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Abstract

Objectives: Pediatric bipolar disorder is characterized by core deficits in mood and executive function and commonly co-

occurs with attention-deficit=hyperactivity disorder (ADHD). We aimed to examine response inhibition in this population, as

an element of executive function, which, if aberrant, may interfere with learning and information processing.

Methods: Children (9–18 years) with bipolar I or II disorder (BD, n¼ 26) and age, gender, and intelligence quotient (IQ)

comparable healthy children (HC, n¼ 22) without any psychopathology were given a standardized Go=NoGo computerized

task measuring response inhibition. A whole-brain functional magnetic resonance imaging (MRI) group analysis was

performed using statistical parametric mapping software (SPM2) for comparing NoGo to Go epochs.

Results: There were no statistically significant group differences between groups in age, gender, or ethnicity. The BD group

had high rates of co-morbid disorders, including 81% with ADHD, 62% with oppositional defiant disorder (ODD), and 46%

with anxiety disorders. This BD group had fewer correct responses on Go (84% vs. 96%, T[46]¼ 3.35, p¼ 0.002) and overall

(85% vs. 94%, T[46]¼ 4.12, p¼ 0.0002) trials as compared to the HC group. However, there were no statistically significant

group differences in response inhibition on NoGo trials ( p¼ 0.11). In the NoGo�Go contrast, the BD group showed

increased neural activation in the right dorsolateral prefrontal cortex (DLPFC) compared to HC (T[46]¼ 4.21, p< 0.001).

Conclusions: During accurate NoGo but impaired Go trial performance, children with BD showed increased right DLPFC

activation versus controls, suggesting increased recruitment of executive control regions for accurate response inhibition.

Studies relating these results to mood regulation in pediatric BD are warranted.

Introduction

Pediatric bipolar disorder (BD) is characterized by deficits

in mood and attention and may manifest behavioral and cog-

nitive symptoms that may interfere with an ability to learn

(McClure et al. 2005) and process information (Rich et al. 2006),

which may consequently interfere with interpersonal (Geller et al.

2000) and academic functioning (Pavuluri et al. 2006). Attention-

deficit=hyperactivity disorder (ADHD) may precede (Tillman and

Geller 2006) or co-occur (Singh et al. 2006) with BD at high rates

and may be among several factors that contribute to the progressive

functional impairment and poor outcome (DelBello et al. 2007) for

BD. Frontostriatal dysfunction in ADHD is well established (Vai-

dya et al. 1998; Durston et al. 2003; Aron and Poldrack 2005; Rubia

et al. 2005; Epstein et al. 2007b; Suskauer et al. 2007; Wodka et al.

2007b), but little is known about the characteristics or neural cor-

relates of cognitive dysfunction and its relationship to mood

symptoms when ADHD co-occurs with BD.

Among several elements of executive functioning originating

from frontostriatal regions of the brain, component functions of

response inhibition include the ability to withhold a preplanned

response, interrupt an already initiated process, avoid interference,

and delay a response (Tamm et al. 2002). Consequences of dys-

function in response inhibition include behavioral dyscontrol and

impairments in sustained attention, which may manifest in a variety

of psychiatric disorders. Although response inhibition improves

with maturity level (Tamm et al. 2002), deficits in response inhi-

bition have been consistently observed in adults (Blumberg et al.

2003a; Larson et al. 2005), as well as in youths with (Leibenluft

et al. 2007) and at high risk for (Singh et al. 2008) BD when

compared to age-comparable controls. In addition to being ob-

served across the lifespan, deficits in this domain of executive

function have also been observed across mood states in affected

individuals (Blumberg et al. 2003a) and their unaffected rela-

tives (Frangou et al. 2005; Giakoumaki et al. 2007), suggesting

that impaired response inhibition may represent an important
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underlying trait of BD, particularly in the presence of co-

occurring ADHD.

Like its behavioral manifestation, the neural basis of response

inhibition may be task-dependent (Mostofsky et al. 2003; Wager

et al. 2005; Simmonds et al. 2008) and developmentally dynamic

(Bunge et al. 2002; Tamm et al. 2002; Rubia et al. 2006). However,

many studies agree that successful response inhibition generally

involves interactive engagement of the ventrolateral (VLPFC) and

dorsolateral (DLPFC) prefrontal cortices to provide inhibitory con-

trol (Liddle et al. 2001), the striatum (Vink et al. 2005) to control

the execution of planned motor responses, and the anterior cingu-

late cortex (ACC) to make and monitor response-related decisions

(Braver et al. 2001; Liddle et al. 2001). Individuals with BD are at

particular risk for unsuccessful response inhibition due to fron-

tostriatal dysfunction implicated in the underlying pathophysiology

of this condition (Blumberg et al. 2003a; Blumberg et al. 2003b;

Chang et al. 2004; Elliott et al. 2004; Strakowski et al. 2004; Adler

et al. 2004) and due to its common co-occurrence with ADHD

(Adler et al. 2005).

Among functional magnetic resonance imaging (fMRI) studies,

few have investigated the neural correlates of co-occurring BD and

ADHD and have shown inconsistent findings (Adler et al. 2005;

Leibenluft et al. 2007). In one study, BD adolescents with (n¼ 11)

and without (n¼ 15) co-morbid ADHD were compared. The

groups performed equally well on the single-digit continuous per-

formance task administered during fMRI. However, relative to the

group without ADHD, subjects with co-morbid BD and ADHD

showed decreased activation in the VLPFC and ACC and increased

activation in the posterior parietal and medial temporal gyrus

during the task (Adler et al. 2005). The task in this study did not

directly examine response inhibition, and the study was limited by a

lack of a healthy control group. Another fMRI study using a stop-

signal task paradigm compared motor inhibition in bipolar ado-

lescents with and without ADHD and healthy adolescents without a

personal or family history of any psychiatric disorders. The healthy

adolescents showed greater bilateral striatal and right VLPFC ac-

tivation than bipolar subjects during unsuccessful stop trials (Lei-

benluft et al. 2007). During this task, patients with BD and ADHD

did not differ in any region of interest from BD subjects without

ADHD. In addition, comparison subjects had greater activation

than BD subjects with ADHD in the striatum, bilateral anterior

cingulate, and bilateral ventral prefrontal cortex, but only showed

greater activation compared to BD without ADHD in the bilateral

accumbens and left caudate. Even with a comparison group of

bipolar adolescents without ADHD, this study illustrated the

challenges associated with trying to assess the independent con-

tribution of ADHD to be discriminated from that contributed by BD

with respect to between-group behavioral or brain activation dif-

ferences. This study was limited by region-of-interest analyses,

which may have reduced detection of multiple regions involved in

response inhibition (Aron et al. 2007). Careful task selection, em-

ployment of a whole-brain analysis, and examination with larger

numbers of subjects with comparable heterogeneity may clarify

these inconsistent results and provide a more convergent model of

frontostriatal dysfunction in adolescents with co-occurring BD and

ADHD.

