
Time Course of Recovery Showing Initial Prefrontal Cortex
Changes at 16 weeks, Extended to Subcortical Changes by
Three years in Pediatric Bipolar Disorder

Hongyu Yanga, Lisa H. Lua,c, Minjie Wua, Michael Stevensd, Ezra Wegbreita, Jacklynn
Fitzgeralda,b, Bryn Levitana, Stewart Shankmanb, and Mani N. Pavuluria,b,*

aPediatric Brain Research and Intervention Center, Institute for Juvenile Research, Department of
Psychiatry, University of Illinois at Chicago, Chicago
bDepartment of Psychology, University of Illinois at Chicago, Chicago
cRoosevelt University, Department of Psychology, Chicago
dOlin Psychiatric Research Center, Connecticut

Abstract
Objective—Developmental changes at the interface of affective and cognitive systems are
examined over a three year period in pediatric bipolar disorder (PBD).

Methods—Thirteen participants with PBD and 10 healthy controls (HC) matched on
demographics and IQ were scanned at baseline, 16 weeks, and after three years. All patients
received pharmacotherapy based on a medication algorithm. A pediatric affective color matching
paradigm was used to probe cognitive processing under emotional challenge.

Results—Behavioral data illustrated that patients in PBD group were slower in response time at
baseline, but normalized by three years. On fMRI analyses at baseline, in response to emotional
vs. neutral words, patients with PBD showed greater activation, relative to HC, in the right dorsal
lateral prefrontal cortex (DLPFC) and amygdala, ventral lateral prefrontal cortex (VLPFC),
bilateral anterior cingulate cortex (ACC), and ventral striatum. The increased activation in cortical
areas in the PBD group normalized with no differences from HC by 16 weeks. By three years,
normalization was observed in not only the cortical, but also the subcortical regions such as
amygdala and striatum.
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Limitations—These preliminary findings need to be replicated with a larger sample, although it
can be challenging to obtain large samples for longitudinal studies.

Conclusions—Greater activation in fronto-striatal and fronto-limbic circuits were observed in
unmedicated patients with PBD. With systematic pharmacotherapy for patients with PBD, the
time course of recovery was characterized by initial prefrontal changes at 16 weeks, which
extended to subcortical normalization at three years. These preliminary findings illustrated that,
following appropriate treatment coupled with normal brain development, patients with PBD
showed normalization in brain function.

Keywords
Pediatric bipolar disorder; Functional magnetic resonance imaging (fMRI); Emotion; treatment
effects

1. Introduction
Pediatric bipolar disorder (PBD) is an early onset variant of the bipolar diathesis (Birmaher
et al., 2009; Geller et al., 2002; Pavuluri et al., 2005), and patients are often burdened with
persistent neurocognitive deficits, despite achieving symptomatic recovery in mood
(Pavuluri et al., 2009). The cognitive deficits in the domains of attention, response inhibition
and executive function correlate with poor academic performance (Pavuluri et al., 2005).
Emerging findings highlight the impairment at the interface of cognitive and affective brain
circuitry that is responsible for combined deficits in executive function and mood stability in
PBD (Leibenluft et al., 2007; Passarotti et al., 2010a, 2010b; Rich et al., 2005). One
important question, however, is whether the neural circuitry abnormalities in PBD normalize
over time - either due to normative brain development or treatment. Longitudinal studies of
neural circuitry abnormalities in PBD are critical as significant changes occur in the brain
throughout childhood and adolescence (Casey et al., 2005) and thus, any examination of
brain “normalization” in these patients should take into account normal developmental
processes. Additionally, longitudinal studies have the potential in aiding with prognosis as
well as estimating the utility of the treatment algorithms.

To date, few longitudinal studies of brain function have been conducted in patients with
PBD. Gogtay et al. (2007) examined structural brain changes over time and found that
adolescents with bipolar disorder exhibited an increase in grey matter density in the left
temporal cortex and a decrease in gray matter density in the anterior cingulate cortex. In
another study, Bitter et al. (2011) found that over one year, those with PBD did not exhibit
the normative increase in amygdala volume that was found in healthy controls (HC). Despite
these earlier clues from structural neuroimaging studies, little is known about the functional
neuroanatomical changes that occur over time in PBD.

