
(ABD) and age-matched healthy subjects. fMRI data from 15 CBD, 23 ABD, 20 healthy children,
27 healthy adults were acquired during a response flexibility paradigm, a task where subjects
inhibit a prepotent response and execute an alternative response. When successfully executing an
alternate response, CBD showed frontal, parietal, and temporal hyperactivation relative to healthy
children and ABD, while ABD hypoactivated these regions relative to healthy adults. Previous
studies of response flexibility in healthy volunteers revealed frontal, temporal, and parietal cortex
hyperactivation in children and hypoactivation in adults. Relative to age-matched healthy subjects,
we found hyperactivation in these regions in CBD and hypoactivation in ABD. This suggests that
our findings in patients may represent the extreme extension of the age-related response flexibility
activation differences found in healthy subjects. Future studies should use longitudinal fMRI to
examine the developmental trajectory of the neural circuitry mediating response flexibility in BD.
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1. Introduction
Developmental studies in bipolar disorder (BD) can inform future treatment and prevention
efforts (National Institute of Mental Health Strategic Plan, 2007). Specifically, cross-
sectional comparisons of neural activity in youth vs. adults with and without BD can help
determine the extent of shared pathophysiology in early- and later-onset BD. Examining the
pathophysiological differences between child and adult BD adds to existing literature
showing smaller amygdala volume in early- vs. late-onset illness (Blumberg et al., 2003;
Chang et al., 2005), and may help explain developmental differences in clinical course, with
earlier age of onset associated with higher rates of comorbid disorders and number of
recurrences, and shorter periods of euthymia (Perlis, 2004; Birmaher, 2007). A previous
functional magnetic resonance (fMRI) study found evidence of age- and BD-related frontal
dysfunction during unsuccessful motor inhibition. Compared with age-matched comparison
subjects, children with BD (CBD) showed anterior cingulate cortex (ACC) hypoactivation,
while adults with BD (ABD) showed ACC hyperactivation (Weathers et al., 2012).
Response flexibility is a cognitive function closely related to motor inhibition, since
successful response flexibility depends, in part, on the ability to inhibit prepotent motor
responses in the presence of behaviorally salient cues. Studies of the neural mechanisms
mediating response flexibility are particularly relevant in BD because BD patients show
reduced ability to modify their behavior in response to environmental cues i.e., andedonic,
depressed subjects who do not pursue rewarding goals, or manic patients who pursue
unrealistic goals. However, no study has compared neural activity in adults and youth with
BD during response flexibility. The goal of this study was to use a response flexibility task
to compare brain activation in CBD, ABD, and age-matched healthy subjects, when subjects
were confronted with changing behavioral demands.

Response flexibility is an executive function that resembles simple motor inhibition in that
both depend on sustained attention and the inhibition of prepotent responses (Swann et al.,
2003; Pavuluri et al., 2010). However, response flexibility differs from motor inhibition in
that only the former requires subjects to execute an alternative response when the
appropriate cue appears. Behavioral data on a response flexibility task indicate that BD
youth are slower than healthy subjects at substituting a prepotent response (“go”) with an
alternate response (“change”) (McClure et al., 2005), and thus have impaired response
flexibility. While no study has used a response flexibility task in ABD, data indicate that BD
adults are impaired in psychological domains related to response flexibility, such as
attention shifting (Iverson et al., 2009) and motor inhibition (Bora et al., 2009).

In healthy subjects, executing the alternate response successfully during response flexibility
engages brain regions mediating inhibition, cognitive control, sustained attention, and signal
detection (Bunge et al., 2002; Rubia, et al., 2007b; Thomas et al., 2011). Studies suggest that
response flexibility improves with age, with healthy adults showing faster response times to
change signals than healthy children (Thomas et al., 2011). Further, regions mediating
processes involved in response flexibility show more widespread cortical engagement in
healthy youth than adults, including 1) inferior frontal cortex (IFC) during motor inhibition;
2) insula cortex during cognitive control 3) precuneus and inferior parietal cortex during
sustained attention; and 4) middle frontal gyrus and temporal cortex during signal detection
(Bunge et al., 2002; Rubia et al., 2007b; Thomas et al., 2011; Carp et al., 2012).

