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Abstract

Objective: Abnormal prefrontal and subcortical activity during cognitive control tasks is identified in non-depressed ado-
lescents with bipolar disorder (BD); however, little is known about the neural correlates of bipolar adolescents in a depressed
state (BDd). We aimed to investigate baseline versus after-treatment patterns of neural activity underlying motor response and
response inhibition in adolescents with BDd.

Methods: In this functional magnetic resonance imaging (fMRI) study, 10 adolescents with BDd relative to 10 age- and sex-
matched healthy controls (HC) completed a well-validated go/no go block-design cognitive control task at baseline and after
6 weeks of naturalistic treatment. We used whole-brain analysis and controlled our results for multiple comparisons.
Results: There was significant improvement in depression scores (mean change: 57% +28). There was no behavioral
difference in BDd baseline versus HC and after treatment. BDd adolescents relative to HC had higher baseline cortical, but not
subcortical, neural activity (e.g., bilateral ventrolateral prefrontal during both the go [motor control] and the no go [response
inhibition] conditions, and left superior temporal during the no go condition). However, after-treatment activity relative to
baseline neural activity during response inhibition was significantly increased in subcortical (e.g., right hippocampus and left
thalamus), but not cortical, regions. In addition, at baseline, lower left thalamus activity was correlated with higher depression
scores.

Conclusions: Adolescents with BDd had baseline prefrontal and temporal hyperactivity underlying motor control and
response inhibition that did not change after treatment in contrast to relatively decreased baseline subcortical activity

underlying response inhibition associated with the depressive state that was increased after the treatment.

Introduction

IPOLAR DISORDER (BD) IS THE FOURTH LEADING CAUSE of

disability among adolescents worldwide, and is associated
with increased risk for suicide (Gore et al. 2011). A depressive
episode (BDd) is the longest and most frequent manifestation of BD
in adolescents (Birmaher et al. 2009; Chang 2009); however, there
are very limited treatment options for BDd in adolescents, and
neural correlates of its treatment are understudied.

Available studies report significant neurocognitive deficits (e.g.,
response inhibition, attention, working memory) (Pavuluri et al.
2006a,b; Joseph et al. 2008) and abnormal prefrontal and subcor-
tical activity in response to cognitive control tasks in adolescents
with non-depressed BD (Blumberg et al. 2003; Chang et al. 2004;
Leibenluft et al. 2007; Passarotti et al. 2010; Pavuluri et al. 2010;
Singh et al. 2010). Findings in adults with BD suggest that the
depressed state may manifest different cognitive control deficits
than do euthymic and hypomanic states (Malhi et al. 2007); how-

ever, no study has investigated neural correlates of cognitive con-
trol in BDd adolescents before and after treatment. A 3 year follow-
up study suggested that BD in adolescents is associated with delay
in neurocognition and long-term functional ability (Pavuluri et al.
2009); however, some of these neurocognitive and neural abnor-
malities identified in manic/hypomanic adolescents with BD
improved after treatment (Pavuluri et al. 2010). Identifying dif-
ferential patterns of functional abnormalities in cognitive control
neural systems in adolescents with BDd relative to healthy controls
may help facilitate understanding of the state-specific neural sub-
strates of depression, and imaging the same subjects after treatment
can provide insight about neural correlates of treatment. In this
study, using a well-validated block-design go/no go cognitive
control task (Singh et al. 2010; Pan et al. 2011), we aimed to
investigate baseline versus after-treatment patterns of neural ac-
tivity underlying motor response and response inhibition in BDd
adolescents relative to healthy controls (HC). We hypothesized that
BDd adolescents would have higher cortical (e.g., lateral
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prefrontal, cingulate, and temporal) and subcortical (e.g., dorsal
striatum, thalamus, and hippocampus) activity relative to HC, and
that these abnormal activities would be normalized after treatment.