Normative development in adolescence has illustrated increased top-down regulation with
maturation of fronto-limbic activity (Casey and Jones, 2010; Somerville et al., 2011;
Somerville et al., 2010). Our recent studies have revealed that resting state limbic
hyperconnectivity is associated with better cognitive and affective circuitry function (Wu et
al., In press) and that increased amygdala engagement in affective circuitry was associated
with response to short-term pharmacotherapy (Wegbreit et al., 2011). Untreated patients
with PBD have demonstrated hyperactive amygdala, insufficiently regulated by VLPFC
(Pavuluri et al., 2007; Pavuluri et al., 2008; Pavuluri et al., 2010). Furthermore, the DLPFC
and striatum serve multiple functions including the cognitive modulation of emotion
(Badgaiyan, 2010; Hare et al., 2008), attention (Saint-Cyr, 2003) and response inhibition
(Padmanabhan et al., 2011). Untreated patients with PBD showed greater activity in the
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striatum during response inhibition, which normalized with eight weeks of pharmacotherapy
(Passarotti et al., 2011a; Pavuluri et al., 2011). It is not clear if the activity of these affective
and cognitive fronto-limbic and fronto-striatal brain regions during the steep adolescent
developmental curve will continue to improve, partially recover, or remain abnormal in
PBD.

The current study utilized the pediatric color matching task that has previously yielded
consistently reliable findings (Passarotti et al., 2010c; Pavuluri et al., 2008; Pavuluri et al.,
2011; Pavuluri et al., 2010; Wegbreit et al., 2011) to probe the interface of affective VLPFC-
amygdala circuitry and the cognitive DLPFC-striatal circuitry in PBD and HC. We followed
participants over a three year developmental period when the patients received systematic
pharmacotherapy for optimal recovery. Based on the leads from conventional fMRI
(Mayanil et al., 2011; Pavuluri et al., 2011), patients are predicted to show normalization
relative to HC in cortico-subcortical fMRI activity. Alternatively, PBD patients might show
partial recovery among these circuits with residual impairment.

2. Methods
2.1. Participants

The sample consisted of 13 individuals with PBD (type I and II) and ten IQ and
demographically matched HC (Table 1). All patients were unmedicated at baseline and
received pharmacotherapy based on a standardized medication algorithm (Pavuluri et al.,
2004). Participants were aged 10–18 years and were clinically assessed and scanned at
baseline (13.4 ± 2.5 years), at 16 weeks (16 ± 14 weeks), and at three years follow-up (3.2 ±
1.1 years, Table 1). This study was approved by the institutional review board at the
University of Illinois at Chicago. Verbal or written assent was obtained from all of the
participants in addition to written consent from parents. Inclusion criteria for patients were a
diagnosis of BD type I (mixed N = 2, manic N = 6) or type II (N = 5) according to the
Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV; American
Psychiatric Association 1994), and a baseline score greater than 12 on the Young Mania
Rating Scale (YMRS) (Young et al., 1978). Six of the participants in the PBD group were
comorbid for attention-deficit /hyperactivity disorder (ADHD). Inclusion criteria for HC
were no current and past DSM-IV diagnosis for axis I disorders or a family history of
affective illness, and a score less than 12 on the YMRS at baseline. Exclusion criteria for
both groups were substance abuse through urine toxicology screen; serious medical
problems (e.g., epilepsy); IQ less than 70 as determined by the Wechsler Abbreviated Scale
of Intelligence (WASI) (1999); and contraindications to MRI studies including metallic
implants, retractors or braces, and claustrophobia.

2.2. Clinical Assessment
Board-certified child psychiatrists completed the Washington University Schedule for
Affective Disorders and Schizophrenia (WASH-U-KSADS) (Geller et al., 1998)
supplemented by the episode characterization of bipolar disorder from the KSADS – Present
and lifetime version (Kaufman et al., 2000). Diagnostic interviews were also completed by
doctoral-level clinicians with established inter-rater reliability (Cohen’s kappa = 0.94).
Information from the interview and all other clinical measures were reviewed to make a
consensus clinical diagnosis. The primary clinical measures were the YMRS and the Child
Depression Rating Scale-Revised (CDRS-R) (Poznanski et al., 1984).