With these considerations in mind, we compared behavioral

variables and corresponding whole brain activation between BD

and community, age-comparable healthy adolescents (healthy

controls, HC) while performing a Go=NoGo task. To optimize

statistical power insufficient in event-related designs and to ensure

adequate performance on executive function in a pediatric popu-

lation with a clinically heterogeneous disorder, a traditional

Go=NoGo task was employed with experimental blocks comprised

of both Go and NoGo trials with half the trials in the experimental

block containing NoGo conditions.

Thus, based on our prior work and the extant literature on re-

sponse inhibition in BD, we hypothesized that, compared to HC,

BD adolescents would have high rates of co-occurring ADHD and

would exhibit lower accuracy and increased error rates while per-

forming the Go=NoGo task. We also predicted that the BD group

would manifest reduced activation in frontostriatal regions com-

pared to controls, which, in turn, would correspond to performance

during the response inhibition task. Finally, we hypothesized that

more pronounced symptoms of ADHD, but not mania or depres-

sion, would be correlated with decreased neural activation in

frontostriatal regions during response inhibition in our BD group.

Materials and Methods

Subjects

Children and adolescents between the ages 9 and 18 years who

met Diagnostic and Statistical Manual of Mental Disorders, 4th

edition text revision (DSM-IV-TR) (American Psychiatric Asso-

ciation 2000) diagnostic criteria for BD I or II (n¼ 26) were re-

cruited by referral to academic adult and pediatric BD clinics and

the surrounding community. Age- and gender-comparable healthy

control children and adolescents (HC, n¼ 22) without a history of

psychiatric diagnoses or the occurrence of such diagnoses in their

first-degree relatives were recruited from the same community.

Demographic and clinical characteristics were collected for all of

subjects at the beginning of the study, including age, sex, intelli-

gence quotient (IQ), and handedness. Handedness was assessed by

the Crovitz Handedness Questionnaire (Crovitz and Zener 1962).

BD subjects were excluded by the presence of a pervasive devel-

opmental disorder, seizure disorder, substance use disorder, IQ less

than 80, and the presence of metallic implants or braces. A total of

81% of BD subjects were offspring of parents with BD I or II.

Because a previous study has suggested that stimulants have a

direct effect on the performance of a response inhibition task

(Epstein et al. 2007b), all participants in the study were washed out

from stimulants 24 hours prior to neuroimaging. To avoid risk of

mood destabilization, BD subjects were allowed to continue any

other current psychotropic medications, including mood stabilizers,

atypical antipsychotics, or antidepressants. Subjects’ medication

history was obtained and used for exploratory and covariate ana-

lyses of neural findings.

All participants were evaluated using the Washington University

in St. Louis Kiddie-Schedule for Affective Disorders and Schizo-

phrenia (WASH-U K-SADS) (Geller et al. 1996), administered

separately to parents and children, by raters blind to diagnostic

group, with established symptom and diagnostic reliability

(k> 0.9). All diagnoses were determined by a consensus confer-

ence attended by a child and adolescent psychiatrist (K.D.C.) and

the WASH-U K-SADS interviewer, after both parent and child

interviews were completed. Mood symptom severity in BD sub-

jects was assessed using the Young Mania Rating Scale (YMRS)

(Young et al. 1978), and the Children’s Depression Rating Scale–

Revised Version (CDRS-R) (Poznanski et al. 1979) by raters with

established symptom reliabilities (ICC> 0.9). An independent

parent assessment of symptoms of inattention and hyperactivity

(ADHD) was obtained using the 10-item abbreviated Conners’

Rating Scale (Rowe and Rowe 1997; Tillman and Geller 2005).

Parent psychiatric assessments in both groups were confirmed with
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the Structured Clinical Interview for DSM-IV (SCID-P) (First et al.

1996) by raters who were blind to diagnostic group and who had

established diagnostic interrater reliability (k> 0.9).

Behavioral assessment and analysis

Subjects were administered the Wechsler Abbreviated Scale of

Intelligence (WASI) (Psychological Corporation 1999) and a

computerized and standardized neuropsychological task which

measures response inhibition. The experimental task consisted of

two alternating conditions: Go and NoGo=Go (Fig. 1). Throughout

both conditions, subjects viewed a series of letters once every

2 seconds (500 msec stimulus 1,500 msec interstimulus interval

[ISI]) and responded with a key press, using the forefinger of the

right hand, to every letter except the letter ‘‘X,’’ to which they were

instructed to withhold response. In the Go (control) condition,

subjects were presented a random sequence of letters other than the

letter ‘‘X.’’ In the NoGo=Go (experimental) condition, subjects

were presented with the letter ‘‘X’’ 50% of the time. The entire task

lasted a total of 372 seconds and consisted of 12 alternating

26-second epochs of Go and NoGo=Go conditions flanked at the

beginning and end by 30-second rest epochs during which the

subject passively viewed a blank screen. Each epoch consisted of a

2-second instruction alerting the subject to the present task condi-

tion followed by 12 trials per epoch. Responses and reaction times

were recorded.

For the in-scanner task, the proportion of trials to which subjects

correctly responded in a Go trial (Go% correct) and correctly in-

hibited in a NoGo trial (NoGo% correct) was calculated. Partici-

pants were excluded from the fMRI analysis if their performance on

the scanner task fell at or below chance on both Go% correct and

NoGo% correct. reaction times (RTs) for correctly pressing the key

in Go trials (GoRT) and mistakenly pressing the key in NoGo trials

(NoGoRT) were also calculated. Accuracies to NoGo trials (false

alarms) are the conventional means of indexing cognitive control in

this paradigm. However, to take into account target hits as well as

false alarms, d-prime was calculated by subtracting z-transformed

proportions of false alarms from proportions of positively re-

sponded Go trials (hits). d-Prime provides a measure of sensitivity

in the discrimination and ultimate detection of target stimuli rela-

tive to nontarget stimuli (Wickens 2002), a key component of

cognitive control (Nigg and Casey 2005) (i.e., how well the subject

can discriminate and appropriately respond to targets and nontar-

gets). Each behavioral measure was subjected to t-test or Wilcoxon

Rank Sum Test, for parametric and nonparametric data, respec-

tively, to assess for significant differences in performance between

the two groups.

Functional MRI procedures

Image Acquisition, Motion Correction, and Processing.
Images were acquired with a 3T GE Signa scanner (General

Electric, Milwaukee, WI) using a standard fMRI whole-head coil.

Functional images were collected with a T2*-weighted spiral pulse

sequence with parameters of repetition time (TR)¼ 2,000 msec,

echo time (TE)¼ 30 msec, flip angle 808, voxel size 3.12�3.12 mm,

and slice thickness 3.5 mm with 1-mm spacing. An automated high-

order shimming method was used before acquiring fMRI data to

reduce field inhomogeneities. Structural images were collected

to aid in localization of the functional data, using high-resolution,

T1-weighted, spoiled gradient-recalled acquisition in the steady-

state (GRASS) three-dimensional MRI sequences with the fol-

lowing parameters: TR¼ 35 msec, TE¼ 6 msec, flip angle¼ 458,
field of view¼ 24 cm, 124 slices in the coronal plane, and a

256�192 matrix. Functional images were processed with statistical

parametric mapping software (SPM2), including realignment,

transformation to Montreal Neurological Institute (MNI)-space,

followed by smoothing with full width at half-maximum

(FWHM)¼ 8 mm.