Methods
Study design

BDd adolescents were scanned at baseline and after 6 weeks of
naturalistic treatment, and HC adolescents were scanned at baseline
while completing a block-design go/no go cognitive control task
(e.g., a 5 minute 38 second block design with 120 letters in which
subjects pressed a button to a visually presented letter stimulus in
go trials, but avoided response to a non-target letter stimulus (the
letter V) in no go trials. Go blocks included 20 go trials and no go
blocks included 10 randomly distributed go and 10 no go trials, a
well-validated measure of motor response and response inhibition
(see Pan et al. 2011 for task details). All adolescents and their
parents gave consent. The University of Pittsburgh Institutional
Review Board approved the study and consent forms. All BDd
adolescents met American Psychiatric Association, Diagnostic and
Statistical Manual of Mental Disorders, 4th ed., Text Revision
(DSM-IV-TR) criteria for BD I/II or research diagnostic criteria for
BD-not otherwise specified (NOS) (American Psychiatric Asso-
ciation 2000; Axelson et al. 2006) and a current major depressive
episode as determined by the parent and child Schedule for Af-
fective Disorders and Schizophrenia for School-Age Children (K-
SADS-PL) (Kaufman et al. 1997) with score =40 on the Children’s
Depression Rating Scale-Revised (Poznanski and Mokros 1995)
(CDRS-R) and <11 on the Young Mania Rating Scale (Young et al.
1978) (YMRS) on the day of functional magnetic resonance im-
aging (fMRI). In addition, we measured anxiety with a self-rated
anxiety scale (Screen for Child Anxiety Related Emotional Dis-
orders; SCARED) (Birmaher et al. 1997). Urine screenings to rule
out pregnancy and drug use were performed before the scanning.
We excluded BDd adolescents with psychotic disorders, pervasive
developmental disorders, eating disorders, substance use disorders,
learning disorders, and mental retardation. No personal or family
psychiatric history was allowed for HC, and we excluded adoles-
cents with any contraindications for fMRI.

Subjects

We included 10 right-handed (assessed using the Edinburgh
Handedness Inventory (Oldfield 1971)) BDd adolescents ages 12—
17 who had reached puberty (with a score >3 on Tanner’s Pubertal
Development Scale [Marshall and Tanner 1969]) and age- and sex-
matched HC. BDd adolescents were allowed to be taking psycho-
tropic medications (up to three nonstimulant medications; three
adolescents with BDd were free of medications before treatment
and all adolescents were on medications after 6 weeks of natural-
istic treatment). Stimulants were held 24 hours before scanning
(three BDd adolescents). All BDd adolescents received individual
psychotherapy through their providers plus medication manage-
ment during the 6 weeks of naturalistic treatment.

Functional imaging data acquisition

A Trio 3.0 Tesla scanner (Siemens, AG) was used, and ana-
tomical images covering the entire brain were acquired using an
axial 3D MPRAGE sequence, parallel to the AC-PC line (TE/TI/
TR=3.29 ms/900 ms/2200ms, flip angle=9, isotropic 1mm’
voxel, 192 axial slices, matrix size=256x192). Blood oxygen
level dependent (BOLD) functional images were acquired with a
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gradient-echo echo-planar imaging (EPI) sequence and covered 34
axial slices (3 mm thick, 0 mm gap) encompassing the entire ce-
rebrum and the majority of the cerebellum (TR/TE =2000/25 msec,
field of view=205mm, matrix =64 x64). Before collection of
fMRI data for each subject, a reference EPI scan was acquired and
inspected for artifacts and signal across the entire volume of ac-
quisition.