2.3. Pharmacotherapy
All PBD patients were medication free or were washed out of medication at baseline.
Medications used in the treatment paradigm are summarized in Table 2. Psychostimulants
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were used in six of the 13 participants, and non-stimulants were used in 2 participants with
PBD with comorbid ADHD, at the end of three years. The average number of medications
received by each patient was 2.0 ± 1.1 at 16 weeks and 2.8 ± 1.5 at three years.

2.4. Pediatric Affective Color Matching Task
The primary task for the study was the Pediatric Affective Color Matching Task. During the
task, participants were asked to match the color of a word to one of two colored circles
presented on the left and right side of the word on a display screen (Pavuluri et al., 2008).
The target words were negative, positive, and neutral valence words. Negative words
included themes such as depression, disappointment, and rejection. Positive words reflected
feelings of positivity, such as happiness, energy, accomplishment, and success. Words
across affect conditions were matched on frequency of use (Bradley, 1999; Gilhooly and
Logie, 1980; Klein, 1964; Kucera et al., 1967) and were at an eight-year-old reading level.

In each three second trial, a word was presented for 200 ms, followed by a response period
of 2800 ms, during which participants pressed a button (left or right) to match the color of
the word to the correct color dot that appeared on either side of the words (Fig. S1).
Participants were told to “respond as quickly as possible.” Participants were presented with
separate blocks (30 s each) of positive, negative, and neutral word conditions (5 blocks of
each condition) in a pseudo-random order, with each block consisting of ten trials. Each
block was separated by a ten second fixation period (total of 15 fixation blocks), allowing
the hemodynamic responses to return to resting level before the next block of trials. Trials
were balanced for the location of correct responses (left or right dots) and the colors used.
The total duration of the task was approximately ten min.

As described in previous studies (Pavuluri et al., 2008), the paradigm had the advantage of
(1) assessing the impact of an emotional challenge on the cognitive control required to
match the color; (2) presenting words briefly (200 ms) to limit prefrontal processing of
affective valence and semantic meaning; and (3) requiring a relatively simple cognitive
judgment and response. Visual stimuli were projected onto a screen that was viewed via a
back projection system with a color high-resolution liquid crystal display projector. A
camera monitored participant’s right eye to make sure they focused on the visual stimuli
during the fMRI scan. To familiarize participants with the paradigm and the MR scanner
environment, a mock scan was performed before imaging studies.

2.5. MRI Protocol
MRI studies were performed using a 3.0 Tesla whole body scanner (Signa, General Electric
Medical System, Milwaukee, WI). Functional images were acquired using echo-planar
imaging, which is sensitive to regional alterations in blood flow via blood oxygen level-
dependent (BOLD) contrast effects. Parameters for functional scans were: TE=25 ms; flip
angle=90°; field of view=20×20 cm; acquisition matrix=64×64; TR=2.5 s; 5 mm slice
thickness with 1 mm gap. Anatomical images were acquired in the axial plane (three-
dimensional spoiled gradient recalled, 1.5 mm thick contiguous axial slices) to coregister
and normalize the functional data.

2.6. Clinical and Behavioral Data Analysis
Reaction time and accuracy for words (negative, positive, neutral), time (baseline, 16 weeks,
three years), and groups (PBD, HC) were analyzed using repeated measures ANOVAs.
Clinical and demographic data were evaluated by t tests and χ2.

Yang et al. Page 4

J Affect Disord. Author manuscript; available in PMC 2014 September 05.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.7. Image Processing and Data Analysis
The fMRI data were analyzed with FEAT (FMRI Expert Analysis Tool) Version 4.1.8, a
tool of FSL (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl). Preprocessing included
motion correction, slice-timing correction, spatial smoothing (a 8mm Gaussian filter at full-
width-half-maximum), intensity normalization using a grand mean scaling factor, and high-
pass temporal filtering (sigma=100.0s) to remove low frequency drift. Brain extraction and
registration to high resolution and template (Montreal Neurological Institute, MNI152)
images were carried out by BET (Brain Extraction Tool) (Smith, 2002) and FNIRT
(FMRIB's Nonlinear Image Registration Tool) (Jenkinson et al., 2002; Jenkinson and Smith,
2001; Klein et al., 2009), respectively. Time-series statistical analysis was performed by
FMRIB's Improved Linear Model (Woolrich et al., 2001), in which a general linear model
(GLM) framework of the stimulus onset types as explanatory variables, convolved with a
hemodynamic response function (HRF) with time derivatives, was used to fit the time series
data of each voxel.