Custom motion-processing methods were applied to maximize

the number of usable subjects in this dataset, given that a proportion

of them had high motion during the scan (7=22 HC and 12=26 BD

subjects moved more than 1 mm). Simply discarding high-motion

subjects could result in insufficient remaining subjects to achieve a

strong group result. Conversely, including subjects with large

motion can influence group results by motion-induced errors from

the large motion subjects. Thus, artifact repair was used to detect

and suppress outliers caused by large sharp movements that, in turn,

caused image reconstruction and spin history errors (Mazaika et al.

2007) (http:==cibsr.stanford.edu=tools=). This was followed by

FIG. 1. The Go=NoGo task sequence consisting of 12 alternating experimental and control epochs. In each epoch, subjects viewing a
series of letters presented for 500 msec each, with a 1,500-msec interstimulus interval (ISI). In the experimental epoch, subjects were
instructed to respond with a key press for every letter except ‘‘X.’’ In the control epoch, subjects were presented a random sequence of
letters other than the letter ‘‘X’’ and instructed to respond for every letter.
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motion adjustment, which corrected for residual signal variation

errors after image realignment (Mazaika et al. 2007). The estima-

tion accuracy for each subject after repairs was assessed using a

Global Quality metric of the dispersion of estimates over the entire

brain (Mazaika et al. 2007), and subjects with outlying Global

Quality scores were excluded from the selected groups.

Of the originally recruited 27 HC and 34 BD subjects, 13 were

excluded due to poor scan quality, poor behavioral data, motion

greater than 5 mm, or poor global quality scores, leaving 22 HC

and 26 BD subjects available for group analysis. A combination

of these methods recovered many large-motion fMRI data sets

and indicated which data sets were not recoverable. In this

way, we were able to maximize the number of usable subjects in

our clinical group study to 79% (48=61) of all fMRI data sets

acquired.

Data analysis

Chi-squared analysis, two sample t-tests, and effect sizes

(Cohen d) were applied to demographic, clinical, and behavioral

data. Statistical analysis was performed for individual and group

data using the general linear model and the theory of Gaussian

random fields as implemented in SPM2. Activation foci were su-

perimposed on high-resolution, T1-weighted images, and their lo-

cations were interpreted using the Talairach atlas and known

neuroanatomical landmarks. Individual contrast images were com-

puted for conditions in which performance of Go blocks was sub-

tracted from the NoGo blocks. These contrast images were

analyzed with SPM2 using a general linear model to determine

voxelwise t-statistics. One-sample t-tests were used to determine

within-group activation and two-sample t-tests were used to de-

termine between-group differences. Between-group analyses used

a random effects model (Holmes and Friston 1998). Clusters of

activation to display were defined as those surpassing a height

threshold of p< 0.001 and an extent threshold of 40 voxels for all

within- and between-group analyses (Friston et al. 1995), where the

height threshold provides a statistical threshold for the number

of activated regions within a given volume such as an individual

voxel (i.e., is analogous to a t-test), and an extent threshold repre-

sents the minimum size of contiguous voxels which comprise

a particular cluster (www.scholarpedia.org=article=Statistical_

parametric_mapping_(SPM)._) Within-BD group correlations

were performed between activation and YMRS, CDRS, and Con-

ners’ rating scales. Finally, functional activations were compared

within the BD group for the presence versus absence of past ex-

posure to certain psychotropic medications including lithium,

atypical antipsychotics, valproic acid, and psychostimulants.

Results

Demographic and clinical characteristics

There were no statistically significant group differences between

BD (n¼ 26) and HC (n¼ 22) subjects in age (15.4� 2.7 vs.

14.3� 2.5 years), sex (female, 38% vs. 41%), handedness (right,

87% vs. 100%), ethnicity (Caucasian, 88% vs. 81%), or full-scale

IQ scores (109� 12 vs. 111� 8). (The between-group activation

differences presented below did not change significantly after

covarying for these demographic variables.) Eighteen (69%) of the

BD children met DSM-IV-TR criteria for BD I and 8 (31%) met

criteria for BD II. Consistent with previous reports (Findling et al.

2001; Biederman et al. 2004; Singh et al. 2006), 21 (81%) BD

children had ADHD, 16 (62%) BD subjects had oppositional de-

fiant disorder, and 12 (46%) met criteria for anxiety disorders

(Table 1). HC children were free of DSM-IV Axis I mood, psy-

chotic, disruptive behavioral, or anxiety disorders.

Table 1. Demographic and Clinical Variables of Children with Bipolar Disorder and Healthy Control Children

Variable BD children (n¼ 26) HC children (n¼ 22)

Age, mean (SD), years 15.4 (2.37) 14.3 (2.33)
Male, n (%) 19 (73%) 13 (59%)
Right handedness, n (%) 25 (96%) 22 (100%)
Full scale IQ, mean (SD) 110 (11.2) 114 (8.7)
Ethnicity, n (%), white 23 (88) 18 (81)
DSM-IV-TR Axis I diagnosis, n (%) N=A

Bipolar I disorder 18 (69)
Bipolar II disorder 8 (31)
Attention-deficit=hyperactivity disorder 21 (81)
Oppositional defiant disorder 16 (62)
Anxiety disorder 12 (46)
More than one psychiatric disorder 22 (85)

YMRS, mean (SD) 15.6 (8.5) N=A
CDRS, mean (SD) 44.1 (14.9) N=A
Conners’ Rating Scale raw scores, mean (SD) 19.7 (6.36) N=A
Conners’ T scores, mean (SD) 80 (9.49) N=A
History of medication exposure, n (%) N=A
Valproic acid 13 (50)

Lithium 8 (31)
Antidepressants 16 (62)
Atypical Antipsychotics 6 (24)
Psychostimulants 14 (54)
More than one medication 16 (62)

Abbreviations: BD¼Bipolar disorder; HC¼ healthy controls; IQ¼ Intelligence quotient; SD¼ standard deviation; DSM-IV, Diagnostic and Statistical
Manual of Mental Disorders, 4th edition; YMRS¼Young Mania Rating Scale; CDRS¼Children’s Depression Rating Scale; N=A¼ not applicable.
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Behavioral results

The BD group had lower proportions of correct responses on Go

(84% vs. 96%, T(46)¼ 3.35, p¼ 0.002) and overall Total (85% vs.

94%, T(46)¼ 4.12, p¼ 0.0002) trials as compared to the HC group

(Table 2). This suggests significant deficits in sustained effort or

vigilance during a low cognitive load component of the task.

However, there were no statistically significant group differences in

response inhibition as determined by percentage correct on NoGo

trials ( p¼ 0.11), reaction times needed for correctly responding in

Go trials (Z¼ 0.86, p¼ 0.39), or reaction times for false alarms

(Z¼ 0.82, p¼ 0.41). The BD group showed lower scores on

d-prime than the HC group (3.98 [2.5] vs. 5.69 [3.2], T[46]¼ 2.07,

p¼ 0.045).