Behavioral and imaging analysis

Repeated measures of analyses of variance (ANOVA) and 7 tests
were used to examine the main effect of group on task performance
accuracy—numbers of correct go and no go responses, omissions
(misses for go stimuli), and commissions (incorrect button press for
no go stimuli)—using SPSS 19 (SPSS, Inc., Chicago, IL). Imaging
data were preprocessed and analyzed using Statistical Parametric
Mapping software (SPMS5; London, United Kingdom). Data for
each participant were first corrected for differences in acquisition
time between slices; realigned using the first slice as a reference,
and unwarped to correct static inhomogeneity of the magnetic field
and movement by inhomogeneity interactions. Movement cutoff
was <2mm. Data were co-registered with the participant’s ana-
tomic image, segmented, normalized to a standard Montreal Neu-
rological Institute (MNI) template, resampled to 3x3x3mm?
voxels, and spatially smoothed with a Gaussian kernel of 6 mm full
width at half-maximum. A first-level fixed-effect model was con-
structed for the two blocks (go and no go) entered as separate
conditions in a block design in the design matrix. Movement pa-
rameters from the realignment stage were entered as covariates of
no interest, to control for participant movement. Trials were
modeled using the canonical hemodynamic response function. Two
second-level random-effects group analyses were conducted on the
t-contrast images generated in the previous single-subject analyses:
first in a 2 (group: HC and BDd at baseline) by 2 (condition: go and
no go) and second in a 2 (group: BDd at baseline and BDd after
treatment) by 2 (condition: go and no go) repeated measures
ANOVA covarying for age for each experiment (go and no go) to
avoid any undetected age effects. First, a voxel-wise threshold of
p <0.05 was used for whole-brain analyses. Second, a cluster-level
false-positive detection rate of p <0.05 was maintained for whole-
brain activity surviving the voxel-wise threshold of p <0.05 using
small volume correction (SVC) with a regional anatomic mask from
the Wake Forest University (WFU) PickAtlas for each whole-brain
activity cluster 210 voxels and a cluster (k) extent empirically de-
termined by Monte Carlo simulation implemented in AlphaSim
(Pan et al. 2011). Peak BOLD signal changes were extracted from
regions showing a significant group-by-condition interaction in the
2 x 2 analysis for each experiment. Post-hoc tests were performed on
these extracted BOLD signal values to examine the extent to which
pairwise between-group differences in activity contributed to the
significant group-by-condition interactions in these analyses using
independent and paired # tests and appropriate statistical thresholds
(corrected p <0.05/4=0.012) to control for multiple tests.

In exploratory analyses, we used repeated measures analysis,
t test, or Pearson’s correlational analysis ( p <0.05) appropriately to
examine potential relationships among gender, severity and duration
of depression, subtype of the BD, attention-deficit/hyperactivity
disorder (ADHD) and anxiety disorders comorbidity, responders to
treatment (e.g., Clinical Global Impressions-Severity (Spearing et al.
1997) <2 and =50% percentage reduction in CDRS-R), and psy-
chotropic medications upon patterns of abnormal neural activity
between the study groups. In addition, using regional interest of
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analysis (ROI), we explored neural activity differences between BDd
after treatment and HC, focusing on the significant regions identified
in this study with the whole-brain analysis of baseline BDd versus
HC and BDd after treatment (e.g., ventrolateral prefrontal cortex
(VLPFC), right hippocampus, and left thalamus).

Results

There were 10 BDd (3 BD type I, 4 BD type II, and 3 BD NOS; 8
females, mean age=15.6%0.9), and 10 HC adolescents (8 females,
mean age=15.6%1.2). Nine out of 10 BDd adolescents had a first-
or second-degree relative with BD and 3 BDd adolescents had
comorbid ADHD (Table 1). All BDd adolescents received indi-
vidual psychotherapy through their providers and four adolescents
were started on a new medication (two with lamotrigine, one with
quetiapine, and one with aripiprazole), five adolescents remained
on the same medication combinations (one with lamotrigine and
quetiapine, one with lamotrigine and aripiprazole, one with cita-
lopram and aripiprazole, one with lithium and quetiapine, and one
with lamotrigine and valproic acid and sertraline combination), but
their doses were increased, and one adolescent remained on the
same dose of the medication (lamotrigine).

Mean depression score (CDRS-R) was 73.2 + 14 at baseline and
showed significant improvement after treatment (e.g., mean per-
centage change in depression [by taking into account the minimum
CDRS score of 17] was 57% £28; F=32.8, p<0.0001). Six out of
10 adolescents were considered as responders after treatment.
Baseline versus after-treatment scores were not significant; re-
spectively, 30.9 £ 14 and 24.3 £ 13.6 for anxiety, and 2.9+ 1.5 and
2.4+1.65 for mania.