Neuroimaging studies have revealed abnormal brain activation in BD children vs. healthy
children, and BD adults relative to healthy adults, during response flexibility and related
tasks (Passarotti et al., 2010; Singh et al., 2010). Some of these studies report that, relative to
healthy subjects, patients show hyperactivation, while other studies report hypoactivation in
patients. This disparity in findings may be due to the differences in tasks across studies. For
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instance, in a fMRI study using the response flexibility task, CBD compared to child healthy
subjects showed middle frontal gyrus, insula, and precuneus hyperactivation during
successful change vs. go trials (Nelson et al., 2007). While no fMRI study has tested
response flexibility in ABD, middle temporal gyrus, precuneus, and inferior frontal gyrus
hypoactivation occur during response inhibition in ABD vs. healthy subjects (Strakowski et
al., 2008; Mazzola-Pomietto et al., 2009). Furthermore, during unsuccessful response
inhibition, CBD showed increased ACC activation, whereas adult ABD showed decreased
activation, relative to healthy subjects (Weathers et al., 2012). Since inhibition of prepotent
responses is a core component of response flexibility (Kenner et al., 2010), these data
suggest that ABD may also exhibit neural dysfunction during response flexibility.

Using event-related fMRI, we compared adults and youth with BD and age-matched healthy
subjects on neural function during successful and unsuccessful change trials. As noted
above, existing literature shows 1) improved response flexibility in adult vs. child healthy
subjects (Thomas et al., 2011); 2) increased precuneus, middle frontal gyrus, insula cortex
and IFC activation in healthy adults vs. healthy children during successful response
flexibility and cognitive control (Bunge et al., 2002; Thomas et al., 2011); 3) middle frontal
gyrus, insula, and precuneus hyperactivation in CBD vs. child healthy subjects during
successful change trials (Nelson et al., 2007); and 4) IFC hypoactivation in ABD vs. healthy
adults during response inhibition (Mazzola-Pomietto et al., 2009). Finally, clinical studies
have shown that earlier age of onset of BD is associated with higher rates of comorbid
illness, more recurrences, and shorter periods of euthymia (Perlis, 2004; Birmaher, 2007).
Based on these findings, we hypothesize that, compared to age-matched healthy subjects,
BD patients will show hyperactivation of middle frontal, precuneus, insula, and inferior
frontal regions during successful response flexibility, and that this dysfunction will be
present in more cortical regions in BD youth than in BD adults.

2. Methods
2.1 Participants

Participants were part of an ongoing IRB approved study at the National Institute of Mental
Health. Adult subjects and parents/guardians of child subjects provided informed consent;
children provided informed assent.

We recruited BD patients via advertisements to support groups and clinicians. Patients in all
mood states (euthymic, depressed, and hypo/manic), as well as both medicated and
unmedicated BD patients were included in the study. Twenty healthy children and 27
healthy adults were recruited from the community through advertisements. They had no
lifetime psychiatric diagnoses or first-degree relatives with a mood or anxiety disorder.
Exclusion criteria in all groups were: I.Q.<70, substance abuse within the past three months,
major medical illnesses, neurological damage/disorder, comorbid attention deficit
hyperactivity disorder, and pervasive developmental disorders. No participants were related.

Children were assessed with the Schedule for Affective Disorders and Schizophrenia for
School-Age Children-Present and Lifetime version (Kaufman et al., 1997) by masters or
doctoral level clinicians with excellent interrater reliability (κ>0.9 for all diagnoses). Child
BD participants (N=15) met criteria for “narrow phenotype” BD i.e., having experienced at
least one hypomanic (≥ 4 days) or manic (≥ 7 days) episode characterized by abnormally
elevated mood or grandiosity, and at least three criterion “B” mania symptoms (Leibenluft et
al., 2003). Pediatric BD included both BD-I (N=12; 80%) and BD-II (N=3; 20%) (Table 2).
Inclusion criteria for adult patients was a diagnosis of BD-I or BD-II using the Structured
Clinical Interview for DSM-IV-TR Axis I Disorders-Patient Edition (First, et al., 2002) or
the Diagnostic Interview for Genetic Studies (Nurnberger et al., 1994). The ABD group

Weathers et al. Page 3

Psychiatry Res. Author manuscript; available in PMC 2014 October 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(N=23) consisted of BD-I (N=14; 60.9%) and BD-II (N=9; 39.1%) patients (Table 2). Age
at onset of BD illness was computed as the chronological age at the time of first manic or
hypomanic episode.

