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Objective: Cognitive control deficits are commonly seen in Depression of Bipolar Disorder (BDd) and Unipolar Major
Depressive Disorder (UDd). Because failure to differentiate BDd from UDd has significant clinical consequences we aimed
to identify differential patterns of neural activity in BDd versus UDd underlying response inhibition and motor control in
adolescents. Methods: Functional MRI was used to compare 12 BDd adolescents (mean age= 15.5+1.2) with age- and
sex-matched ten UDd and ten healthy control (HC) adolescents during the performance of well-validated Go/NoGo task.
NoGo response inhibition versus Go motor control blocks was used in whole-brain analysis and results were corrected for
multiple comparisons. Results: There were no significant behavioral or neuroimaging findings between adolescents with
BDd and UDd. However, both groups relative to HC showed significantly higher left superior temporal and left caudate
activity during the NoGo condition. Moreover, left anterior cingulate (ACC) activity relative to HC was significantly higher
only in BDd — not UDd — adolescents during the NoGo condition, and left caudate activity was higher only in UDd — not BDd
— adolescents during the Go condition. In addition, several neural regions including dorsolateral prefrontal (DLPFC) were
positively correlated with increased reaction time in UDd — not BDd — adolescents. Conclusions: Despite some similarities,
neural correlates of depression are different in BDd and UDd relative to HC, and greater recruitment of ACC resources
during response inhibition can help distinguish BDd.
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Objectif: Les déficits de contrble cognitif sont souvent observés dans la dépression du trouble bipolaire (dTB) et dans

le trouble dépressif majeur unipolaire (dTU). Parce que ne pas différencier entre la dTB et la dTU a des conséquences
cliniques significatives, nous avons cherché a identifier les modeles différentiels d’activité neurale dans la dTB
comparativement a la dTU en ce qui concerne l'inhibition sous-jacente de la réponse et le contréle moteur chez les
adolescents. Méthodes: L'imagerie par résonance magnétique fonctionnelle (IRMf) a servi a comparer 12 adolescents
souffrant de dTB (age moyen = 15,5+1,2) avec 10 adolescents souffrant de dTU appariés selon I'age et le sexe, et dix
adolescents témoins en santé (TS) durant la performance d’une tache Go/NoGo bien validée. L’inhibition de la réponse

a NoGo par opposition aux blocs de contréle moteur de GO a été utilisée dans une analyse du cerveau en entier et les
résultats ont été corrigés pour de multiples comparaisons. Résultats: Il n’y avait pas de résultats de comportement ou

de neuroimagerie significatifs entre les adolescents souffrant de dTB et de dTU. Cependant, les deux groupes comparés
aux TS montraient une activité temporale gauche supérieure et caudale gauche significativement plus élevée durant

la condition NoGo. En outre, I'activité du cortex cingulaire antérieur (CCA) gauche, en comparaison avec les TS, était
significativement supérieure seulement chez les adolescents souffrant de dTB — et non de dTU — durant la condition NoGo,
et l'activité caudale gauche était plus élevée seulement chez les adolescents souffrant de dTU — et non de dTB — durant la
condition NoGo. De plus, plusieurs régions neurales, dont le cortex préfrontal dorsolatéral (CPFDL), étaient positivement
corrélées a un temps de réaction accru chez les adolescents souffrant de dTU — et non de dTB. Conclusions: Malgré
certaines similitudes, les corrélats neuraux de la dépression sont différents dans la dTB et la dTU comparativement aux TS,
et un meilleur recrutement des ressources du CCA durant I'inhibition de la réponse peut contribuer a distinguer la dTB.
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Differential Anterior Cingulate Activity during Response Inhibition in Depressed Adolescents with Bipolar and Unipolar Major Depressive Disorder

Introduction
Studies suggest that at least 20% of adolescents experi-
ence a major depressive episode before adulthood that is
associated with significant morbidity and mortality (Brent
& Birmaher, 2006). On the other hand, bipolar disorder
(BD) is a recurrent and severe illness characterized by sub-
stantial functional impairment and suicide risk (Birmaher
et al., 2009; Gore et al., 2011). The depressive episodes of
BD (BDd) are the most common mood manifestation of the
illness and are associated with the most burden (Birmaher
et al., 2006; Geller, Tillman, Craney, & Bolhofner, 2004). It
is critical to differentiate these two types of depression be-
cause they have different courses and require different treat-
ment approaches (Chang, 2009). It is difficult, however, to
clinically differentiate the symptoms of BDd from those of
the depression of unipolar major depressive disorder (UDd)
(Chang, 2009).