Task performance data

Between BDd adolescents at baseline and HC, there was no
significant effect of group on task performance accuracy for
percentage of inaccurate go responses (BDd: 13.5+8.6, HC:
13.7£4.9) and inaccurate no go responses (BDd: 23.1+£11.6, HC:
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16.2+7.5) or for reaction time in milliseconds for go responses
(BDd: 372.2£25.1, HC: 387.9+55.5) and no go responses (BDd:
397.8127, HC: 404.8 £39.7). In addition, these measures in BDd
adolescents after treatment (inaccurate go responses=18+18.9;
inaccurate no go responses =23.1+ 12.5; reaction time in millisec-
onds for go responses =382.9 £23.1; reaction time in milliseconds
for no go=402.9 £27.8) did not change relative to BDd at baseline.

Neuroimaging data

Between BDd at baseline and HC, group-by-condition analysis
for the no go versus the go condition by employing whole-brain
analysis showed that bilateral VLPFC (BA [Brodmann’s Area] 47),
left medial frontal cortex (BA 10), right inferior parietal cortex (BA
40), and left superior temporal cortex (BA 41) had significant ac-
tivation (Table 2). Pairwise comparisons showed that significance
between the groups was mainly the result of increased neural ac-
tivity in BDd adolescents before treatment relative to HC in bi-
lateral VLPFC during both the go and the no go conditions (Fig. 1)
and in left superior temporal cortex during the no go condition.

Between baseline and after treatment in BDd adolescents, group-
by-condition analysis for the no go versus the go condition by
employing whole-brain analysis showed that right medial frontal
cortex (BA 10), left posterior cingulate cortex (BA 23), right in-
ferior parietal cortex (BA 40), left cerebellum, right hippocampus,
and left thalamus had significant activation (Table 2). Pairwise
comparisons showed that significance between the groups was
mainly the result of increased neural activity after treatment in BDd
adolescents in the right hippocampus and left thalamus (Fig. 1).

Our exploratory analyses showed that baseline depression scores
on CDRS-R were negatively correlated with the baseline left
thalamus activity during the go (r= —0.69, p=0.027) and the no go
(r=-0.88, p=0.001) conditions. Decrease in depression scores
after treatment was positively correlated with left thalamus activity
increase (r=0.85, p=0.032) during the no go condition only in
treatment responders, not in non-responders. There were no other
significant findings in our exploratory analysis including gender,

TABLE 1. DEMOGRAPHIC AND CLINICAL VARIABLES OF ADOLESCENTS WITH BIPOLAR DEPRESSION
(BDp) AND HEALTHY CONTROLS (HC)

BDd adolescents HC Significance
BD subtypes 3 BD type I, N/A N/A
4 BD type 11,
and 3 BD NOS
Mean age (years) 15.6£0.9 15.6£1.2 -
Gender (females) 80% 80% -
Race (White) 70% 70% -
Family history of BD (%) 90% 0 BDd>HC*
Comorbid ADHD* 30% 0 BDd>HC*
Mean duration of the current depressive episode (weeks) 5.5%+4.5 N/A N/A
BDd baseline BDd after treatment
Children’s Depression Rating Scale-revised (CDRS-R) 73.2t14 41.5%+15.7 19.1£1.8 BDd>HC*
Baseline > after
treatment®
Young Mania Rating Scale (YMRS) 29+1.5 24+1.6 0.8+0.8 -
Mean of the Clinical Global Impressions-Severity scores 5.31£0.7 33+1.2 1 BDd>HC*
Baseline > after
treatment*

*Indicates p<0.05 between the groups.

BDd, bipolar depression; NOS, not otherwise specified; HC, healthy controls; BDd after treatment (6-weeks of naturalistic treatment); ADHD,

attention-deficit/hyperactivity disorder.
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TABLE 2. WHOLE-BRAIN ANALYSIS FOR SIGNIFICANT NEURAL ACTIVITIES TO THE GO MOTOR CONTROL AND THE GO/NOGO
RESPONSE INHIBITION BLOCKS IN ADOLESCENTS WITH BIPOLAR DEPRESSION (BDD) AT BASELINE VERSUS
HeaLTHY CONTROL (HC) AND BDD AFTER TREATMENT