Within 48 hours of scanning, mood was assessed for pediatric patients using the Children’s
Depression Rating Scale (CDRS) (Poznanski et al., 1984) and the Young Mania Rating
Scale (YMRS) (Young et al., 1978), and for adult patients using the Structured Interview
Guide for the Hamilton Depression Rating Scale, Seasonal Affective Disorders Version
(SIGH-SAD) (Williams, 1988) and YMRS (data missing for two adult patients).

Of the 153 individuals scanned, data were excluded for 68 (44.4%): 19.6% (30/153) for
excessive movement (>3 mm in any direction) [12 CBD, 9 child healthy subjects, 3 adult
healthy subjects, 6 ABD], 15.7% (24/153) for poor performance (go trial accuracy <65%)
[10 CBD; 6 child healthy subjects; 4 adult healthy subjects; 4 ABD], 7.1% (11/153) for
equipment failure [3 CBD; 5 child healthy subjects, 2 adult healthy subjects, 1 ABD], and
2.0% (3/153) for abnormal clinical findings [2 child healthy subjects; 1 adult healthy
subject]. Included vs. excluded patients did not differ in YMRS, CDRS, or SIGH-SAD
scores, or proportion in euthymic, hypomanic, depressed, or mixed states (all P’s > 0.05).
The final sample (N=85) includes 15 CBD, 20 child healthy subjects, and 27 adult healthy
subjects who have been reported previously (Nelson et al., 2007; Thomas et al., 2011). None
of the data on this task from the N=23 ABD have been reported in previous studies.

2.2 Design and Procedure
The paradigm used in this study has been described in detail elsewhere (McClure et al.,
2005; Nelson et al., 2007; Thomas et al., 2011), and is an adaptation of the stop-signal
paradigm (Logan et al., 1997). Briefly, at the start of each trial a white fixation cross
appeared at the screen center for 500 ms. This was replaced by an “X” or “O” “go-signal”
for 1000 ms. Using a button-box, subjects were instructed to press “1” for “X” and “2” for
“O”. Participants were told to respond within 1000 ms, unless the change signal appeared
(i.e., background changed to blue) when they were instructed to press “3”.

On the first change trial, the change signal appeared 250 ms after the go-signal. Subsequent
change-signal timing was adjusted on a trial-by-trial basis based on subject performance. If
the subject changed successfully, the next change signal appeared 50 ms later than on the
last change trial; if the subject failed, the signal appeared 50 ms earlier than on the last
change trial leading to an approximate change accuracy rate of 50%. Participants did not
receive feedback on their performance during the task. To examine brain activation
associated with each trial, jitter was introduced by randomly inserted fixation trials lasting
750 ms.

Before scanning, subjects were trained to a mean reaction time (RT) less than 1000 ms on
“go” trials. To ensure the prepotency of the go response, there were more go trials (N=176)
than change trials (N=80) while scanning. Therefore, the “go” response is the prepotent
response, and the less common “3” button press to the change stimulus reflects response
flexibility. Eighty-eight fixation trials were presented to measure baseline neural
functioning. During scanning, four 3.5 minute runs of randomly presented go (N=44),
change (N=20), and fixation trials (N=22) were completed by each participant, for a total of
176 go trials, 80 change trials, and 88 baseline fixation trials.

2.3 Scanning acquisition
Scans were conducted in a General Electric Signal 3T magnet where participants viewed
stimuli through Avotec Silent Vision Glasses (Stuart, FL) positioned in the head coil above
the eyes. Following manual shim and sagittal localization procedures, gradient echo planar
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images (23 contiguous 5 mm axial slices/brain volume; parallel to anterior commissure
posterior line; single shot gradient echo T2* weighting [matrix 64×64; TR=2000 ms;
TE=40ms; FOV=240mm; voxels were 3.75 × 3.75 × 5mm]) were obtained. A high-
resolution T1 weighted anatomical image, following standardized magnetization prepared
gradient echo sequence, was collected for spatial registration (180 1 mm sagittal slices;
FOV=256; NEX=1; TR=11.4 ms; TE=4.4 ms; matrix=256 × 256; TI=300 ms;
bandwidth=130 Hz/pixel, 33kHz/256 pixels).