Functional MRI results

Table 3 and Fig. 2 summarize the whole-brain functional neu-

roimaging results contrasting the NoGo minus Go (NoGo�Go)

conditions. There were no statistically significant differences be-

tween groups for the Go-NoGo, Go-Rest, NoGo-Rest contrasts.

For the NoGo�Go contrast of interest, the BD group showed

greater activation in the right DLPFC (BA 9) relative to the HC

group. The HC group did not show any regions of statistically

greater activation relative to the BD group for the NoGo�Go

contrast.

Within-group analyses showed that the HC group had greater

activation in the inferior frontal gyrus (Brodmann area [BA] 9,

posteriorly) and the ACC during the NoGo condition relative to the

Go condition. Within the BD group, significant activation was seen

in the inferior frontal lobe, right ACC, and in the left occipital lobe

for the NoGo�Go contrast. For the BD group, YMRS and CDRS

symptom scores did not correlate significantly with activation in any

brain region for the NoGo�Go contrast. (Symptom scores were

clustered around 0 for the HC group and therefore were not assessed.)

Conners’ raw scores were positively correlated with greater activa-

tion in the brainstem for the NoGo�Go contrast within the BD group

after adjusting for age (T[26]¼ 4.03, p< 0.001, k¼ 102).

On an exploratory basis, we examined whether activations in

BD subjects for the NoGo�Go contrast were related to prolonged

(>6 months) exposure to psychotropic medication. Lithium-

exposed BD subjects (n¼ 8) had significantly greater activation in

the left anterior cerebellum (T[24]¼ 4.96, p< 0.001, cluster size,

k¼ 90) than those not exposed to lithium, whereas those subjects

not exposed to lithium showed relatively greater activation in the

left ACC (BA 32, T[24]¼ 4.62, p< 0.001, k¼ 90). BD subjects

exposed to atypical antipsychotics (n¼ 6) had significantly greater

activation in the right ACC (BA 32, T[24]¼ 5.07, p< 0.001,

k¼ 51) and right precuneus (BA 31, T[24]¼ 4.71, p< 0.001,

k¼ 242) than BD subjects unexposed to antipsychotics. Atypical

antipsychotic exposure was also associated with relatively reduced

activation in the right medial frontal gyrus (T[24]¼ 4.31, p< 0.001,

k¼ 44). There were no statistically significant differences in brain

activation patterns in BD subjects exposed versus unexposed to

valproic acid (n¼ 13), psychostimulants (n¼ 14), or antidepres-

sants (n¼ 16) in the NoGo�Go contrast. None of the regions noted

above overlapped with the spatial location of increased DLPFC

activation in BD subjects relative to the HC group.

Discussion

Our results show that, relative to HC subjects, children and ad-

olescents with BD demonstrate increased DLPFC activation in the

presence of comparable performance during the Go=NoGo task. At

the behavioral level, BD subjects had more inaccurate Go trials

(lower Go% correct), which may be due to impairments in sus-

tained attention (Aron et al. 2004), and lower d-prime scores, which

may indicate difficulty discriminating and appropriately respond-

ing to targets and nontargets (Wickens 2002). Analysis of reaction

times or errors in omission or commission did not indicate signif-

icant performance differences between the groups. This suggests

that subjects from both groups were able to perform the inhibitory

control task adequately at the presented level of difficulty.

Table 2. Behavioral Task Performance for the Go=NoGo

Task by Children with Bipolar Disorder and Healthy

Control Children

Variable
Mean (SD)

BD
(n¼ 26)

HC
(n¼ 22)

Go % correcta 84 (13) 96 (3)
NoGo % correct 80 (16) 86 (10)
Total % correctb 85 (8.8) 94 (4.2)
Go reaction time (msec) 386.12 (60.8) 370.4 (55.4)
NoGo reaction time (msec) 378.33 (41) 398.68 (56.4)
Total reaction time (msec) 386.17 (56.4) 372.25 (53.6)
False alarm rate 9.1 (7.2) 7.1 (5.2)
d-primec 3.98 (2.5) 5.69 (3.2)

aT¼ 3.35, df¼ 46, p¼ 0.002, d¼ 1.27, Levene’s test: F(1,46)¼ 5.25,
p¼ 0.03.

bT¼ 4.12, df¼ 46, p¼ 0.0002, d¼ 1.31, Levene’s test: F(1,46)¼ 6.33,
p¼ 0.02.

cT¼ 2.07, df¼ 46, p¼ 0.045, d¼ 0.60.
Abbreviations: SD¼ Standard deviation; BD¼ bipolar disorder; HC¼

healthy control.

Table 3. Significant Brain Activations for the NoGo minus Go Contrast in Children with Bipolar

Disorder and Healthy Controls

Group
Activated region

cluster p value< 0.001 BA
Number
of voxels T statistic

Z score, maximum
primary peak

Primary peak
location (x, y, z)

Within BD IFG 47 890 5.73 4.54 44, 16, �8
Occipital lobe, lingual gyrus 18 702 5.63 4.48 �14, �102, �10
R ACC 32 217 4.88 4.05 8, 18, 42

Within HC IFG 9 193 5.81 4.44 52, 6, 30
R ACC 32 553 5.11 4.07 10, 10, 46

BD-HC R DLPFC 9 188 4.21 3.85 34, 24, 34

Abbreviations: BA, Brodmann area; BD, bipolar disorder; IFG, Inferior frontal gyrus; R, right; ACC, anterior cingulate cortex; HC, healthy controls;
DLPFC, dorsolateral prefrontal cortex.
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Taken together, these results are consistent with the view that

excessive recruitment of the right prefrontal cortex by the BD group

during NoGo blocks may represent a mechanism for improving

behavioral performance during response inhibition. Furthermore,

our results support previous behavioral studies, suggesting that

problems in sustained attention may represent a trait deficit of

BD (Clark and Goodwin 2004; Doyle et al. 2005; Fleck et al. 2005).

Despite the discrepancy in Go trial behavioral performance,

there were no significant between-group activation differences for

the Go versus Rest contrast. This finding may indicate that, unlike

the increased DLPFC activation observed for NoGo blocks,

BD subjects were not able to neurally compensate for intrinsic

deficits in sustained attention. Selective increase in DLPFC acti-

vation during NoGo blocks in the BD group may have resulted from

the subjects’ deliberate attempt to comply with the experimental

focus on inhibiting inappropriate responses, as opposed to regu-

lating more automatized behavior such as that required for Go

blocks.

Our results are partially consistent with previous fMRI investi-

gations that have reported abnormalities in prefrontal circuitry in

pediatric BD (Blumberg et al. 2003b; Chang et al. 2004; Leibenluft

et al. 2007). While performing a color-naming Stroop task, 10

adolescents with BD, relative to controls, demonstrated increased

activation in subcortical regions, including the putamen and thal-

amus, relative to prefrontal areas, suggesting a developmental

disturbance in prefrontal functioning (Blumberg et al. 2003b). In a

FIG. 2. Areas of greater activation during the Go=NoGo task in the NoGo�Go (NoGo�Go) contrast in subjects with bipolar disorder
compared with controls. R¼Right; ACC¼ anterior cingulated cortex; L¼ left; Inf¼ inferior; DLPFC¼ dorsolateral prefrontal cortex.
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study of twelve 9- to 18-year-old males with BD, BD subjects

showed greater left DLPFC activation compared to controls during

a visuospatial working memory task, and greater bilateral DLPFC

activation while viewing negative relative to neutral-valenced

pictures (Chang et al. 2004). Some (n¼ 10) among this cohort also

performed the Go=NoGo task, and their results are presented in our

study. Taken together, these studies suggest prefrontal dysfunction

in pediatric BD across a variety of tasks, but are in contrast to the

recent finding of increased frontostriatal activation in healthy

controls relative to BD subjects during a stop signal task (Lei-

benluft et al. 2007).