Neural region and CL Alpha
Brodmann’s area (BA) size  Sim CL MNI coordinates Block Post-hoc test t p F
BDd baseline versus HC X y z
Left medial frontal (BA10) 479 20 -6 57 12 Go -
Go/No go -
Left ventrolateral prefrontal (BA 47) 525 16 —-48 24 -6 Go BDd>HC* 3.10 0.006 9.48
Go/No go BDd>HC* 4.66 0.0002 21.14
Right ventrolateral prefrontal (BA 47) 65 13 51 24 0 Go BDd>HC* 2.86 0.010 8.08
Go/No go BDd>HC* 346 0.003 11.78
Right Inferior parietal (BA 40) 73 32 69 —30 24 Go -
Go/No go -
Left superior temporal (BA 41) 1203 10 -57 =30 15 Go —
Go/No go BDd >HC* 334 0.004 11.01
BDd baseline versus after treatment
Right medial frontal (BA 10) 44 20 21 39 -15 Go -
Go/No go -
Left posterior cingulate (BA 23) 95 13 -3 =21 27 Go -
Go/No go -
Right inferior parietal (BA 40) 66 32 63 -39 39 Go -
Go/No go -
Left cerebellum 191 38 -33 -60 -6 Go -
Go/No go -
Right hippocampus 99 13 15 3 =21 Go
Go/No go After>Baseline* 3.73 0.002 13.65
Left thalamus 186 33 -3 -18 12 Go -
Go/No go After>Baseline* 3.27 0.004 10.53

*p<0.012 (=.05/4; corrected for pairwise comparisons). Cluster size corrected with AlphaSim.
BDd, bipolar depression; HC, healthy controls; BA, Brodmann’s area; MNI, Montreal Neurological Institute; Cl, Cluster; BDd after treatment (6 weeks

of naturalistic treatment).

FIG. 1. Whole-brain analysis during the no go versus the go blocks of the go/no go block design task: Left ventrolateral prefrontal
(VLPEC) activity (pictures in the left panel) in bipolar adolescents in a depressed state (BDd) versus healthy controls and left thalamus
activity (pictures in the right panel) in BDd adolescents at baseline versus after 6 weeks of naturalistic treatment. A color version of this
figure is available in the online article at www.liebertpub.com/jcap.
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severity and duration of depression, subtypes of BD, comorbid
anxiety and ADHD, treatment responders versus non-responders,
and medication effect on neural activity.

Our exploratory ROI analyses showed that adolescents with
BDd after treatment relative to HC had higher left thalamus activity
during the go (r=2.76, p=0.013) and no go (t=4.1, p=0.001),
higher right hippocampus activity during the go (r=2.45, p=0.025)
and no go (r=3.52, p=0.002), and higher left VLPFC (BA 47)
during the no go (1=3.62, p=0.002) conditions.

Discussion

This first cognitive control fMRI study in adolescents with BDd
showed that BDd adolescents relative to HC had higher cortical
neural activity at baseline (e.g., bilateral VLPFC during both the go
and the no go conditions and left superior temporal during the no go
condition); however, there was no change after 6 weeks of natu-
ralistic treatment, suggesting that cortical hyperactivity to cogni-
tive tasks previously identified in non-depressed BD adolescents
(Chang et al. 2004; Singh et al. 2010) may be a trait abnormality.
However, in contrast to our hypothesis, subcortical neural activity
at baseline was not different relative to HC, but showed increased
activity after treatment relative to baseline in the right hippocampus
and left thalamus. Our result suggested that depression was asso-
ciated with a relative decrease in subcortical activity during re-
sponse inhibition in BDd adolescents that was also supported by 1)
our inverse correlation finding of lower baseline left thalamus ac-
tivity with higher baseline depression scores in all BDd adoles-
cents, and 2) positive correlation finding of increased left thalamus
activity with improvement in depression scores over follow-up in
those who responded to the treatment. In summary, our cognitive
control fMRI study showed that BDd in adolescents was associated
with baseline cortical hyperactivity underlying motor control and
response inhibition that did not change with treatment, and dis-
rupted subcortical activity underlying response inhibition that was
associated with the depressed state (e.g., decreased activity asso-
ciated with the severity of baseline depression and increased ac-
tivity after the treatment).