2.4 Analyses
2.4.1 Behavior—For each group, we computed means for accuracy on go and change
trials; response time (RT) on go trials (GoRT); and, on change trials, the time between the
go signal onset and the change signal onset, or ‘inhibit delay’. Change signal reaction time
(CSRT) was calculated by subtracting mean GoRT minus mean inhibit delay at the point
when the participant’s accuracy on change trials was 50% (if accuracy rate was not 50%,
interpolation was performed by subtracting the mean inhibit delay from the RT at the Xth

percentile of go trials, where X was the participant’s change trial accuracy) (Nelson et al.,
2007).

Using a 2 (Age group: children and adult) × 2 (Diagnosis: BD and healthy) factorial
univariate analysis of variance (ANOVA), differences in mean change and go accuracy,
GoRT, inhibit delay, and CSRT were tested. Post-hoc contrasts between groups were done
using the Tukey’s test.

2.4.2 Imaging—Functional imaging data was analyzed using SPM8 (Wellcome
Department of Cognitive Neurology, Institute of Neurology, London, UK; http://
www.fil.ion.ucl.ac.uk/spm) and Matlab 7 (The MathWorks, Natick, MA). Preprocessing
included slice timing correction, motion correction, spatial normalization to Montreal
Neurological Institute (MNI) space, and smoothing (kernel FWHM=8). At the subject level,
event-related response amplitudes were estimated using the General Linear Model (GLM).
Event types included unsuccessful change (“unsuccessful change”), go (“go correct”; only
correct go trials included) and successful change (“successful change”) trials. Consistent
with prior work using this paradigm (Nelson et al., 2007; Thomas et al., 2011), two contrasts
were examined in the primary whole-brain analysis: (1) successful change vs. go, and (2)
successful change vs. unsuccessful change. These contrasts controlled for task demand and
response accuracy, respectively. Individual contrast images were created using pair-wise
comparisons of event-related response amplitudes, which were then entered into second-
level random-effects group analyses. A high pass filter (0.0078 Hz) was used.

When we conducted a whole-brain analysis at P<0.05 corrected (FWE) for the primary
contrasts, no between-group differences survived. We then conducted whole-brain analysis
using a statistical threshold of P<0.005 uncorrected with a spatial extent of 20 contiguous
voxels. This threshold criteria is consistent with (albeit slightly more conservative than) a
threshold that was suggested previously to balance Type I vs. Type II errors in whole-brain
analyses (Lieberman and Cunningham, 2009). We used a factorial design to test for a 2 (age
group: children and adult) × 2 (diagnosis: BD and healthy) interaction across the whole-
brain. For each contrast, clusters of significant activation were identified using SPM8 and
spatially located by converting their MNI coordinates to Talairach space (Talairach &
Tournoux, 1988). In our post-hoc analyses designed to clarify the between-group differences
in activation identified in the primary analyses, we used MarsBaR (Marseille boîte à région
d’intérêt; Brett et al., 2002) to extract the average percent signal change across significant
clusters identified by the primary analysis. These data were extracted for each participant,
entered into SPSS (SPSS, Inc., Chicago, Ill.), and analyzed using a univariate ANOVA with
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Tukey’s post-hoc tests. Importantly, our age groups differed in mean GoRT (Table 2).
Therefore, to test whether any differences in brain activation between children and adults
during the successful change vs. go contrast were due to differences in GoRT performance,
as a post-hoc analysis, we repeated our primary 2 (age group: children and adult) × 2
(diagnosis: BD and healthy subjects) ANOVA on this extracted data, this time including
GoRT as a covariate.

The interactions represented by the two primary contrasts are complex. However, we
decomposed them using univariate post-hoc ANOVAs that compare percent signal change
associated with individual trial types vs. baseline fixation (e.g., successful change vs.
fixation). Using the regions found in the primary analysis, we performed post-hoc analyses
to examine group differences in successful change vs. fixation, go vs. fixation, and
unsuccessful change vs. fixation in the regions that showed significant between-group
differences on the a priori primary contrasts (successful change vs. go; successful change vs.
unsuccessful change).