In contrast to prior studies, our findings suggest an atypical

pattern of dorsal prefrontal activation in BD while achieving be-

havioral performance comparable to healthy controls. Alter-

natively, increased DLPFC activation in the BD group may be

generally associated with greater neural effort needed to perform

the cognitive task (MacDonald et al. 2000; Compton et al. 2003)

compared to the HC group. Differences in the tasks, behavioral

conditions, statistical contrasts employed, sample sizes, demo-

graphics, and clinical status across studies may all contribute to the

variable results. For example, the lack of findings in the striatum in

our current study may be attributable to the use of a simple design

that may not have featured complex cognitive processes mediated

by the striatum. Nevertheless, consistent with previous findings

alluding to abnormalities in prefrontal circuitry in BD, the pre-

frontal activation profile in the presence study may be associated

with emotional and attentional dysregulation in BD youth.

Some studies in adults with BD have suggested mood state-

dependent changes in subcortical neural activation during simple

motor tasks (Caligiuri et al. 2003; Caligiuri et al. 2006; Lohr and

Caligiuri 2006). On the basis of mood symptom ratings, our BD

group, on average, had mild severity of manic symptoms (mean

YMRS score¼ 15.6) and symptoms commensurate with a de-

pressed state (mean CDRS score¼ 44.1). However, neither mania

nor depression symptom severity was correlated with any task-

related behavioral measures or brain activation within the BD

group, suggesting that prefrontal overactivation observed in the BD

group during this task may be independent of a current mood state.

This lack of correlation between mood state and fMRI activation is

supported by other studies performed in BD subjects during periods

of euthymia (Strakowski et al. 2004), and longitudinal studies in

which frontostriatal activations remain consistent across several

mood states (Marchand et al. 2007).

Alhough we did not observe any indication that mood state af-

fected our primary results, previous studies from our group and

others suggest that increased prefrontal activation in subjects with

mood dysregulation may be a sign of increased cortical control over

a hyperactive limbic system (Mayberg 1997; Chang et al. 2004;

Phillips and Vieta 2007; Pavuluri et al. 2008). There may be several

possible reasons why we did not observe limbic hyperactivation in

this study. First, our task was not designed to target amygdalar

activation specifically. Nevertheless, it is possible that prefrontal

structures may have successfully suppressed any task independent

limbic hyperactivation in the BD group, even in the presence of

mild to moderate hypomanic and depressive symptomatology.

Alternatively, functional differences in limbic structures may only

be present during active (Foland et al. 2008) or prolonged symp-

toms of mania. In support of the latter hypothesis, bipolar adults

who have a longer course of manic symptoms show patterns of

limbic hyperactivity (Wessa et al. 2007) and diminished prefrontal

activity (Malhi et al. 2007) while performing both cognitively and

emotionally relevant fMRI tasks.

The co-occurrence of ADHD may be important when attempting

to interpret behavioral and neural correlates of response inhibition

in BD (Henin et al. 2007). In our study, most (81%) BD subjects

met criteria for ADHD and had high overall raw and standardized

Conners’ scores. Given the preponderance of ADHD symptoms in

our sample, it is surprising that our results did not show reductions

in frontostriatal activation during tasks of cognitive control as

demonstrated in populations with ADHD only (Durston et al. 2003;

Rubia et al. 2005; Vaidya et al. 2005). Other studies have also

shown increased activation in the ventrolateral prefrontal cortex

during interference control and response competition in ADHD

(Schulz et al. 2005).

To address this issue directly, we would need to have had more

equal proportions of BD subgroups with and without ADHD and

have an additional comparison group comprised of children with

just ADHD of comparable severity to our BD group. Although

there were no significant correlations between ADHD symptom

severity as measured by Conners’ scores and task-related behav-

ioral measures, brainstem activation in the level of the pons was

positively correlated with higher (more severe) Conners’ scores

after adjusting for age, suggesting activation of regions other than

frontostriatal networks previously examined in similar co-morbid

populations (Adler et al. 2005; Leibenluft et al. 2007). Increased

pontine activation could facilitate a compensatory level of alertness

in the BD group to permit more accurate or control level behavioral

performance on Go and NoGo epochs. Feasibility of brainstem

fMRI activation has been demonstrated (Komisaruk et al. 2002;

Campbell et al. 2007), but further investigation of this finding in

pediatric populations is warranted. Moreover, more precise mea-

sures of ADHD symptom severity than the parent-reported Con-

ners’ rating scale may be needed to confirm the relationship

between brain activation and symptom severity.

The NoGo�Go contrast employed in this study is associated with

several cognitive processes and component functions of response

inhibition, including sustained attention, target detection, and rule

maintenance (Aron and Poldrack 2005). We chose a block design to

examine a combination of these processes over a sustained period

of time to capitalize on a higher proportion of NoGo trials re-

presented as compared to those generated by an event-related

analysis. Although event-related designs and analyses might be

able to extract individual cognitive processes subserved by acti-

vated brain regions (e.g., differentiating neural processes occurring

during failed versus successful NoGo trials), they generate a lower

proportion of NoGo trials than a block design and are extremely

difficult for children with serious mood disorders to perform.

Moreover, in the context of high individual variances due to

complex clinical heterogeneity from psychiatric disorders co-

occurring with BD such as ADHD, a block design approach

was preferred over an event-related design. This approach has

been successfully used in typically developing children (Tamm

et al. 2002) and those with posttraumatic stress symptoms (Carrion

et al. 2008), fragile X (Hoeft et al. 2007), and ADHD (Epstein et al.

2007b). Using this method, the neural result of dorsolateral pre-

frontal overactivation in BD compared with HC is of particular

importance because high cortical cognitive areas may be vulnerable

to neurodegeneration and dysfunction with progression of bipolar

illness (Chang 2007).

Limitations

There are a few limitations to this study, including prior and

current history of medication exposure in the BD group and a lack
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of an ADHD-only comparison group. The generalizability of our

results and our ability to detect some functional group differences

may have been limited by interindividual differences in mood states

and cognitive strategies employed to optimize task performance.

Exposure of our subjects to psychotropic medications represents

another potential confound. However, due to ethical and practical

considerations, it is difficult to perform MRI studies on unmedi-

cated children with BD. Exploratory analyses suggested that there

may be general effects of medication exposure on brain activation

in BD subjects, although the group sizes for these analyses were

quite small and the length of exposure and number of medications

variable. This suggests the possibility of type I and II errors, as has

been described in previous studies examining medication effects on

fMRI results (Leibenluft et al. 2007).

