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relates of motor inhibition in healthy youths and adults 
are inconsistent, with some studies reporting increased 
prefrontal cortex activation in youths (10, 11) and others 
reporting the reverse (8).

Response inhibition in youths with bipolar disorder has 
been associated with decreased striatal, ventral prefrontal 
cortex, and anterior cingulate cortex activation compared 
with healthy youths (12). However, interpretation of these 
findings is complicated by comorbid attention deficit 
hyperactivity disorder (ADHD) in bipolar disorder, since 
both diagnoses are characterized by impulsivity. Differ-
ences in ventral prefrontal cortex and anterior cingulate 
cortex activation have been reported between youths with 
manic depression and healthy youths during a task requir-
ing motor inhibition (13). Finally, during response inhibi-
tion, adults with mania exhibit decreased activation in the 
ventral prefrontal (14) and anterior cingulate (15) cortices 
compared with neural activation in healthy adults.

Overall, this literature generates three conclusions: that 
motor inhibition deficits exist in bipolar disorder and 
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O b je c t iv e :  Despite increased interest 
in the developmental trajectory of the 
pathophysiology mediating bipolar dis-
order, few  studies have compared adults 
and youths w ith bipolar disorder. Deficits 
in motor inhibition are thought to play an 
important role in the pathophysiology of 
the illness across the age spectrum . The 
authors compared the neural circuitry 
mediating this process in bipolar youths 
relative to bipolar adults and in healthy 
volunteers.

M e tho d :  Participants were pediatric 
(N=16) and adult (N=23) patients w ith 
bipolar disorder and healthy child (N=21) 
and adult (N=29) volunteers. Functional 
MRI (fMRI) data were acquired while par-
ticipants performed the stop-signal task.

R e su lts :  During failed inhibition, an age 
group-by-diagnosis interaction manifest-
ed in the anterior cingulate cortex, w ith 
bipolar youths exhibiting hypoactivation 
relative to both healthy youths and bipo-
lar adults, and bipolar adults exhibiting 
hyperactivation relative to healthy adults. 

During successful inhibition, a main effect 
of diagnosis emerged in the right nucleus 
accumbens and the left ventral prefron-
tal cortex, w ith bipolar patients in both 
age groups showing less activation than 
healthy subjects.

Co n c lu s io n s :  Anterior cingulate cortex 
dysfunction during failed motor inhibi-
tion was observed in both bipolar youths 
and adults, although the nature of this 
dysfunction differed between the two 
groups. Adults and youths w ith bipolar 
disorder exhibited sim ilar deficits in acti-
vation of the nucleus accumbens and the 
ventral prefrontal cortex during success-
ful inhibition. Therefore, while subcortical 
and ventral prefrontal cortex hypoactiva-
tion was present in bipolar patients across 
the lifespan, anterior cingulate cortex dys-
function varied developmentally, w ith re-
duced activation in youths and increased 
activation in adults during failed inhibi-
tion. Longitudinal fMRI studies of the 
developmental trajectory of the neural 
circuitry mediating motor inhibition in bi-
polar disorder are warranted.

Interest in the developmental trajectory of bipolar dis-
order has increased in recent years, in the hope that a 
developmental perspective will lead to better prevention 
and treatment (1). While considerable research on devel-
opment involves the use of family history or longitudinal 
designs (2), few studies utilize neuroscience approaches. 
In this study, we used functional MRI (fMRI) and the stop-
signal task (3) to map the neural correlates of motor inhi-
bition in pediatric and adult bipolar disorder patients.

Motor inhibition impairments have been observed in 
both adult and pediatric bipolar disorder. Studies clearly 
implicate deficient motor inhibition in the adult form of 
the disorder (4), whereas data for pediatric bipolar disor-
der are less definitive (5). In adult bipolar disorder, mo-
tor inhibition deficits (4) have been linked to impulsivity 
during mania (6). In healthy adults, stop cues activate the 
ventral prefrontal cortex, enabling presupplementary mo-
tor area-mediated inhibition (7) via striatal circuits (8). 
Response conflict from these cues is detected by the an-
terior cingulate cortex (9). Data comparing the neural cor-
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(i.e., <55% accuracy on go trials) (13.1%), equipment failure or 
poor scan quality (7.2%), and abnormal clinical findings (2.0%). 
More children than adults (p<0.01) were excluded for movement. 
The final study sample (N=89) includes 16 children with bipolar 
disorder and 21 healthy children, for whom data have been  previ-
ously reported (12).

Stop -S igna l Ta sk

For the stop-signal task (3), a white cross appeared at the cen-
ter of the screen for 500 msec at the start of each trial. The cross 
was replaced by an “X” or “O” go signal for 1000 msec. Using a 
button-press response box, participants were instructed to press 
“1” for an “X” presentation and “2” for an “O” presentation. Par-
ticipants were instructed to respond within 1000 msec unless the 
stop signal appeared (i.e., the background color changed to red). 
This occurred on 25% of trials (i.e., stop trials). Participants were 
to refrain from pressing the button if the stop signal appeared.