Abnormal activation in prefrontal and subcortical regions
is postulated to underlie impaired cognitive control and im-
pulsivity that are commonly reported in both adolescents
(Blumberg et al., 2003; Chang et al., 2004; Forbes, 2011;
Halari et al., 2009; Killgore, Gruber, & Yurgelun-Todd,
2007; Leibenluft et al., 2007; Pan et al., 2011; Passarotti,
Sweeney, & Pavuluri, 2010; Pavuluri, Ellis, Wegbreit, Pas-
sarotti, & Stevens, 2012; Pavuluri, Passarotti, Harral, &
Sweeney, 2010; Singh et al., 2010) and adults (Altshuler et
al., 2005; Kaladjian et al., 2009; Langenecker et al., 2007,
Townsend et al., 2012; Wagner et al., 2006) with BD and
UDd. However, in contrast to the cognitive control imag-
ing studies in adults with non-depressed BD (Altshuler et
al., 2005; Kaladjian et al., 2009; Townsend et al., 2012), a
couple of studies in adolescents with non-depressed BD re-
ported increased cortical and subcortical activity (Blumberg
et al., 2003; Chang et al., 2004; Singh et al., 2010), suggest-
ing the possibilities of prefrontal hyperactivity at a young
age as the primary abnormality or functional compensa-
tion involving greater recruitment of regulatory prefrontal
cortical systems to process the information. Furthermore,
similar imaging studies in adults (Langenecker et al., 2007;
Wagner et al., 2006) and one study with adolescents (Yang
et al., 2009) suggested increased cortical activity in UDd,
but no study has investigated neural correlates of cognitive
control in acutely depressed adolescents with BD. Identify-
ing differential patterns of functional abnormalities in cog-
nitive control neural systems in BDd relative to UDd and
HC adolescents may help differentiate BD early in devel-
opment, facilitate understanding of the state-specific neural
substrates of depression, and provide insight into the simi-
larities and differences of neurobiological and developmen-
tal etiology of BD versus UDd in adolescents (Diler, 2011).

In this cross-sectional functional MRI study, using a well-
validated block-design Go/NoGo task in adolescents with
BDd and UDd (Pan et al., 2011; Singh et al., 2010), we
aimed to identify neural substrates of cognitive control in

J Can Acad Child Adolesc Psychiatry, 23:1, February 2014

depressed adolescents with BDd versus depressed ado-
lescents with UDd relative to healthy controls (HC). We
hypothesized that adolescents with both BDd and UDd
relative to HC would be successful in completing the Go/
NoGo task; however, adolescents with both BDd and UDd
relative to HC, and those with BDd relative to UDd, would
recruit more neural resources and have higher prefrontal
and subcortical neural activity during the NoGo response
inhibition.

Methods

Participants

Thirty-two right-handed adolescents (assessed using the
Edinburgh Handedness Inventory (Oldfield, 1971)) aged
12 to 17 years who had reached puberty (with a score > 3
on Tanner’s Pubertal Development Scale (Marshall & Tan-
ner, 1969)) were enrolled in the study; 12 with BDd (six
BD-I and six BD-II, ten females, mean age= 15.5+1.2), ten
with UDd (eight females, mean age= 15.9+1.1), and ten HC
(eight females, mean age= 15.6%1.1). All depressed adoles-
cents met (DSM-IV-TR (APA, 2000)) criteria for a diagno-
sis of major depressive episode (> 2 weeks), as determined
by both parent and adolescent interviews with the Schedule
for Affective Disorders and Schizophrenia for School-Age
Children — Present and Lifetime Version (K-SADS-PL)
(Kaufman et al., 1997). In addition, as determined by both
parent and adolescent interviews with K-SADS-PL, BDd
adolescents met strict DSM-IV (APA, 2000) criteria (e.g.,
episodicity) for BD-I or II. No first- or second-degree fam-
ily history for BD was allowed for adolescents with UDd;
however, we included depressed youth whose parents were
reported as healthy (30% in BDd group versus 40% in UDd
group) or having other forms of psychopathology. At the
time of the scan, the Children’s Depression Rating Scale-
Revised (Poznanski & Mokros, 1995) (CDRS-R) > 40 and
the Young Mania Rating Scale (Young, Biggs, Ziegler, &
Meyer, 1978) (YMRS) <11 were required covering the past
two weeks for all depressed adolescents. There were two
adolescents in each BDd and UDd group experiencing their
first depressive episode; others had >1 depressive episode
in the past two years. There were five adolescents in BDd
and four in UDd groups that had childhood-onset (age <12)
mood disorder, five adolescents in BDd and four in UDd
groups that had history of psychiatric hospitalization, and
four adolescents in BDd and three in UDd groups that had
history of suicide attempt. There were four inpatient adoles-
cents in BDd and four inpatient adolescents in UDd groups,
and no adolescents were subject to another research study.
The above-mentioned rates were not statistically different
(p<0.05) between adolescents with BDd and UDd. HC were
not allowed to have any psychiatric/medical conditions or
any first- or second-degree family psychiatric history. Urine
screening was performed before the scanning to rule out
pregnancy and substance abuse. We measured anxiety