Thus, the results of the medication analyses should be inter-

preted with caution and viewed as preliminary and hypothesis

generating. For multiple reasons, including the co-occurrence of

ADHD symptoms (Epstein et al. 2007a), the BD group had high

potential for motion, which necessitated the use of a mock scanner

training protocol prior to the scan and applying a motion correction

algorithm during postprocessing procedures. Behavioral or func-

tional subgroup analyses on BD subjects based on motion severity

were not possible due to the small sample size, but task-correlated

motion was not significantly different across the BD and HC

groups. Future studies examining larger samples would permit

additional subgroup analyses relating bipolar symptoms to cogni-

tive performance on executive functioning tasks.

Conclusions

In summary, the results of this study indicate that children and

adolescents with BD may need to recruit supplementary prefrontal

resources to successfully perform a response-inhibition task at

healthy control levels. These findings contribute to our current

understanding of the neurofunctional phenotype in pediatric BD

and suggest future directions for elucidating a neurobiological

explanation for the co-occurrence of pediatric BD with ADHD.

Additional assessment of neuropsychological performance coin-

cident with functional neuroimaging investigations of children,

adolescents, and adults with co-occurring BD and ADHD are

necessary to further clarify the role of brain networks underlying

response inhibition in these populations.

Disclosures

Drs. Singh, Mazaika, Garrett, Adleman, and Reiss, Mr. Kelley

and Ms. Howe have no financial ties or conflicts of interest to

disclose. Dr. Chang has received research grants from AstraZeneca

Pharmaceuticals, Eli Lilly and Company, Otsuka America Phar-

maceutical, Inc., and GlaxoSmithKline; is on the speakers bureau

of Abbott Laboratories, AstraZeneca Pharmaceuticals, Bristol-

Myers Squibb, and Eli Lilly and Company; is a consultant for

Abbott Laboratories, AstraZeneca Pharmaceuticals, Glaxo-

SmithKline, Eli Lilly and Company, and Shire Pharmaceuticals;

and is on the advisory boards of Abbott Laboratories and Eli Lilly

and Company.

Acknowledgments

The authors gratefully acknowledge the support of the Helena

Anna Henzl-Gabor Young Women in Science Fund, the National

Institute of Mental Health (K23 MH064460), the National Alliance

for Research on Schizophrenia and Depression (NARSAD),

the Hahn Family, and the Klingenstein Third Generation Foun-

dation.

References

Adler CM, DelBello MP, Mills NP, Schmithorst V, Holland S,

Strakowski SM: Comorbid ADHD is associated with altered pat-

terns of neuronal activation in adolescents with bipolar disorder

performing a simple attention task. Bipolar Disord 7:577–588,

2005.

American Psychiatric Association: Diagnostic and Statistical Manual

of Mental Disorders, 4th edition text revision (DSM-IV-TR).

Washington (DC): American Psychiatric Association, 2000.

Aron AR, Poldrack RA: The cognitive neuroscience of response in-

hibition: Relevance for genetic research in attention-deficit=

hyperactivity disorder. Biol Psychiatry 57:1285–1292, 2005.

Aron AR, Robbins TW, Poldrack RA: Inhibition and the right inferior

frontal cortex. Trends Cogn Sci 8:170–177, 2004.

Aron AR, Durston S, Eagle DM, Logan GD, Stinear CM, Stuphorn V:

Converging evidence for a fronto-basal-ganglia network for in-

hibitory control of action and cognition. J Neurosci 27:11860–

11864, 2007.

Biederman J, Faraone SV, Wozniak J, Mick E, Kwon A, Aleardi M:

Further evidence of unique developmental phenotypic correlates of

pediatric bipolar disorder: Findings from a large sample of clini-

cally referred preadolescent children assessed over the last 7 years.

J Affect Disord 82(Suppl 1):S45–S58, 2004.

Blumberg HP, Leung HC, Skudlarski P, Lacadie CM, Fredericks CA,

Harris BC, Charney DS, Gore JC, Krystal JH, Peterson BS: A

functional magnetic resonance imaging study of bipolar disorder:

State- and trait-related dysfunction in ventral prefrontal cortices.

Arch Gen Psychiatry 60:601–609, 2003a.

Blumberg HP, Martin A, Kaufman J, Leung HC, Skudlarski P, La-

cadie C, Fulbright RK, Gore JC, Charney DS, Krystal JH, Peterson

BS: Frontostriatal abnormalities in adolescents with bipolar disorder:

Preliminary observations from functional MRI. Am J Psychiatry

160:1345–1347, 2003b.

Braver TS, Barch DM, Gray JR, Molfese DL, Snyder A: Anterior

cingulate cortex and response conflict: Effects of frequency, inhi-

bition and errors. Cereb Cortex 11:825–836, 2001.

Bunge SA, Dudukovic NM, Thomason ME, Vaidya CJ, Gabrieli JD:

Immature frontal lobe contributions to cognitive control in children:

Evidence from fMRI. Neuron 33:301–311, 2002.

Caligiuri MP, Brown GG, Meloy MJ, Eberson SC, Kindermann SS,

Frank LR, Zorrilla LE, Lohr JB: An fMRI study of affective state

and medication on cortical and subcortical brain regions during

motor performance in bipolar disorder. Psychiatry Res 123:171–

182, 2003.

Caligiuri MP, Brown GG, Meloy MJ, Eberson S, Niculescu AB, Lohr

JB: Striatopallidal regulation of affect in bipolar disorder. J Affect

Disord 91:235–242, 2006.

Campbell LE, Hughes M, Budd TW, Cooper G, Fulham WR, Kar-

ayanidis F, Hanlon MC, Stojanov W, Johnston P, Case V, Schall U:

Primary and secondary neural networks of auditory prepulse inhi-

bition: A functional magnetic resonance imaging study of senso-

rimotor gating of the human acoustic startle response. Eur J

Neurosci 26:2327–2333, 2007.

Carrion VG, Garrett A, Menon V, Weems CF, Reiss AL: Posttrau-

matic stress symptoms and brain function during a response-

inhibition task: An fMRI study in youth. Depress Anxiety 25:

514–526, 2008.

Chang K: Adult bipolar disorder is continuous with pediatric bipolar

disorder. Can J Psychiatry 52: 418–425, 2007.

Chang K, Adleman NE, Dienes K, Simeonova DI, Menon V, Reiss A:

Anomalous prefrontal-subcortical activation in familial pediatric

22 SINGH ET AL.



bipolar disorder: A functional magnetic resonance imaging inves-

tigation. Arch Gen Psychiatry 61:781–792, 2004.

Clark L, Goodwin GM: State- and trait-related deficits in sustained

attention in bipolar disorder. Eur Arch Psychiatry Clin Neurosci

254:61–68, 2004.

Compton RJ, Banich MT, Mohanty A, Milham MP, Herrington J,

Miller GA, Scalf PE, Webb A., Heller W: Paying attention to emo-

tion: An fMRI investigation of cognitive and emotional stroop tasks.

Cogn Affect Behav Neurosci 3:81–96, 2003.

Crovitz HF, Zener K: A group-test for assessing hand- and eye-

dominance. Am J Psychol 75:271–276, 1962.