During first level analysis, the GLM model was set up with three regressors: negative,
positive, and neutral words. First level analyses consisted of contrast images for the negative
vs. neutral as well as positive vs. neutral words for each individual. In the higher level
analysis, we conducted whole-brain repeated measures ANOVA with two groups (PBD and
HC), two word conditions (negative vs. neutral words, positive vs. neutral words), and two
time points. Separate analyses evaluated three combinations of two time points (baseline to
three years, baseline to 16 weeks, and 16 weeks to three years). Our primary interest was the
baseline to three-year follow up, as we were interested in longitudinal change over the
course of development. These analyses allowed us to examine activation changes in patients
compared to controls, over the course of treatment and development, and whether these
activations were moderated by word valence. Z statistical images were thresholded using
clusters determined by Z > 2.3 and a corrected cluster significance threshold of p < 0.05
based on Gaussian random field (GRF) theory (Forman et al., 1995; Friston et al., 1993;
Worsley et al., 1992). The relationship between brain responses and clinical measurements
was assessed voxelwise in the whole brain by using YMRS and CDRS-R scores as
covariates in regression analyses.

3. Results
3.1. Clinical and Demographic Characteristics

Demographic and clinical measurements are summarized in Table 1. No significant
differences were found between PBD and HC groups for age, IQ, gender, race, and
handedness. For the YMRS, there was a significant group by time interaction [F (2, 36) =
14.92, p < 0.01]. Follow-up analyses indicated that the YMRS scores in the PBD group
decreased from baseline to three years [t(12) = 8.90, p < 0.01], but they remained higher
than the HC’s YMRS scores at both time points [PBD vs. HC at baseline: t(21) = 10.65, p <
0.01; PBC vs. HC at three years: t(21) = 4.11, p < 0.01]. For the CDRS-R, there was also
significant group by time interaction [F (2, 36) = 3.40, p <0.05]. Analogous to the YMRS,
the CDRS-R scores in the PBD group tended to decrease from baseline to three years, but
remained higher than the HC group, both at baseline [t(21) = 4.03, p < 0.01] and at the three
year follow-up [t(21) = 3.96, p < 0.01].

3.2. Behavioral Data
Table 3 reports the average response time and accuracy for each group across time points.
The ANOVAs revealed a main effect of group, reflecting slower response times for the PBD
group compared to HC [F(3, 16) = 4.13, p < 0.05], as well as a main effect of time reflecting
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faster response times at 3-year follow-up compared to baseline [F(6, 13) = 3.45, p < 0.05].
No significant findings were found for accuracy at any time point (Table 3).

3.3. Imaging Data
Our focus was on the areas of the brain that responded differently between groups (PBD and
HC) at two time points (baseline and three years), and whether this pattern was affected by
the valence of words (negative, positive, neutral). The group by time by valence ANOVA
revealed no three-way interactions, but did reveal a significant group by time (from baseline
to three years) interaction in the right DLPFC [Broadmann Area (BA) 46], VLPFC [BA 47,
right BA 45], bilateral anterior cingulate cortex (ACC), ventral striatum, and right amygdala
(Figure 1A and Table 4). Follow-up analyses suggested that at baseline, the PBD group
exhibited higher activation in the right DLPFC [t(21) = 2.34, p = 0.03] and bilateral ventral
striatum [t(21) = 2.65, p = 0.02]. Interestingly, at three-year follow-up, the groups did not
significantly differ on activation in these regions (Fig. 1D). We followed up above results to
evaluate how things changed at 16 weeks. There was also a significant interaction of group
by time (from baseline to 16 weeks) in the right DLPFC [Broadmann (BA) 46], and
occipital cortex (Figure 1B and Table 4). From 16 weeks to three years, no interactions of
group by time were found.

In summary, the group by time interaction was characterized by higher activation in the
PBD group at baseline in the right DLPFC and amygdala, VLPFC, bilateral ACC and
ventral striatum. There was a reduction of activity at 16 weeks in the DLPFC regions alone.
By three years post treatment, the PBD group showed normalization of activation level in
both cortical (DLPFC, VLPFC, ACC) and subcortical regions (amygdala and striatum).