On the first stop trial, the stop signal appeared 250 msec after 
the go signal. Subsequent stop-signal timing was adjusted trial-
by-trial based on participant performance. When a participant 
inhibited successfully, the next stop signal appeared 50 msec later 
than it appeared on the previous stop trial; otherwise, the signal 
appeared 50 msec earlier. Trials were separated by 750 msec.

Before scanning, patients and comparison subjects were 
trained to a mean reaction time <1000 msec on go trials. Dur-
ing scanning, participants completed four runs, each consisting 
of randomly presented go (N=32), stop (N=16 [eight correct and 
eight incorrect]), and fixation (N=16) trials. This resulted in 32 
correct and 32 incorrect stop trials per participant.

Scann ing  A cqu isitio n

Scanning was conducted using a General Electric Signal 3T 
scanner (General Electric, Milwaukee). Participants viewed stim-
uli through Avotec Silent Vision glasses (Avotec, Inc., Stuart, Fla.). 
A high-resolution T1-weighted anatomical image following stan-
dardized magnetization-prepared gradient echo sequence was 
collected (180 1-mm sagittal slices; field of view=256 mm; number 
of excitations=1; TR=11.4 msec; TE=4.4 msec; matrix=256×256; 
TI=300 msec; bandwidth=130 Hz/pixel, 33 kHz/256 pixels). Gra-
dient echo planar images (23 contiguous 5-mm axial slices/brain 
volume; parallel to the anterior and posterior commissure line; 
single-shot gradient echo T2*-weighting [matrix=64×64; TR=2000 
msec; TE=40 msec; field of view=240 mm; voxel size=3.75 mm × 
3.75 mm × 5 mm]) were collected following manual shim and sag-
ittal localization.

Ana ly se s

Behav io ra l d a ta . For each group, we computed the means for 
accuracy on go and stop trials, for response time on go trials, and 
for the time between the go and stop-signal onsets (or “inhibit de-
lay”) on stop trials. The stop-signal reaction time was calculated by 
subtracting the mean go-trial response time from the mean inhibit 
delay at the point when the participant’s accuracy on stop trials 
was 50% (3) (if 50% accuracy was not achieved, the mean inhibit 
delay was subtracted from the reaction time at the nth percentile 
of go trials, in which n was the participant’s stop-trial accuracy).

Differences in the means for stop and go accuracy, reaction 
time, inhibit delay, and stop-signal reaction time were tested 
independently using separate 2×2 (age group [pediatric, adult]-
by-diagnosis [bipolar disorder, healthy comparison]) factorial 
univariate analyses of variance (ANOVAs). Post hoc contrasts be-
tween groups were conducted using Tukey’s test.

Im ag in g  d a ta . We used SPM 8.0 (Wellcome Department of Cog-
nitive Neurology, Institute of Neurology, London [http://www.
fil.ion.ucl.ac.uk/spm]) and the MATLAB 7.0 software package 
(MathWorks, Natick, Mass.) to examine the images. Preprocessing 
included slice timing correction, motion correction, spatial nor-

are related to impulsivity; that motor inhibition is medi-
ated by frontostriatal circuitry that is dysfunctional dur-
ing inhibition in bipolar disorder; and that the functional 
circuitry mediating inhibition varies developmentally in 
healthy individuals. However, to our knowledge, no study 
has directly contrasted the neural correlates of motor inhi-
bition in adult and pediatric bipolar disorder. Using event-
related fMRI, we tested for age group-by-diagnosis inter-
actions during successful and unsuccessful inhibition on 
the stop-signal task. Patients with ADHD were excluded 
because comorbid ADHD complicates the interpretation 
of neuroimaging findings (12). Available data from the 
literature suggest three regions of interest: the anterior 
cingulate cortex, the ventral prefrontal cortex, and the 
striatum. Based on this literature, we hypothesized that 
compared with healthy volunteers, bipolar patients would 
exhibit reduced levels of activity in these regions during 
failed inhibition (12–14) and that given evidence of in-
creasing inhibitory ability throughout adolescence (16), 
this effect would be most pronounced in youths.

M ethod

Pa rtic ipan ts

Participants were part of an ongoing institutional review board-
approved study at the National Institute of Mental Health (Bethes-
da, Md.). Adults and parents/guardians of children provided in-
formed consent, while children provided informed assent.

Patient recruitment was conducted through advertisements 
directed at support groups and clinicians. Healthy volunteers 
(children, N=21; adults, N=29) were recruited from the commu-
nity through advertisements; they had no lifetime psychiatric di-
agnoses or first-degree relatives with a mood or anxiety disorder. 
Exclusion criteria for all participants were an IQ <80, substance 
abuse within the past 3 months, major medical illnesses, a neu-
rological disorder or neurological damage, comorbid ADHD, and 
pervasive developmental disorders. No participants were related.