Finally, given differences between our child and adult patient groups on two clinical
variables (i.e., percent currently depressed and comorbid oppositional defiant disorder
(ODD) diagnosis), we conducted exploratory post-hoc analyses to examine the impact of
these variables on our findings. To test whether primary effects remained significant when
controlling for these differences, we repeated the 2 (age group: children and adult) × 2
(diagnosis: BD and healthy) ANOVA on extracted data when 1) only including euthymic
patients vs. healthy subjects, and 2) when only including patients with no comorbid ODD vs.
healthy subjects.

3. Results
3.1 Demographic and clinical characteristics

There were no between-group differences in IQ or gender across any group, or in age
between healthy subjects or patients within the child or adult groups (Table 1). Differences
emerged between patient groups in percentage depressed; more ABD than CBD were
depressed (P<0.01). CBD were more likely than ABD to meet criteria for ODD, and more
CBD than ABD were unmedicated (P<0.01) (Table 2).

3.2 Behavioral findings
No age group × diagnosis interactions emerged on any measure (Table 3). There was a main
effect of diagnosis on change accuracy and mean inhibit delay, with healthy subjects having
higher accuracy (F(1,81)=8.43, P<0.005) and shorter delay (F(1,81)=7.12, P<0.01) There
was also a main effect of age group on GoRT and mean inhibit delay, with adults having
longer GoRT (F(1,81)=20.62, P<0.001) and mean inhibit delay (F(1,81)=10.56, P<0.005)
than children. No diagnosis- or age-related group differences emerged for CSRT (Table 3).

3.3 Imaging Data
3.3.1 Successful Change vs. go—A whole-brain analysis revealed significant between-
groups differences in a number of frontal, temporal, and parietal regions, with a similar
pattern across clusters i.e., increased activation in CBD vs. child healthy subjects and ABD,
and increased activation in adult healthy subjects vs. ABD (Figure 1A-C). Age × diagnosis
interactions were detected in the left insula cortex (BA 13) (Figure 1 A), right precentral
gyrus (BA 9), left middle temporal gyrus (BA 22) (Figure 1B), bilateral superior temporal
gyri (BA 21 and 22), left superior parietal lobule (BA 7) (Figure 1C), left paracentral lobule
(BA 5), and right postcentral gyrus (BA 4) (Table 4). There were more regions showing
abnormal activation in children with BD than in adults with BD (Table 4).
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When examining successful change vs. fixation using the significant clusters found during
the successful change vs. go contrast, we found a general pattern of increased activation in
CBD compared to ABD and child healthy subjects, and in adult healthy subjects compared
to ABD. Yet, many of these differences failed to reach significance (Table 5). While
activation in the left superior temporal gyrus was greater in adult healthy subjects vs. ABD
(P<0.02) during successful change vs. fixation, this difference was not significant in the left
middle temporal gyrus. Similarly, activation in the left paracentral lobule in CBD vs. child
healthy subjects was higher (P<0.05) during successful change vs. fixation, but this
difference was not seen in the left superior temporal gyrus, left middle temporal gyrus, or
right postcentral gyrus.

For our second post-hoc analysis to decompose the primary contrast, we examined go vs.
fixation. Using the same significant clusters found during successful change vs. go, our
examination of the go vs. fixation contrast revealed a pattern of hyperactivation across all
clusters in adult healthy subject relative to CBD, child healthy subjects, and ABD. However,
most of these differences failed to reach significance (Table 5). In the left superior parietal
lobule, adult healthy subjects showed greater activation than CBD (P<0.001), while ABD
showed a trend toward hyperactivation compared to CBD (P=0.09).

Finally, when GoRT was included as a covariate, the age × diagnosis interactions remained
significant in the left insula (P<0.000), right precentral gyrus (P<0.001), left middle
temporal gyrus (P<0.000), left superior temporal gyrus (P<0.000), right superior temporal
gyrus (P<0.003), left superior parietal lobule (P<0.001), left paracentral lobule (P<0.001),
and right postcentral gyrus (P<0.003).