Our results of no behavioral difference in depressed group
relative to HC, but abnormal neural activity underlying cognitive
control in cortical (lateral prefrontal for executing inhibitory
control processes and temporal for attentional processing) and
subcortical (hippocampus [Fusar-Poli et al. 2009], an important
region for emotion processing in addition to memory encoding,
retention, and retrieval; and thalamus [Li et al. 2008], a major
relay center that sends inhibitory signals to striatum and motor
cortex to stop prepotent responses) are similar to the majority of
available studies in non-depressed BD adolescents (Blumberg
et al. 2003; Chang et al. 2004; Leibenluft et al. 2007; Passarotti
et al. 2010; Pavuluri et al. 2010; Singh et al. 2010). In addition,
increased activity of cortical and/or subcortical regions during
response inhibition (e.g., no go condition) in this study in BDd
relative to HC was similar to the studies in adolescents with non-
depressed BD (Blumberg et al. 2003; Chang et al. 2004; Singh
et al. 2010). However, there are other fMRI studies with oppo-
site findings such as hypoactivity of prefrontal and subcortical
neural activity during response inhibition in adolescents with BD
(Leibenluft et al. 2007; Passarotti et al. 2010) and in euthymic/
manic adults with BD (Altshuler et al. 2005; Kaladjian et al.
2009; Townsend et al. 2012). Different findings in the above-
mentioned studies could be the result of different clinical profiles
of the subjects (sex, acute mood state, and comorbidity) and
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different tasks (e.g., response inhibition, interference) and de-
signs (e.g., block, event-related).

There is little known about the trait (e.g., mood independent)
versus state (e.g., mood state specific) neural abnormalities in BD
adolescents, but this is very critical information that can potentially
improve clarifying diagnoses and identifying neural targets for
interventions (Diler 2011). There are few pharmaco-imaging
studies in BD adolescents and directions of neural change in manic/
hypomanic BD adolescents during a response inhibition task that
were in contrast (e.g., increased prefrontal and decreased subcor-
tical activity after treatment) (Pavuluri et al. 2010) to our findings.
In parallel to the fMRI study that reported high subcortical activity
in BD youth who were not in depression as compared to HC
(Blumberg et al. 2003), our study provided promising findings that
BDd adolescents might have a relative reduction in left thalamus
activity associated with depression (mainly during the no go con-
dition) and that the left thalamus activity increased and became
detectable after the treatment of depression. The thalamus is an
important region subserving neural networks underlying external
and internal emotional control as well as cognitive control pro-
cesses (Basso et al. 2005; Strakowski et al. 2011; Fleck et al. 2012).
It acts as a relay between several subcortical areas and cortex and
plays an important role in processing sensory information and
regulating states of sleep and wakefulness (Li et al. 2008; Altshuler
and Townsend 2012). Given its central role, it was not surprising
that abnormal thalamus activity was associated with ADHD, de-
pression (Greicius et al. 2007), and BD (Blumberg et al. 2003) and
few available studies reported normalization (e.g., increase) of
thalamus activity after treatment of ADHD (Rubia et al. 2011) and
depression (Anand et al. 2005, 2007). Our exploratory analysis
suggested that improvement in depression scores was correlated
with an increase in left thalamus activity in those who responded to
treatment; however, we need larger studies with longer duration in
treatment to draw a better conclusion about depression-related
changes in thalamus activity in adolescents with BD.

In this study, we identified increased VLPFC and temporal
cortical activity in BDd relative to HC during response inhibition,
but did not find depression- or treatment-related activity changes.
Similar to our findings, the only published fMRI study in BDd
adolescents used an emotion processing task, and did not include
HC, but reported no change in prefrontal activity after treatment
(Chang et al. 2008) suggesting that prefrontal abnormality in BD
adolescents identified during depression may persist after the
treatment (Singh et al. 2010). Our findings of similar behavioral
response (e.g., accuracy and reaction time) between BDd ado-
lescents and HC might be the result of more extensive recruitment
of VLPFC in BDd adolescents to compensate for prefrontal
dysfunction. Others have proposed that impaired VLPFC activa-
tion in subjects with BD might be a trait abnormality in BD
(Strakowski et al. 2012) and potentially reflected an increased
cortical control over a hyperactive emotion processing system that
could still be detected during non-emotional cognitive control
paradigms (Singh et al. 2010). Previous cognitive control studies
with BD youth reported both increased (Leibenluft et al. 2007;
Singh et al. 2010) and decreased (Passarotti et al. 2010) activity in
lateral prefrontal cortex, suggesting an impaired recruitment of
this region to exert response inhibition and attentional control.
Our study adds to the accumulating literature in BD that ven-
trolateral prefrontal activity was impaired in BDd adolescents;
however, we need larger longitudinal fMRI studies with con-
nectivity analysis of this network to better understand its trait
versus state network abnormalities.
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Limitations