"




Diler et al

Table 1. Demographic information and clinical variables

BDd uDd HC . Oyferall Pairwise comparisons
significance

Mean age (years) 15.5¢1.2 15.9+1.1 15.6+1.2 p=0.6 -
Gender (females) 80% 80% 80% p=0.6 -
Race (white) 70% 70% 70% p=1 -
Family history of BD (%) 90% 0% 0% - -
BD subtypes 6BDI,6BDIl N/A N/A - -
Comorbid ADHD 30% 20% 0% p=0.2 -
Comorbid anxiety disorders 70% 60% 0% p=0.001 BDd >HC**  UDd > HC**
Mean duration of the current 8.816.2 13.846.2 - p=0.06 -
depressive episode (weeks)
Children’s Depression Rating Scale- 73.8+12.5 65.8+13.3 19.1£1.8 p=0.0001 BDd >HC**  UDd > HC**
revised (CDRS-R)
Screen for Child Anxiety Related 34.3£17.8 28.1+14.7 2.2+1.4 p=0.0001 BDd >HC**  UDd > HC**
Emotional Disorders (SCARED)
Young Mania Rating Scale (YMRS) 3.3118.2 2.2+1.1 0.8+0.8 p=0.003 BDd >HC**  UDd > HC**
Mean of the Clinical Global 5.3+0.96 5+0.8 1 p=0.0001 BDd >HC**  UDd > HC**
Impression (CGl)- Severity

Significance level was set at p<0.05. Standard deviation is reported after . Statistical values, significance levels were shown in the table. Group differences were shown in bold

in the table with the double asterisk (**) for a significance level of p<0.01.

BDd: bipolar disorder in depressed state, UDd: unipolar major depressive disorder in depressed state, HC: healthy controls, N/A: not available, ADHD: attention deficit

hyperactivity disorder.

with a self-rated anxiety scale (SCARED) (Birmaher et al.,
1997) and global functioning with the Clinical Global Im-
pression (CGI)-Severity scores (Spearing, Post, Leverich,
Brandt, & Nolen, 1997). The clinical findings between ado-
lescents with BDd and UDd, respectively, were: 8.8+6.2
weeks versus 13.8+6.2 weeks, for the mean duration of cur-
rent depressive episodes; 73.8+12.5 versus 65.8+13.3, for
depression scores on the CDRS-R; 2.4+1.6 versus 2.2+1.4,
for mania scores on YMRS; 3.3+18.2 versus 28.1+14.7, for
anxiety scores on the child SCARED; and 5.3+0.96 versus
5+0.8, for the CGI-Severity. These scores were not statisti-
cally different (p<0.05) between adolescents with BDd and
UDd (Table 1).

Our exclusion criteria included any contraindications for
fMRI, psychosis, pervasive developmental disorders, eat-
ing disorders, learning disorders, BD Not Otherwise Speci-
fied, substance use, and mental retardation. Mental retar-
dation (IQ< 80) was screened using the Verbal 1Q of the
Wechsler Abbreviated Scale of Intelligence (WASI) (We-
schler, 1999). In addition, we excluded adolescents with
UDd with history of medication-induced hypomania/mania
and/or family history of BD (Miklowitz & Chang, 2008;
Pavuluri, Birmaher, & Naylor, 2005). In adolescents with
comorbid ADHD (two in BDd and one in UDd), we with-
drew stimulant medications for at least 24 hours before
the neuroimaging assessment to minimize potential con-
founding effects of these medications considering the pos-
sible effect of medications on dopaminergic systems and
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neuroimaging measures (e.g., normalization of neural find-
ings) (Almeida, Versace, Hassel, Kupfer, & Phillips, 2010;
Almeida et al., 2009; Hassel et al., 2008; Leibenluft et al.,
2007; Nelson et al., 2007; Phillips, Travis, Fagiolini, &
Kupfer, 2008; Rich et al., 2008). Our method was similar to
other fMRI studies in youth that withheld stimulants before
scanning (Leibenluft et al., 2007; Nelson et al., 2007; Rich
et al., 2008). There were seven adolescents with BDd and
six adolescents with UDd that had comorbid anxiety disor-
ders. We included medicated (limited to three medications;
nine in BDd and six in UDd) and unmedicated (three in
BDd and four in UDd) depressed adolescents. There were
two adolescents with mood stabilizers as monotherapy
(e.g., lithium or antiepileptic mood stabilizer); two with
atypical antipsychotic plus antidepressant medication com-
binations; three with mood stabilizers plus atypical antipsy-
chotic medication combinations; two with mood stabilizers
plus atypical antipsychotic plus antidepressant medication
combinations in the BD group; and six with antidepressant
monotherapy in the UDd group.