3.3.2 Successful change vs. unsuccessful change—The findings on this contrast
were similar to those on the successful change vs. go contrast. That is, there were significant
between-group differences in a number of frontal, temporal, and parietal regions, with
increased activation in CBD vs. child healthy subjects and ABD in some clusters, and
increased activation in adult healthy subjects vs. ABD in others (Figure 2A-C). Specifically,
age × diagnosis interactions were detected in right precentral gyrus (BA 9) (Figure 2A), left
inferior frontal gyrus (BA 45) (Figure 2B), left precentral gyrus (BA 6), right medial frontal
gyrus (BA 8), left middle frontal gyrus (BA 6), left and right middle temporal gyrus (BA 37,
39, and 22), right superior parietal lobule (BA 7) (Figure 2C), and right supramarginal gyrus
(BA 40) (Table 4). There were more regions showing abnormal activation in children with
BD than in adults with BD (Table 4).

Consistent with the results reported above, post-hoc analyses of the successful change vs.
fixation contrast using significant clusters from the successful change vs. unsuccessful
change contrast showed hyperactivation in CBD compared to ABD and child healthy
subjects, and hyperactivation in adult healthy subjects compared to ABD. However, only
two of these post-hoc comparisons reached significance (Table 5). In the right superior
parietal lobule (Figure 2), adult healthy subjects showed hyperactivation vs. child healthy
subjects (P<0.01). In the right supramarginal gyrus, CBD showed hyperactivation compared
to ABD (P<0.03). When comparing unsuccessful change vs. fixation between groups using
significant clusters from the successful change vs. unsuccessful change, we found
hyperactivation in adult healthy subjects compared to CBD in the right superior parietal
lobule (P<0.03).

3.4 Association of Clinical Variables with Brain Activation
3.4.1 Effect of Mood State—The age group × diagnosis interactions on the two primary
contrasts remained significant in all clusters when only euthymic patients were included.
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3.4.2 Comorbid ODD—The age group × diagnosis interactions on the two primary
contrasts remained significant in all clusters when patients with comorbid ODD were
excluded.

4. Discussion
Using fMRI and a response flexibility task in child and ABD vs. healthy subjects, we
confirmed our hypothesis that, across age groups, BD is associated with impaired frontal and
parietal activation during executive functioning. Moreover, consistent with the clinical
literature suggesting that CBD is more severely impairing than ABD (Perlis, 2004;
Birmaher, 2007), we also found that dysfunction is more marked in CBD than in ABD, since
child patients had more regions showing abnormal activation than adult patients.
Specifically, relative to the three other groups in the study (i.e., healthy youth, ABD, and
healthy adults), CBD showed hyperactivation in MFG, IFG, insula, precuneus, and middle
and superior temporal gyri. Relative to healthy adults, ABD showed hypoactivation in a
more limited number of frontal, temporal, and parietal regions. Thus, our findings indicate
that, while all BD patients show brain dysfunction during successful signal detection and
response switching, CBD showed increased engagement in regions mediating inhibition,
cognitive control, sustained attention, and signal detection, while ABD showed decreased
engagement in a subset of these regions. Finally, a previous study of response flexibility in
healthy subjects revealed increased frontal, temporal, and parietal cortex activation in
children compared to adults (Thomas et al., 2011). This suggests that the observed
hyperactivation in CBD and hypoactivation in ABD may represent the extremes of the
normal hyper- vs. hypoactivation found in healthy children and adults, respectively. Of note,
none of our primary analyses survived whole-brain family-wise error corrected threshold.
However, we then adopted a threshold that has been suggested as appropriately balancing
Type I and II error (Lieberman and Cunningham, 2009).

We found that successful change trials were associated with precuneus and inferior parietal
cortex hyperactivation in CBD, and hypoactivation in ABD. The parietal cortex mediates
sustained attention and attention switching, which are central psychological processes in
response flexibility tasks (Downar et al., 2001; Tamm et al., 2004; Rubia, et al., 2007a).
Previous behavioral studies demonstrate that both adult and pediatric BD patients have
deficits in sustained attention and attention flexibility (Dickstein et al., 2004; Iverson et al.,
2009) compared with healthy subjects. However, no studies compare adults and children
with BD on this or other neuropsychological functions. Such data would be helpful in
elucidating the neural underpinnings of the more severe clinical course observed in children
vs. adults with BD. The current study is the first to examine parietal cortex activation in
ABD during attention switching and response flexibility. Yet, the present parietal cortex
findings in CBD support existing evidence that young patients have parietal hyperactivation
in tasks requiring attention switching (Dickstein et al., 2010).