There are limitations to our study. Some adolescents might have
delayed treatment response and neural changes; however, our
naturalistic study for 6 weeks was similar to an open-label treat-
ment study in bipolar depression in youth (Patel et al. 2006), and
decrease in depression scores and percent response rates were
comparable to those in the previous studies (DelBello et al. 2009).
Also, our small sample size possibly limited us to identify neural
activity differences between those who had higher versus those
who had lower reduction in depression scores after treatment and
between subtypes of BD. Studies in adults suggested potential
clinical and neuroimaging differences between BD I and II
(Summers et al. 2006; Baek et al. 2011), and a study in youth sug-
gested neural differences during emotion processing between those
with BD I and BD NOS (Ladouceur et al. 2011). Our negative
findings between BD I (n=3), Il (n=4), and NOS (n=3) could be the
result of our small sample size and developmental progression in
categorical BD diagnosis in adolescents (e.g., >20% of youth with
BD Il became BD I over a 4 year follow up (Birmaher et al. 2009), and
>40% of youth with BD NOS became BD I or II [Axelson et al.
2011]). We had predominantly female adolescents with relatively
low ADHD comorbidity, and they were taking psychotropic medi-
cations during scanning. However, our sample characteristics were
similar to the only randomized treatment study in bipolar depression
(DelBello et al. 2009). Although we did not find any differences in
those BDd adolescents with (n=3) and without ADHD (n=7), it is
important to consider that ADHD was associated with decreased
prefrontal and increased subcortical activity in earlier cognitive
control fMRI studies and that ADHD and BD can result in greater
variation in patterns of prefrontal and subcortical activations than
each disorder alone (Adler et al. 2005; Passarotti et al. 2010). We did
not scan HC subjects for the second time and could not control our
results for practice effects with repeated scans that limit our ability to
draw a better conclusion about treatment related changes. We in-
cluded BDd adolescents with and without medications; however,
available studies in adults and adolescents suggested that medication
treatment is not likely to cause new abnormalities, but may result in
amelioration of neural activity abnormalities found in BD and may
cause type Il error (Hafeman et al. 2012). Although event-related
designs and analyses might be able to extract individual cognitive
processes subserved by activated brain regions, we used block design
go/no go task, similar to studies in adolescents with UDd (Pan et al.
2011) and euthymic BD (Singh et al. 2010), to examine a combi-
nation of cognitive control processes that included response inhibi-
tion in addition to sustained attention, target detection, and rule
maintenance over a sustained period of time to capitalize on a higher
proportion of no go trials (Singh et al. 2010; Pan et al. 2011).

Conclusions

Our study indicates that adolescents with BD during acute
depression had cortical hyperactivity underlying motor control
and response inhibition that did not change with treatment,
whereas they had relatively decreased subcortical activity during
response inhibition that was associated with the depressive state
and increased with treatment. Examining patterns of neural ac-
tivity changes after treatment can help identify state markers and
predictors of treatment response of depression in BD adolescents.
We need larger longitudinal studies in BDd children and ado-
lescents investigating the effects of specific types of medications
and therapies on cortical and subcortical neural activity and
connectivity.

219

Clinical Significance

Adolescents with BDd can successfully perform response inhi-
bition and motor control, but need to recruit more neural regions
relative to controls to meet the demand of the cognitive task. Ab-
normal activation in prefrontal/temporal and subcortical regions is
postulated to underlie impaired cognitive/attention control and
impulsivity, respectively, that are commonly reported in adoles-
cents with BD; however, in contrast to a relative decrease in sub-
cortical activity at baseline that was increased after treatment,
prefrontal/temporal hyperactivity did not change after the treatment
of depression.
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