DelBello MP, Hanseman D, Adler CM, Fleck DE, Strakowski SM:

Twelve-month outcome of adolescents with bipolar disorder fol-

lowing first hospitalization for a manic or mixed episode. Am J

Psychiatry 164:582–590, 2007.

Doyle AE, Wilens TE, Kwon A, Seidman LJ, Faraone SV, Fried R,

Swezey A, Snyder L, Biederman J: Neuropsychological functioning

in youth with bipolar disorder. Biol Psychiatry 58:540–548, 2005.

Durston S, Tottenham NT, Thomas KM, Davidson MC, Eigsti IM,

Yang Y, Ulug AM, Casey BJ: Differential patterns of striatal ac-

tivation in young children with and without ADHD. Biol Psychiatry

53:871–878, 2003.

Elliott R, Ogilvie A, Rubinsztein JS, Calderon G, Dolan RJ, Sahakian

BJ: Abnormal ventral frontal response during performance of an

affective go=no go task in patients with mania. Biol Psychiatry

55:1163–1170, 2004.

Epstein JN, Casey BJ, Tonev ST, Davidson M, Reiss AL, Garrett A,

Hinshaw SP, Greenhill LL, Glover G, Shafritz KM, Vitolo A,

Kotler LA, Jarrett MA, Spicer J: Assessment and prevention of

head motion during imaging of patients with attention deficit hy-

peractivity disorder. Psychiatry Res 155:75–82, 2007a.

Epstein JN, Casey BJ, Tonev ST, Davidson MC, Reiss AL, Garrett A,

Hinshaw SP, Greenhill LL, Vitole A, Kotler LA, Jarrett MA, Spicer

J: ADHD- and medication-related brain activation effects in con-

cordantly affected parent-child dyads with ADHD. J Child Psychol

Psychiatry 48:899–913, 2007b.

Findling RL, Gracious BL, McNamara NK, Youngstrom EA, Demeter

CA, Branicky LA, Calabrese JR: Rapid, continuous cycling and

psychiatric co-morbidity in pediatric bipolar I disorder. Bipolar

Disord 3:202–210, 2001.

First MB, Spitzer RL, Gibbon M, Williams JBW: Structured Clinical

Interview for DSM-IV Axis I Disorders-Patient Version (SCID-P).

New York, 1996.

Fleck DE, Shear PK, Strakowski SM: Processing efficiency and sus-

tained attention in bipolar disorder. J Int Neuropsychol Soc 11:49–

57, 2005.

Foland LC, Altshuler LL, Bookheimer SY, Eisenberger N, Townsend

J, Thompson PM: Evidence for deficient modulation of amygdala

response by prefrontal cortex in bipolar mania. Psychiatry Res

162:27–37, 2008.

Frangou S, Haldane M, Roddy D, Kumari V: Evidence for deficit in

tasks of ventral, but not dorsal, prefrontal executive function as an

endophenotypic marker for bipolar disorder. Biol Psychiatry

58:838–839, 2005.

Friston KJ, Holmes AP, Worsley J-P, Poline CD, Frith CD, Frack-

owiak RSJ: Statistical parametric maps in functional imaging: A

general linear approach. Hum Brain Mapping 2:189–210, 1995.

Geller B, Bolhofner K, Craney JL, Williams M, DelBello MP, Gun-

dersen K: Psychosocial functioning in a prepubertal and early ad-

olescent bipolar disorder phenotype. J Am Acad Child Adolesc

Psychiatry 39:1543–1548, 2000.

Geller B, Zimmerman B, Williams M, Frazier J: WASH-U-KSADS

(Washington University at St. Louis Kiddie and Young Adult

Schedule for Affective Disorders and Schizophrenia–Lifetime and

Present Episode Version-DSM-IV). St. Louis: Washington Uni-

versity School of Medicine, 1996.

Giakoumaki SG, Roussos P, Rogdaki M, Karli C, Bitsios P, Frangou

S: Evidence of disrupted prepulse inhibition in unaffected siblings

of bipolar disorder patients. Biol Psychiatry 62:1418–1422, 2007.

Henin A, Mick E, Biederman J, Fried R, Wozniak J, Faraone SV,

Harrington K, Davis S, Doyle AE: Can bipolar disorder-specific

neuropsychological impairments in children be identified? J Con-

sult Clin Psychol 75:210–220, 2007.

Holmes AP, Friston KJ: Generalisability, random effects and popu-

lation inference. Neuroimage 7:S754, 1998.

Hoeft F , Hernandez A, Parthasarathy S, Watson CL, Hall SS, Reiss

AL: Fronto-striatal dysfunction and potential compensatory mech-

anisms in male adolescents with fragile X syndrome. Hum Brain

Mapping 28:543–554, 2007.

Komisaruk BR, Mosier KM, Liu WC, Criminale C, Zaborszky L,

Whipple B, Kalnin A: Functional localization of brainstem and

cervical spinal cord nuclei in humans with fMRI. AJNR Am J

Neuroradiol 23:609–617, 2002.

Larson ER, Shear PK, Krikorian R, Welge J, Strakowski SM:Working

memory and inhibitory control among manic and euthymic patients

with bipolar disorder. J Int Neuropsychol Soc 11:163–172, 2005.

Leibenluft E, Rich BA, Vinton DT, Nelson EE, Fromm SJ, Berghorst

LH, Joshi P, Robb A, Schachar RJ, Dickstein DP, McClure EB,

Pine DS: Neural circuitry engaged during unsuccessful motor in-

hibition in pediatric bipolar disorder. Am J Psychiatry 164:52–60,

2007.

Liddle PF, Kiehl KA, Smith AM: Event-related fMRI study of re-

sponse inhibition. Hum Brain Mapping 12:100–109, 2001.

Lohr JB, Caligiuri MP: Abnormalities in motor physiology in bipolar

disorder. J Neuropsychiatry Clin Neurosci 18:342–349, 2006.

MacDonald AW 3rd, Cohen JD, Stenger VA, Carter CS: Dissociating

the role of the dorsolateral prefrontal and anterior cingulate cortex

in cognitive control. Science 288:1835–1838, 2000.

Malhi GS, Lagopoulos J, Owen AM, Ivanovski B, Shnier R, Sachdev

P: Reduced activation to implicit affect induction in euthymic bi-

polar patients: An fMRI study. J Affect Disord 97:109–122, 2007.

Marchand WR, Lee JN, Thatcher J, Thatcher GW, Jensen C, Starr J: A

preliminary longitudinal fMRI study of frontal-subcortical circuits

in bipolar disorder using a paced motor activation paradigm.

J Affect Disord 103:237–241, 2007.

Mayberg HS: Limbic-cortical dysregulation: A proposed model of

depression. J Neuropsychiatry Clin Neurosci 9:471–481, 1997.

Mazaika P, Whitfield-Gabrielli S, Reiss A, Glover G: Artifact Repair

for fMRI Data from High Motion Clinical Subjects, with new re-

sults from 3D large motion correction. Human Brain Mapping

Conference. Florence, Italy, 2007.