A similar pattern was seen in the frontal cortex during successful change trials, with CBD
showing hyperactivation relative to healthy youth (and ABD) and adult patients showing
hypoactivation relative to healthy adults (and CBD). When successful change trials were
contrasted with go trials, this pattern was evident in the right precentral gyrus and insula,
whereas when successful change trials were contrasted with unsuccessful change trials, this
pattern was present in MFG, bilateral precentral gyri, and IFG. The MFG is activated when
detecting a target that guides a motor response (Downar et al., 2001), while the IFG plays a
central role in inhibiting motor responses (Aron et al., 2004) and the insula is activated
during cognitive conflict (Bunge et al., 2002). Behavioral studies indicate that BD patients
are impaired in signal detection (Clark et al., 2002; Doyle et al., 2005) and motor inhibition
(Swann et al., 2003). In a partially overlapping sample of CBD and young healthy subjects,
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we found MFG and insula hyperactivation in BD patients during successful change vs. go
trials (Nelson et al., 2007), similar to the MFG and insula hyperactivation we report here in
CBD compared to child healthy subjects. In addition, several studies show IFG
hypoactivation during motor inhibition in both BD youth and adults (Mazzola-Pomietto et
al., 2009; Passarotti et al., 2010); while we found IFG hypoactivation in ABD vs. adult
healthy subjects, we found the opposite pattern in CBD vs. child healthy subjects. The
current study therefore extends the existing literature, by showing that MFG, insula, and IFG
dysfunction exists during response flexibility in both adults and youth with BD, although the
direction of the dysfunction varies developmentally.

As in the frontal and parietal lobes, CBD show hyperactivation of middle and superior
temporal gyri during successful change trials, while ABD showed hypoactivation. In
response flexibility paradigms, the middle and superior temporal gyri mediate the detection
of behaviorally salient visual cues (Braver et al., 2001; Tamm et al., 2004). A previous
behavioral study showed that ABD are impaired in detecting behaviorally salient visual cues
compared to healthy subjects (Clark et al., 2002), while pediatric BD patients showed
temporal gyri hypoactivation during a task requiring signal detection to inhibit motor
responses, differences that were reversed with pharmacotherapy (Pavuluri et al., 2010).
Taken together, temporal gyri dysfunction is important in BD during response flexibility,
and may underlie the difficulty in detecting behaviorally salient stimuli important in
switching motor responses.

While brain activity differed between BD patients and healthy subjects during response
flexibility, BD patients did not differ from healthy subjects in the speed at which they
responded to change cues (CSRT) or go cues (GoRT). While our groups did not differ in
CSRT, neural measures may be more sensitive than behavioral measures in distinguishing
patients from healthy subjects (Wilkinson and Halligan, 2004). Adults showed longer GoRT
than children (Table 3). Importantly, our age × diagnosis interaction effects remained
significant when including GoRT as a covariate in the analysis, indicating our findings were
not due to differences in GoRT between children and adults. The finding of increased
change accuracy in adult healthy subjects compared to ABD likely reflects the inability of
the task algorithm to completely correct for between-group differences in the speed-
accuracy tradeoff.

This study has important limitations. First, we eliminated 44% of scanned subjects; while
this potentially limits the generalizability of our findings, this rate of exclusion is not
unusual in fMRI studies including young participants (Pliszka et al., 2006). Most of the
patients in this study were medicated at the time of testing. Previous work, however,
suggests that medication may diminish behavioral and neural differences between BD
patients and healthy subjects (Hafeman et al., 2012), and therefore may be more likely to
cause Type II errors compared to Type I errors in neuroimaging studies (Phillips et al.,
2008). In addition, our patient groups were heterogeneous; we included both BD-I and BD-
II patients in a variety of mood states. While pediatric and adult patients did not differ on
these clinical variables, future studies should include larger samples to more systematically
address the impact of diagnostic subtype and mood state on brain activation across
development. In addition, we did not have complete data on socioeconomic status or race
from our study groups. Finally, this study is limited in its ability to distinguish whether the
age × diagnosis interactions we found are due to changes in the brain activation of early
onset patients as the brain develops from childhood into adulthood, or because the neural
correlates of the disease are different in early vs. late onset illness. Indeed, since the number
of acute illness episodes may be associated with structural neuroanatomical abnormalities in
BD (Brambilla et al., 2001; Strakowski et al., 2004; Takahashi et al., 2010), length and
severity of illness are potential factors that may contribute to the child BD vs. adult BD
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differences in the present study. Studies using longitudinal designs comparing imaging data
from similarly-aged patients with different ages of onset, relative to an age-matched healthy
sample, will be important in disentangling these two possibilities.