3.4. Correlation between activation and clinical measurements
Within subject activation difference between baseline and 3 years was correlated with
treatment response, defined as change in YMRS and CDRS-R scores between these time
periods. No significant relationship between neural change and treatment response was
found in whole-brain correlational analyses. However, the small number of PBD participants
in this study (n=13) likely contributed to a lack of significant correlations, thus the absence
of significance may not represent absence of relationship, especially given the significant
clinical recovery in a carefully diagnosed sample.

4. Discussion
This is the first fMRI study to examine both the short (16 weeks) and long-term (three years)
course of functional activity in PBD. The results of the present study revealed two distinct
BOLD response patterns – one associated with short-term pharmacotherapy, and another
with long-term treatment. Relative to HC, patients with PBD exhibited greater activation in
the emotional and cognitive processing circuitries at baseline, including the right DLPFC,
amygdala, bilateral VLPFC, ventral striatum, and ACC. After a 16 week short-term
pharmacotherapy, heightened activation in right DLPFC was reduced in the PBD group.
After three years of treatment, both cortical and subcortical regions showed normalization in
the PBD group. Albeit preliminary, these results suggest that cortical and subcortical areas
undergo differential rates of change in PBD, with initial cortical response followed by
subcortical changes observed after longer treatment period. With regard to behavioral
performance, although not significant, patients demonstrated longer response time relative to
HC at all times points, but all participants showed improvement over time.
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4.1 Cortical changes after pharmacotherapy in PBD
As a crucial subregion of prefrontal cortex, the DLPFC is involved in several cognitive
processes (i.e., shifting attention, working memory, and response inhibition) as well as affect
regulation processes along with VLPFC (Chang et al., 2004; Fichtenholtz et al., 2004;
Manes et al., 2002; Phillips et al., 2003). We have previously found that PBD patients
demonstrated enhanced activation in DLPFC at an untreated baseline state, which was
followed by a treatment-related decrease using the same pediatric affective color matching
task (Pavuluri et al., 2010). The present results largely replicated these findings. After
medication treatment for a short period (16 weeks), there was a decrease in DLPFC
activation in PBD, in which the overactivation observed at baseline reduced to a level that
was similar to that of HC. Reductions in DLPFC overactivity may be a consistent early
marker of normalization in cognitive and affect regulation processes during recovery, and
this marker may be especially apparent during tasks that probe the interface of these
functions.

We also found that bilateral VLPFC (BA 47 and 45) exhibited higher activity at baseline,
but only normalized relative to HC after three years of treatment. It could be that VLPFC is
normalized much later, relative to DLPFC changes, as it has the specific role of emotional
control, having to modulate amygdala that also was normalized only after three years. The
VLPFC is located just inferior to the DLPFC, and the VLPFC/DLPFC junction receives
input from both limbic and superior temporal regions, suggesting that this is a region that
integrates cognitive and affective functions (Petrides and Pandya, 2002). Functional
activation studies support the role of the VLPFC in response inhibition and reward related
processes (Casey et al., 1997; Garavan et al., 2002; Passarotti and Pavuluri, 2011b), which
suggest, along with connectivity findings, that the VLPFC is crucial for regulating
subcortical structures in emotional processing and impulse control (Aron et al., 2003;
Botvinick et al., 2001; Menon et al., 2001; Petrides and Pandya, 2002). The elevated
activation in untreated PBD at baseline has been reported by many studies that have
employed different stimuli, including emotional words (Passarotti et al., 2010c) and neutral
faces (Rich et al., 2006) in patients with both bipolar Type I and II. However, some studies
also found that VLPFC showed reduced activation to emotional words and faces in untreated
PBD Type I relative to HC (Pavuluri et al., 2007; Pavuluri et al., 2008). This discrepancy
may be due to the task used or heterogeneity of PBD patients examined in these studies,
such as bipolar disorder Type I only or Types I and II. It may be that patients with varying
severity of illness would recruit VLPFC differentially to regulate subcortical structures
during emotion processing. Further study of bipolar subtypes may clarify the impact of
illness type and severity on brain functional changes.