McClure EB, Treland JE, Snow J, Dickstein DP, Towbin KE, Charney

DS, Pine DS, Leibenluft E: Memory and learning in pediatric bi-

polar disorder. J Am Acad Child Adolesc Psychiatry 44:461–469,

2005.

Mostofsky SH, Schafer JG, Abrams MT, Goldberg MC, Flower AA,

Boyce A, Courtney SM, Calboun VD, Kraut MA, Denckla MB,

Pekar JJ: fMRI evidence that the neural basis of response inhibition

is task-dependent. Brain Res Cogn Brain Res 17:419–430, 2003.

Nigg JT, Casey BJ: An integrative theory of attention-deficit=

hyperactivity disorder based on the cognitive and affective neuro-

sciences. Dev Psychopathol 17:785–806, 2005.

Pavuluri MN, O’Connor MM, Harral EM, Moss M, Sweeney JA:

Impact of neurocognitive function on academic difficulties in pe-

diatric bipolar disorder: A clinical translation. Biol Psychiatry

60:951–956, 2006.

Pavuluri MN, O’Connor MM, Harral EM, Sweeney JA: An fMRI

study of the interface between affective and cognitive neural

RESPONSE INHIBITION IN PEDIATRIC BIPOLAR DISORDER 23



circuitry in pediatric bipolar disorder. Psychiatry Res 162:244–255,

2008.

Phillips ML, Vieta E: Identifying functional neuroimaging biomarkers

of bipolar disorder: Toward DSM-V. Schizophr Bull 33:893–904,

2007.

Poznanski EO, Cook SC, Carroll BJ: A depression rating scale for

children. Pediatrics 64:442–450, 1979.

Psychological Corporation. Wechsler Abbreviated Scale of In-

telligence (WASI). San Antonio: Harcourt Brace & Company,

1999.

Rich BA, Vinton DT, Roberson-Nay R, Hommer RE, Berghorst LH,

McClure EB, Fromm SJ, Pine DS, Leibenluft E: Limbic hyper-

activation during processing of neutral facial expressions in chil-

dren with bipolar disorder. Proc Natl Acad Sci USA 103:8900–

8905, 2006.

Rowe KS, Rowe KJ: Norms for parental ratings on Conners’ Ab-

breviated Parent-Teacher Questionnaire: Implications for the design

of behavioral rating inventories and analyses of data derived from

them. J Abnorm Child Psychol 25:425–451, 1997.

Rubia K, Smith AB, Brammer MJ, Toone B, Taylor E: Abnormal brain

activation during inhibition and error detection in medication-naive

adolescents with ADHD. Am J Psychiatry 162:1067–1075, 2005.

Rubia K, Smith AB, Woolley J, Nosarti C, Heyman I, Taylor E,

Brammer M: Progressive increase of frontostriatal brain activation

from childhood to adulthood during event-related tasks of cognitive

control. Hum Brain Mapping 27:973–993, 2006.

Schulz KP, Tang CY, Fan J, Marks DJ, Newcorn JH, Cheung AM,

Halperin JM: Differential prefrontal cortex activation during

inhibitory control in adolescents with and without childhood

attention-deficit=hyperactivity disorder. Neuropsychology 19:390–

402, 2005.

Simmonds DJ, Pekar JJ, Mostofsky SH: Meta-analysis of Go=No-go

tasks demonstrating that fMRI activation associated with re-

sponse inhibition is task-dependent. Neuropsychologia 46:224–232,

2008.

Singh MK, Delbello MP, Fleck DE, Shear PK, Strakowski SM: In-

hibition and attention in adolescents with nonmanic mood disorders

and a high risk for developing mania. J Clin Exp Neuropsychol 31:

1–7, 2008.

Singh MK, DelBello MP, Kowatch RA, Strakowski SM: Co-

occurrence of bipolar and attention-deficit hyperactivity disorders

in children. Bipolar Disord 8:710–720, 2006.

Strakowski SM, Adler CM, Holland SK, Mills N, DelBello MP: A

preliminary FMRI study of sustained attention in euthymic, un-

medicated bipolar disorder. Neuropsychopharmacology 29:1734–

1740, 2004.

Suskauer SJ, Simmonds DJ, Fotedar S, Blankner JG, Pekar JJ,

Denckla MB, Mostofsky SH: Functional magnetic resonance im-

aging evidence for abnormalities in response selection in attention

deficit hyperactivity disorder: Differences in activation associated

with response inhibition but not habitual motor tesponse. J Cogn

Neurosci 20:478–493, 2008.

Tamm L, Menon V, Reiss AL: Maturation of brain function associated

with response inhibition. J Am Acad Child Adolesc Psychiatry

41:1231–1238, 2002.

Tillman R, Geller B: A brief screening tool for a prepubertal and early

adolescent bipolar disorder phenotype. Am J Psychiatry 162:1214–

1216, 2005.

Tillman R, Geller B: Controlled study of switching from attention-

deficit=hyperactivity disorder to a prepubertal and early adoles-

cent bipolar I disorder phenotype during 6-year prospective follow-

up: Rate, risk, and predictors. Dev Psychopathol 18:1037–1053,

2006.

Vaidya CJ, Austin G, Kirkorian G, Ridlehuber HW, Desmond JE,

Glover GH, Gabrieli JD: Selective effects of methylphenidate in

attention deficit hyperactivity disorder: A functional magnetic res-

onance study. Proc Natl Acad Sci USA 95:14494–14499, 1998.

Vaidya CJ, Bunge SA, Dudukovic NM, Zalecki CA, Elliott GR,

Gabrieli JD: Altered neural substrates of cognitive control in

childhood ADHD: Evidence from functional magnetic resonance

imaging. Am J Psychiatry 162:1605–1613, 2005.

Vink M, Kahn RS, Raemaekers M, van den Heuvel M, Boersma M,

Ramsey NF: Function of striatum beyond inhibition and execution

of motor responses. Hum Brain Mapping 25:336–344, 2005.

Wager TD, Sylvester CY, Lacey SC, Nee DE, Franklin M, Jonides J:

Common and unique components of response inhibition revealed

by fMRI. Neuroimage 27:323–340, 2005.

Wessa M, Houenou J, Paillere-Martinot ML, Berthoz S, Artiges E,

Leboyer M, Martinot JL: Fronto-striatal overactivation in euthymic

bipolar patients during an emotional go=nogo task. Am J Psychiatry

164:638–646, 2007.

Wickens T: Elementary Signal Detection Theory. New York: Oxford

University Press, 2002.

Wodka EL, Mahone EM, Blankner JG, Larson JC, Fotedar S, Denckla

MB, Mostofsky SH: Evidence that response inhibition is a primary

deficit in ADHD. J Clin Exp Neuropsychol 29:345–356, 2007.

Young RC, Biggs JT, Ziegler VE, Meyer DA: A rating scale for

mania: Reliability, validity and sensitivity. Br J Psychiatry 133:

429–435, 1978.

Address correspondence to:

Manpreet K. Singh, M.D., M.S.

Stanford University School of Medicine

Division of Child and Adolescent Psychiatry

401 Quarry Road

Stanford, CA 94305-5719

E-mail: mksingh@stanford.edu

24 SINGH ET AL.