This is the first study to compare the neural mechanisms mediating response flexibility in
CBD vs. ABD. Our results indicate that the frontal, temporal, and parietal network important
in executive functioning, attention, arousal, and emotion regulation is abnormally activated
in BD during successful response flexibility, specifically by hyperactivation in CBD and
hypoactivation in ABD. This extends existing evidence that the nature of the frontal
dysfunction in BD varies developmentally (Weathers et al., 2012) and indicates
developmental differences in the direction of temporal and parietal dysfunction in patients
with BD. Further, existing literature indicates earlier age at onset of BD illness is associated
with higher rates of comorbid illness and number of recurrences, and shorter periods of
euthymia (Perlis, 2004; Birmaher, 2007); furthermore, these phenotypic differences may be
associated with smaller amygdala volume (Blumberg et al., 2003; Chang et al., 2005). This,
together with our findings of increased cortical dysfunction in early onset compared to late
onset BD, suggests that the severe course of early relative to late onset illness may be due to
both increased cortical dysfunction during executive functioning, and smaller amygdala
volume during emotional processing (Blumberg et al., 2003). Future longitudinal studies can
determine whether this developmental difference in activation reflects different illness
subtypes or, instead, different points on the developmental trajectory of BD.
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Figure 1.
Mean activation in (A) left insula cortex, (B) left middle temporal gyrus, and (C) left
superior parietal lobule on successful change versus go contrast. Between group differences
in percent signal change are depicted in the accompanying bar graphs.
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Figure 2.
Mean activation in (A) right precentral gyrus, (B) left inferior frontal gyrus, and (C) right
superior parietal lobule on successful change versus unsuccessful change contrast. Between
group differences in percent signal change are depicted in the accompanying bar graphs.
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Table 2

Patient Characteristics

Characteristic
Child BD
(N = 15)

Adult BD
(N = 23)

Mean ± SD Mean ± SD

Number of medications 1.69± 1.65 2.48± 1.53

YMRSa 7.20± 5.76 3.90± 4.90

CDRSb 24.73± 5.61 NA

SIGH-SADc NA 16.62± 11.40

*Age at onset: Maniad 11.69 ±3.79 21.82 ± 10.66

N (%) N (%)

Mood State

Euthymice 12 (80.0) 11 (52.3)

*Depressed 0 (0.0) 8 (38.1)

Hypomanic 3 (20.0) 1 (4.8)

Mixed State 0 (0.0) 1 (4.8)

Bipolar Diagnosis

Bipolar If 12 (80.0) 14 (60.9)

Bipolar II 3 (20.0) 9 (39.1)

Comorbid Diagnosis

One or more comorbid diagnosis 12 (80.0) 15 (60.0)

Anxiety 7 (46.7) 6 (26.1)

*Oppositional Defiant Disorder 4 (26.7) 0 (0.0)

Conduct Disorder 1 (6.7) 0 (0.0)

Substance Abuse/Dependence 0 (0.0) 2 (8.7)

Medication Use/Type

*Unmedicated 6 (40.0) 1 (4.3)

Atypical Antipsychotic 4 (26.7) 10 (43.8)

Lithium 3 (20.0) 5 (21.7)

Antiepileptic 6 (40.0) 15 (65.2)

Antidepressant 5 (33.3) 9 (39.1)

Stimulants 2 (13.3) 1 (4.3)

Benzodiazepines 1 (6.7) 3 (13.0)

a
Young Mania Rating Score; Missing data from 2 adults with BD.

b
Children's Depression Rating Scale.

c
Structured Clinical Interview Guide for the Hamilton Rating Scale, Seasonal Affective Disorders Version. Missing data from 2 adult BD.

d
Data missing from 2 children with BD and 1 adult with BD.

e
Note, trend difference between adult BD and child BD (x2 =2.89, P=0.089).

f
Note, proportion of Bipolar I versus Bipolar II was no different between child and adult patients (P=0.23).
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*
P<0.01.
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