Pregenual and dorsal ACC, regions involved in emotional and cognitive regulation (Bush et
al., 2000), showed similarly reduced response to medication after three years of treatment,
corresponding with the time frame of changes over the VLPFC. The present observations of
increased activation in the ACC in untreated PBD patients (Passarotti et al., 2010c; Pavuluri
et al., 2007; Pavuluri et al., 2008) and reduced activation after treatment (Pavuluri et al.,
2011) are consistent with previous studies’ findings. Normalized response to medication was
observed in the ACC and VLPFC after three years, but not after 16 weeks of treatment,
which was similar to the time frame of the subcortical response to treatment (discussed
below). This concurrent change between the VLPFC, ACC, and subcortical regions suggest
that the normalization of function in these cortical structures may be more closely linked to
subcortical alterations. The functional recovery in the DLPFC, VLPFC and ACC observed
from baseline to short and longer term treatments suggests a decreased deployment of
regulation over subcortical structures in PBD after medication.
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4.2. Subcortical changes after pharmacotherapy in PBD
Similar to VLPFC, several subcortical regions (bilateral striatum and right amygdala)
exhibited normalized activity after three years of treatment, but not after 16 weeks. These
structures have been shown to be involved in emotional and motivational aspects of
behavior (Berns et al., 2001; Hare et al., 2005; Jensen et al., 2003; Shohamy, 2011) and have
exhibited heightened levels of activity in untreated PBD patients (Malhi et al., 2004;
Passarotti et al., 2010b). Previous treatment studies have shown that the amygdala and
striatum continued to exhibit relatively greater activation after 8 weeks of treatment
(Passarotti et al., 2011a) similar to the short-term outcome in this study. Given that the
activation in these subcortical regions normalized only after three years of treatment, it is
possible that these subcortical structures may be more treatment-resistant and thus require
greater time to recover.

4.3. Potential hierarchical recovery of affective and cognitive interface regions in PBD
Of the interface between affective and cognitive circuits, cortical and subcortical regions
may be conceptualized along a tiered hierarchal organization. At the highest regulatory
level, both the DLPFC and the VLPFC have extended connections with all other tertiary
association regions of the brain and with each other (Petrides, 2005; Petrides and Pandya,
2002). The DLPFC and VLPFC are also well connected with ACC, which has both
cognitive and affective components, as supported by both activation and connectivity studies
(Bush et al., 2000; Devinsky et al., 1995). These cortical regions are well connected to more
primitive subcortical regions that are engaged in emotional processing, such as the ventral
striatum and amygdala (Bush et al., 2000; Haber and Knutson, 2010). All these regions
showed abnormal response at baseline, but the rate of normalization appears to follow a
pattern in which the higher cortical interfacing regions showed normalization shortly after
treatment, while the lower subcortical interfacing regions showed normalization by three
years of treatment. This pattern suggests the possibility that highest interface centers are
most malleable to pharmacological intervention, whereas changes in lower interface centers
may be mediated in part by physiological alterations in the higher cortical interfacing
regions, in addition to developmental features and longer term systematic treatment for
neural circuitry recovery in PBD. This conjuncture can be evaluated with the inclusion of a
bipolar group without medication and a healthy control group who are given medication.
However, given that ethical considerations prohibit such study design, perhaps animal
models can be pursued to address this limitation.

4.4. Limitations
Certain limitations of the present study need to be noted. The sample size was small, so the
results should therefore be considered preliminary as non-significant effects may have been
due to a Type II error. However, the strengths of the study include HC participants who
were matched to PBD participants on age, sex, race, handedness, and IQ. In addition, the
PBD patients received multiple psychiatric medications (Mean± SD, 3±1) according to a
systematic algorithm during the three years of follow-up. Although it cannot be inferred that
medication specifically contributed to the treatment effects observed, this heterogeneity in
pharmacotherapy also made the results of this study more generalizable to PBD populations.

5. Conclusions
In sum, the present study demonstrated the long-term course of neural activity and
connectivity in individuals being treated for PBD. Whereas changes in the DLPFC were
evident after short-term treatment, changes in subcortical activation were not evident until
several years after the start of treatment. Although preliminary, these results suggest that the
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interface between affective and cognitive circuits in PBD is modifiable with development
coupled with a long-term and systematic pharmacotherapy algorithm.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Group differences in activation during affective color matching paradigm were moderated
by time. Panel A) PBD differed from HC in activation of right DLPFC and bilateral ventral
striatum between baseline and 3-year follow up. B) Interactions between groups and time
were also explored for baseline to 16 weeks (left) and for 16 weeks to three years (right).
Significant group differences between baseline to 16 weeks were found, but not between 16
weeks to three years. C) Group difference at each time point is shown to inform interactions.
In red are regions where PBD > HC. In blue are regions where HC > PBD. D) Blood-
oxygenation level dependent (BOLD) signal changes are plotted for the right DLPFC and
bilateral ventral striatum to elucidate the nature of group differences across time. The
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interaction between time and group was significant [F(4, 15) = 3.43, p = 0.04]. The PBD
group showed higher levels of activation at baseline relative to HC [t(21) = 2.34, p = 0.03
for right DLPFC, t(21) = 2.65, p = 0.02 for bilateral ventral striatum], and over time, their
activation normalized and became similar to that of the HC group.
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Table 1