The University of Pittsburgh institutional review board ap-
proved the study protocol. Parents and adolescents provid-
ed informed written consent before the study.

Neuroimaging task

The Go/NoGo task consisted of a five-minute 38-second
block-design paradigm in which participants were shown
120 letters. In Go trials, participants pressed a button to a
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visually presented letter stimulus. In NoGo trials, partici-
pants avoided response to a non-target letter stimulus (the
letter V). Trials were segregated into two block types: con-
dition A (Go) blocks, each with 20 Go trials, and condi-
tion B (NoGo) blocks, each with ten randomly distributed
Go and ten NoGo trials. Seventy-five percent of the 120
trials over the entire task were therefore Go trials. Blocks
were presented in the order of ABBABA, with 20-second
interleaved rest periods (blank screen). Blocks began with
a one-second black screen with the word Start and closed
with a one-second fixation cross. Letter presentation for all
trials comprised white letter stimuli being projected on a
black background for 500 ms, with an interstimulus interval
of 1000 ms, during which a crosshair was shown. During
the 20-second interleaved rest periods, participants viewed
a black screen with the word Rest presented centrally (Pan
et al., 2011).

Functional imaging data acquisition

All neuroimaging data were collected at the Magnetic Res-
onance Research Center (MRRC), University of Pittsburgh,
on a Trio 3.0 Tesla scanner (Siemens, AG). Anatomical im-
ages covering the entire brain were acquired using an axial
3D MPRAGE sequence, parallel to the AC-PC line (TE/
TI/TR=3.29ms/900ms/2200ms, flip angle=9, isotropic 1
mm? voxel, 192 axial slices, matrix size=256x192). Blood
Oxygen Level Dependent (BOLD) functional images were
acquired with a gradient-echo EPI sequence and cover 34
axial slices (3 mm thick, 0 mm gap) encompassing the
entire cerebrum and the majority of the cerebellum (TR/
TE=2000/25 msec, field of view=205 mm, matrix=64 x
64). Before collection of fMRI data for each subject, a ref-
erence EPI scan was acquired and inspected for artifacts
(e.g., ghosting), as well as for good signal across the entire
volume of acquisition, including the medial temporal lobes.

Task performance

Task performance data were analyzed using one-way analy-
ses of variance (ANOVAs) to examine the main effect of
group on task performance accuracy — numbers of correct
Go and NoGo responses, omissions (misses for Go stimuli),
and commissions (incorrect button press for NoGo stimuli)
—using SPSS 17 (SPSS, Inc., Chicago, IL).

Imaging analyses

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 us-
ing the first slice as a reference; and unwarped to correct
static inhomogeneity of the magnetic field and movement
by inhomogeneity interactions. Movement cutoff was 2
mm or less. Data were co-registered with the participant’s
anatomic image, segmented, normalized to a standard MNI
template, resampled to 3x3x3 mm® voxels, and spatially