Demographic and Clinic Characteristics of Participants with PBD and HC

HC (n=10) PBD (n=13) Analyses

Variables Mean (SD) Mean (SD) T(P)

Age (years) at Baseline 13.61 (2.97) 13.25 (2.27) 0.33 (0.75)

IQ* 105.10 (14.39) 99.92 (17.17) 0.77 (0.45)

YMRS at Baseline 2.40 (2.59) 25.62 (6.48) 10.65 (0.000)

YMRS at 16 weeks 0.78 (1.56) 9.36 (12.74) 2.00 (0.06)

YMRS at three years 2.60 (1.58) 8.54 (4.33) 4.11 (0.000)

CDRS-R at Baseline 19.20 (1.48) 42.54 (18.19) 4.03 (0.001)

CDRS-R at 16 weeks 18.56 (1.01) 25.00 (7.20) 2.65 (0.02)

CDRS-R at three years 18.80 (1.14) 34.08 (12.09) 3.96 (0.001)

N (%) N (%) χ2(P)

Sex

  Male 7 (70) 9 (69) 0.002 (0.97)

  Female 3 (30) 4 (31)

Race

  White 6 (60) 9 (69) 0.21 (0.65)

  Other 4 (40) 4 (31)

Handedness

  Right 9 (90) 11 (85) 0.14 (0.70)

  Left 1 (10) 2 (15)

ADHD Comorbid 0 (0) 6 (46)

*
IQ was measured using WASI (Wechsler Abbreviated Scale of Intelligence);

PBD = Pediatric Bipolar Disorder; HC = Healthy Controls; YMRS = Young Mania Rating Scale; CDRS-R = Child Depression Rating Scale-
Revised.
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Table 2

Medication Used to Treat Participants with Pediatric Bipolar Disorder

Type of Medication
Baseline to 16 weeks

n (%)
16 weeks to three years

n (%)

Mood stabilizers (Lithum, divalproex sodium, oxcarbazepine, lamotrigine) 9 (82) 11 (85)

Second-generation antipsychotics (resperidone, quetiapine, aripiprazole) 5 (45) 12 (92)

Psychostimulants (methylphenidate, long-acting form, mixed amphetamine salts long-
acting form) 4 (36) 6 (46)

Non-stimulants (Atomoxetine) - 2 (15)

Serotonin reuptake inhibitors 2 (18) -

Benztropine 1 (9) 1 (8)
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Table 4

ANOVA Group by Time Interaction Effect

ANOVA group by
time effect

Talairach
coordinates for

peak values BA
Volume
(mm3)

Peak F
values

Baseline - three years

R DLPFC 52, 32, 34 46 2856 19.89

R VLPFC 58, 26, 4 45 1952 17.82

R VLPFC 18, 32, −16 47 2520 13.90

R Pregenual ACC 6, 44, 18 32 3160 16.76

L Pregenual ACC −2, 40, 8 32 2352 12.55

R Dorsal ACC 2, 36, 18 32 2560 15.30

L Dorsal ACC −2, 36, 18 32 3256 13.94

R Amygdala 14, 6, −24 272 12.92

L Striatum −2, 6, −6 984 12.92

R Striatum 6, 8, −16 3216 18.07

Baseline - 16 weeks

R DLPFC 50, 30, 32 46 5544 19.38

R Occipital cortex 54, −74, 14 39 22996 27.39

16 weeks - three years

None

Abbreviations: BA, Broadmann areas; ACC, anterior cingulate cortex; DLPFC, dorsal lateral prefrontal cortex; VLPFC, ventral lateral prefrontal
cortex.
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