J Can Acad Child Adolesc Psychiatry, 23:1, February 2014

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 NoGo) entered as
separate conditions in a block design in the design matrix.
Movement parameters from the realignment stage were
entered as covariates of no interest to control for partici-
pant movement. Trials were modeled using the canonical
hemodynamic response function. The two conditions were
entered as separate #-contrasts into second-level analyses. A
second-level random-effects model was used for between-
group comparison. Because the main focus of this study
was to examine the extent to which the three groups were
distinguished by patterns of neural activity during the re-
sponse inhibition (NoGo) and motor control (Go) blocks,
a 3-group (BDd, UDd, HC)-by-2-condition (NoGo versus
Go blocks) ANOVA covarying for age was performed to
examine the group by condition interaction on whole-brain
activity during task performance given the potentially dif-
ferent relationships between age and neural activity in each
group. First, a voxel-wise threshold of p<.05 was used for
whole-brain analyses. Second, a cluster-level false-positive
detection rate of p<.05 was maintained for whole-brain
activity surviving the voxel-wise threshold of p<.05 using
small volume correction (SVC) with a regional anatomic
mask from the WFU Pickatlas for each whole-brain activ-
ity cluster >10 voxels, and a cluster (k) extent empirically
determined 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 3x2 analysis for each group
for each condition. Post-hoc tests were performed on these
extracted BOLD signal values to examine the extent to
which pairwise between-group differences in activity con-
tributed to the significant group-by-condition interactions
in these analyses using independent ¢ tests and appropriate
statistical thresholds to control for multiple tests. In these
post-hoc tests for regions showing a significant group-by-
condition interaction in the 3x2 ANOVA, a significance
threshold of p < (.05/6) .008 was employed to control for
the three independent between-group pairwise tests for each
of the two conditions in each region. In exploratory analy-
ses, the potential relations between extracted BOLD signal
from neural regions showed between-group differences in
activity during each of the two block types of the task and
depression severity, anxiety, ADHD, age, gender, and medi-
cation at the time of scanning. Pearson’s correlation and in-
dependent ¢ tests were conducted as appropriate in SPSS 17.

Results

Task performance data

There was no significant effect of group on task perfor-
mance accuracy for percentage of inaccurate Go responses
(BDd: 13.5+7.9, UDd: 14.3+£9, HC: 13.74#4.9; F,, =0.53,
p=.95) and percentage of inaccurate NoGo responses (BDd:
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Table 2. Whole-brain activation results: 3X2 analysis of variance for study group (BDd, UDd, and HC

adolescents) by condition (Go, NoGo) covarying for age and post-hoc tests between study groups

MNI Post-hoc tests
Brain region Side BA Cl Aé[i):]a AI;;ha X y z F t PRI Block  Groups
| Cortical
Supplemental L 6 228 29 0.047 -18 12 60
motor area
DLPFC L 82 17 0.04 -6 48 33 5.71 24 0.026 NoGo BD>HC
Medial Frontal L 10 95 20 0.042 -21 48 15 5025 225 0.036 NoGo BD>HC
Right Insula R 43 18 0.041 54 -33 27 -
ACC L 32 41 21 0.043 -3 27 39 9.46 3.09 0.006* NoGo BD>HC
6.66 2.59 0.017 Go BD>HC
ACC L 33 50 16 0.039 0 18 18 -
Inferior parietal R 40 264 32 0.047 63 -30 42 -
Superior L 41 121 10 0039 -39 -33 12 1128 3.38 0.003* NoGo BD>HC
] 11.06  3.35 0.004* NoGo UDd>HC
Occipital L 19 417 12 0.045 -39 -66 12 7.002 2.66 0.015 NoGo BD>HC
6.34 2.53 0.021 NoGo UDd>HC
Subcortical
Caudate L 78 12 0.05 -9 3 12 7.58 2.77 0.012 Go BD>HC
13.39  3.69 0.001* NoGo BD>HC
12.41 3.55 0.002* Go  UDd>HC
11.05 3.36 0.004* NoGo UDd>HC
Pairwise comparisons using t-tests for significant brain regions identified with ANOVA analysis (group by condition interaction)
and significance level was identified as p < 0.008 (0.05/6) with an asterisk symbol under pairwise p values (corrected for multiple
comparisons).
BA: Brodmann’s Area, CL: Cluster Size; AlphaSim: minimum cluster size for significance after AlphaSim correction, MNI: Coordinates
according to the Montreal Neurological Institute, BDd: Bipolar Disorder in depressed state, UDd: Unipolar Major Depressive Disorder in
depressed state, R=Right, L=Left, DLPFC: Dorsolateral Prefrontal Cortex, ACC: Anterior Cingulate Cortex.

19.944.1, UDd: 14.8+8, HC: 16.246.8; F, , =1.93, p=.16).
There was no significant effect of group in reaction time
in milliseconds for Go responses (BDd: 376.5+39.2, UDd:
384.9+27.1, HC: 387.9+55.5; F2,3]=.22, p=.8) and for NoGo
responses (BDd: 394.8+34.7, UDd: 408.9+13.5, HC: 404.8
+39.7, F,;=.58, p=.56).

Neuroimaging data

Group by condition analysis for the NoGo versus the Go
condition by employing whole-brain analysis showed that
several cortical regions (e.g., left supplemental motor area
(BA 6), left dorsolateral prefrontal cortex (DLPFC, BA 9),
left medial prefrontal cortex (BA 10), right insula, left ante-
rior cingulate cortex (BA 32 and 33), right inferior parietal
(BA 40), left superior temporal (BA 41), and left occipital
(BA 17)) and subcortical (e.g., left caudate) regions were
significantly different between BDd, UDd, and HC (Table
2). Pairwise comparisons showed that significance between
the three groups was mainly due to increased neural activ-
ity in adolescents with both BDd and UDd relative to HC.
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More specially, adolescents with both BDd and UDd rela-
tive to HC had significantly higher neural activity in left
superior temporal and left caudate during the NoGo con-
dition. In addition, while the neural activity between ado-
lescents with BDd and UDd was not significantly differ-
ent, relative to HC, activity in left ACC (BA 32) during the
NoGo condition was higher in adolescents with BDd but
not with UDd, and activity in left caudate during the Go
condition was higher in adolescents with UDd but not with
BDd (Figure 1).

Exploratory analysis

There were no significant differences in neural activity and
behavioral response (e.g., accuracy and reaction time) be-
tween BD I versus BD Il depressed adolescents and between
those with first or recurrent episode of depression in any
regions showing functional abnormalities in adolescents
with BD and UDd relative to HC. In adolescents with BDd,
neural activity during both the Go (t=-3.27, p=0.008) and
the NoGo (t=-3.42, p=0.007) conditions in the left caudate
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Figure 1. Left Anterior Cingulate (panel A) and Left Caudate (panel B) activity during the NoGo versus
the Go condition (whole-brain analysis) in adolescents with BDd versus UDd relative to HC.

Panel A. Left anterior cingulate (BA 32) activity is
shown in white circles, MNI= -3, 27, 39

Note: During NoGo blocks, ACC activity in

BDd (but not UDd) > HC (p=.006).

BDd: Bipolar Disorder in depressed state, UDd: Unipolar Major Depressive Disorder in depressed state,
HC= Healthy Control, BA: Brodmann’s Area, MNI: Coordinates according to the Montreal Neurological Institute

Panel B. Left caudate activity is shown in blue squares,
MNI= -9, 3, 12

Note: During NoGo blocks, both BDd > HC (p=.001)
and UDd > HC (p=.004).

was higher in males than in females (p=0.01). There were
no significant relationships between depression severity
and behavioral response and magnitude of activity in any of
those neural regions showing functional abnormalities rela-
tive to HC adolescents in adolescents either with BDd or
UDd. Adolescents with BDd and UDd with, versus without,
ADHD and with, versus without, anxiety disorders did not
differ in behavioral response, depression scores, duration
of depression, and neural activity in any of those regions
showing significant functional abnormalities relative to HC
adolescents. There were no significant differences in behav-
ioral response and activity in any of the above significant
neural regions in either group (adolescents with BDd and
UDd) between those with (eight in BDd and six in UDd)
versus those without psychotropic medication. When we
analyzed association of neural activity and behavioral re-
sponse and types of medications in adolescents with BDd,
those who were on antipsychotic plus antidepressant medi-
cations (n=2) relative to those who were on no medication
(n=3) had higher accuracy (87% versus 78%, t= 6.04, p=
0.009) and lower left occipital activity (t=3.34, p= 0.044)
during the NoGo condition.

The correlation of behavioral response with neural activ-
ity was different in each study group: While there was no
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significant correlation in HC, in BDd adolescents, longer
reaction time was positively correlated with higher left
DLPFC activity during both the Go (r= .744, p= .006) and
the NoGo (r=.632, p=.028) conditions. In contrast, in ado-
lescents with UDd, longer reaction time was negatively cor-
related with neural activity in left DLPFC (Go condition; r=
- 794, p= .006), left ACC (BA 32, Go condition; r= -.750,
p=0.013), and left caudate (Go condition; r=-. 788, p=.007
and NoGo condition; r= -. 680, p=.031).

Discussion

To our knowledge, this is the first study to examine simi-
larities and differences of neural correlates of cognitive
control in depressed adolescents with BDd versus those
with UDd. Early diagnosis of BD, especially during the de-
pressed state, is of vital importance considering the long
delay and difficulty in distinguishing BD from the depres-
sion of UD and the high risk of morbidity and mortality
associated with late diagnosis (Birmaher & Axelson, 2006).
In addition, many children develop more severe forms of
BD during follow-up (Axelson et al., 2011), while pre-
frontal maturation during adolescence is still in progress.
There may be an opportunity to halt the progression of this
neurodevelopmental illness, especially if the nature of the
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neural abnormalities can be identified (Fleck et al., 2010).
Our results indicated that both BDd and UDd relative to
HC showed significantly higher neural activity during the
NoGo condition (e.g., left superior temporal and left cau-
date); however, there were dissociable patterns of neural
activity underlying cognitive control in adolescents with
BD versus adolescents with UDd relative to HC that can
help distinguish neural substrates of depression in these two
disorders. While no neural region was significantly differ-
ent between BDd and UDd, in comparison to HC, left ACC
(BA 32) activity was significantly higher during the NoGo
condition only in BDd — not UDd — adolescents, and left
caudate activity was higher during the Go condition only
in UDd — not BDd — adolescents. Moreover, our findings
of significant correlations between behavioral response and
neural activity in adolescents with UDd (e.g., higher activ-
ity in left DLPFC (Go condition), left ACC (Go condition),
and left caudate (Go and NoGo conditions) was correlated
with shorter reaction time) suggested that adolescents with
UDd recruited more of these neural regions to meet the de-
mand of the cognitive task.

Our results of no behavioral difference in depressed groups
relative to HC, but abnormal neural activity underlying
cognitive control in cortical prefrontal/cingular (e.g., ex-
ecuting inhibitory control processes), temporal (e.g., at-
tentional processing) and subcortical caudate regions (e.g.,
executing and stopping motor response), are similar to the
majority of available studies in non-depressed BD and UDd
children and adolescents (Blumberg et al., 2003; Chang
et al., 2004; Forbes, 2011; Halari et al., 2009; Killgore et
al., 2007; Leibenluft et al., 2007; Pan et al., 2011; Passa-
rotti et al., 2010; Pavuluri et al., 2010; Singh et al., 2010).
Increased activity of cortical and/or subcortical regions
during response inhibition in this study in adolescents with
BDd and UDd 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) and UDd (Yang et
al., 2009) and adults with UDd (Langenecker et al., 2007,
Wagner et al., 2006). However, the direction of abnormali-
ties was not consistent in other studies, and our results were
in contrast to the majority of studies in euthymic or man-
ic adults with BD that showed hypoactivity of prefrontal
and subcortical neural activity during response inhibition
(Altshuler et al., 2005; Kaladjian et al., 2009; Townsend et
al., 2012) and to the few other fMRI studies in adolescents
with BD (Leibenluft et al., 2007; Passarotti et al., 2010) and
UDd (Halari et al., 2009). Although mean age between our
groups did not differ, it is important to consider dissociable
neural activity underlying motor inhibition between chil-
dren and adults. For example, a recent study reported in-
creased ACC activity in healthy youth compared to healthy
adults when making errors, and decreased ACC activity in
children with BD but increased ACC activity in adults with
BD compared to age-matched healthy subjects during failed
motor inhibition (Weathers et al., 2012). Several factors in
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addition to age may have contributed to the different find-
ings in previous studies including a different clinical profile
of the subjects (sex, acute mood state, and comorbidity),
different tasks (e.g., response inhibition, interference) and
different designs (e.g., block, event-related). Our cross-sec-
tional study cannot answer whether cortical or subcortical
hyperactivity came first in adolescents with BDd and UDd,
and the question of whether patterns of increased activity
during response inhibition in BDd adolescents progresses
into hypoactivity of prefrontal-subcortical regions in adult-
hood remains unanswered. A recent treatment study in
manic adolescents reported that left subgenual ACC activ-
ity during response inhibition was increased but subcorti-
cal amygdala activity did not change after divalproex treat-
ment (Pavuluri et al., 2012), suggesting that some neural
abnormalities in adolescents with BD can be mood-state
dependent. Similar to our results, a recent study in adults,
using a different task for working memory with emotional
distractors (EFNBACK), suggested that dorsal ACC activ-
ity to high memory load with neutral face distractors can
help distinguish BDd from UDd in female adults (Bertocci
etal., 2011), although in that study UDd females had higher
neural activity than BDd. Although the direction of change
was not similar across previous studies, ACC is implicated
in many studies and postulated as an important neural hub
that has strong connections from lateral prefrontal activ-
ity as well as subcortical regions subserving several neural
networks including cognitive control (Botvinik, Nystrom,
Fissell, Carter, & Cohen, 1999; Johansen-Berg et al., 2008).
Our findings of increased ACC (BA 32) activity relative to
HC in adolescents with BDd but not in those with UDd add
to the literature that the direction of abnormal ACC activity
in depressed adolescents relative to HC can help distinguish
BD from UDd.

Depression scores in our study were not correlated with any
neural activity in each depressed group. The only published
fMRI study available in BDd adolescents reported posi-
tive correlation of DLPFC activity with depression scores
(Chang, Wagner, Garrett, Howe, & Reiss, 2008), but earlier
cognitive control studies in adolescents with UDd report-
ed discrepant findings about the correlation of depression
scores with neural findings (positive correlation with ACC
(Killgore et al., 2007; Yang et al., 2009) and left DLPFC
(Killgore et al., 2007) and negative correlation with medial
prefrontal cortex and right DLPFC (Killgore et al., 2007)).
These conflicting findings may reflect failure or increased
efforts of prefrontal regions to compensate for increased
subcortical regions while attempting to maintain behavioral
response in adolescents. Each depressed group relative to
HC had increased left caudate activity during the NoGo
condition, but only UDd and not BDd adolescents showed
increased left caudate activity during the Go condition of
motor control relative to HC. Subcortical regions are im-
portant regions in executing or ending the motor response;
however, impairment in cognitive processing between
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groups may be related to the cortical-subcortical network
rather than abnormalities in individual regions, as our cor-
relation analysis suggested that the DLPFC may be effec-
tive in UDd adolescents, but not in BDd adolescents, in im-
proving accuracy of behavioral responses. The prefrontal
cortex, especially DLPFC, is identified as the neural region
underlying effortful regulation of cognitive processes, and
its maturation for enhanced connectivity is delayed dur-
ing healthy maturation compared to other cortical regions,
and its neurodevelopmental trajectory is possibly disrupted
in BD (Fleck et al., 2010). Although similar deficits were
reported in both children and adults with bipolar disorder
compared to healthy subjects during successful motor inhi-
bition (e.g., decreased neural activity in the nucleus accum-
bens and ventral prefrontal cortex), the direction of neural
abnormalities in ACC during failed motor inhibition was
different in children (e.g., hypoactivation) and adults (e.g.,
hyperactivation) compared to health controls, suggesting
the need for longitudinal studies to characterize develop-
mental trajectories of response inhibition and motor control
in youth with depression (Weathers et al., 2012). Although
our whole-brain analysis could not identify significant cor-
relation of neural regions with accuracy of behavioral re-
sponse in BDd, future studies should apply brain network
approach and connectivity analysis to better map the cogni-
tive abnormalities and their neural substrates in UDd versus
BDd adolescents.

Limitations

There were limitations to this study. This is a cross-sectional
study with a small sample size, and we recruited predomi-
nantly female adolescents who had low ADHD comorbidity
(10 to 20%) relative to some pediatric BD studies (Axelson
etal., 2006), and they were allowed to be on (non-stimulant)
psychotropic medications during scanning. Available stud-
ies suggest that medication may have normalizing, rather
than confounding, effects upon abnormal neural activity in
adolescents with BD (Almeida et al., 2010; Almeida et al.,
2009; Hassel et al., 2008; Leibenluft et al., 2007; Nelson
et al., 2007; Phillips et al., 2008; Rich et al., 2008). In our
study, there were no significant differences in activity in any
of the above significant neural regions in each study group
between those with versus without psychotropic medica-
tion. However, we found lower left occipital activity dur-
ing the NoGo experiment in BDd adolescents in those who
were on atypical antipsychotic medication plus antidepres-
sant combination relative to those BDd adolescents on no
medication, suggesting the possibility of type II error (e.g.,
the normalization effect of this medication combination on
neural abnormality in BDd versus HC), rather than type I
error. Although event-related designs and analyses might
be able to extract individual cognitive processes subserved
by activated brain regions, we used block-design Go/NoGo
task, similar to studies in adolescents with UDd (Pan et al.,
2011) and euthymic BD (Singh et al., 2010), to examine
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a combination of cognitive control processes that includes
response inhibition in addition to sustained attention, tar-
get detection, and rule maintenance over a sustained period
of time to capitalize on a higher proportion of NoGo trials
(Pan et al., 2011; Singh et al., 2010).

Conclusions

Both adolescent groups with BDd and UDd shared simi-
lar neural correlates of depression (e.g., higher left superior
temporal and left caudate activity) during response inhibi-
tion, but our study provides the first results of dissociable
patterns of neural activity underlying cognitive control in
adolescents with BDd versus UDd relative to HC, suggest-
ing that increased ACC activity during response inhibition
can help distinguish BDd adolescents. However, we still
know little about state versus trait abnormalities and how
the disruption in neural maturation progresses over time
(Strakowski et al., 2012), and we need larger longitudinal
fMRI studies mapping developmental trajectories of cogni-
tive neural networks in adolescents with BD versus UDd.
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