Children were assessed for axis I disorders, including ADHD, 
with the Schedule for Affective Disorders and Schizophrenia for 
School-Age Children–Present and Lifetime Version (17). Bipolar 
children (N=16) met criteria for narrow phenotype bipolar dis-
order, with at least one hypomanic (≥4 days) or manic (≥7 days) 
episode with abnormally elevated mood or grandiosity and at 
least three criterion B mania symptoms (18). Thirteen children 
(81.3%) had type I bipolar disorder, and three (18.8%) had type 
II. Adults were assessed for axis I disorders using the Structured 
Clinical Interview for DSM-IV-TR Axis I Disorders–Research Ver-
sion, Patient Edition (19) or the Diagnostic Interview for Genetic 
Studies (20). For all adults (N=23), ADHD was assessed using the 
ADHD module of the Diagnostic Interview for Genetic Studies. 
The adult bipolar group consisted of 14 (60.9%) patients with type 
I bipolar disorder and nine (39.1%) with type II. Interviewers were 
master’s- or doctoral-level clinicians with excellent interrater reli-
ability (kappa values, >0.9 for all diagnoses).

In pediatric bipolar patients, mood was assessed within 48 
hours of scanning using the Children’s Depression Rating Scale 
(CDRS) (21) and the Young Mania Rating Scale (YMRS) (22). In 
the adult patient group, mood was assessed within 48 hours of 
scanning using the Structured Interview Guide for the Hamilton 
Depression Rating Scale, Seasonal Affective Disorders Version 
(SIGH-SAD) (23) and Young Mania Rating Scale.

Of 153 individuals scanned, data were excluded for 64 (41.8%), 
specifically for excessive movement (19.6%), poor performance 
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(YMRS score >12; SIGH-SAD score ≥20). The pediatric and 
adult bipolar groups did not differ in the percentage of 
euthymic patients. The mean YMRS score was higher in 
the pediatric bipolar group (mean=7.75) than in the adult 
bipolar group (mean=3.90; t=2.15, df=35, p<0.04), and 
more adult patients than child patients were depressed 
(p<0.006, Fisher’s exact test). More pediatric patients than 
adult patients met criteria for oppositional defiant dis-
order, and more pediatric patients were medication free 
(children receiving medication, N=19 [56.2%]; adults re-
ceiving medication, N=22 [95.7%], p<0.002, Fisher’s exact 
test). As expected, the mean age at mania onset differed 
between the patient groups (pediatric mean=11.7 years; 
adult mean=21.8 years; t=3.41, df=34, p<0.002).

Behav io ra l Da ta

No age group-by-diagnosis interactions were observed 
on any measure (Table 2). There was a main effect of di-
agnosis on stop-trial accuracy, with healthy subjects hav-
ing a higher accuracy than bipolar patients (F=4.30, df=3, 
85, p<0.04). There was also a main effect of age on behav-
ioral performance, with adults having higher stop-trial 
accuracy (F=13.41, df=3, 85, p<0.001), go-trial response 
time (F=17.83, df=3, 85, p<0.001), and mean inhibit delay 
(F=14.60, df=3, 85, p<0.001) relative to children. No group 
differences were observed for stop-signal reaction time.

Im ag ing  Da ta

Re g io n -o f-in te re s t an a ly s is : s to p -in co rre c t ve r su s g o  co n -

tra s t. On the stop-incorrect versus go contrast, there was 
an age group-by-diagnosis interaction in the left (F=12.98, 
df=3, 85, p<0.001 [uncorrected], p<0.005 [corrected for 
the number of regions of interest]) and right anterior 
cingulate cortices (F=13.80, df=3, 85, p<0.001 [uncor-
rected], p<0.005 [corrected for the number of regions of 
interest]) (Table 3, Figure 1). In both these regions, pedi-
atric patients had decreased activation relative to healthy 
children (left: p<0.008; right: p<0.001) and adult patients 
(left: p<0.001; right: p<0.002). Activation in the left ante-
rior cingulate cortex was higher in adult patients relative 
to healthy adults (p<0.01). In the right anterior cingulate 
cortex, activation in healthy children was higher than in 
healthy adults (p<0.04).

Post hoc analyses of the stop-incorrect versus fixation 
contrast revealed decreased activation in the left and right 
anterior cingulate cortices in pediatric patients relative to 
healthy children (left: t=2.08, df=35, p<0.05; right: t=2.42, 
df=35, p<0.02) and adult patients (left: t=2.63, df=37, 
p<0.01; right: t=2.91, df=37, p<0.006). No group differenc-
es were observed on the go versus fixation contrast.

Re g io n -o f-in te re s t an a ly s is : s to p -co rre c t ve r su s g o  co n -

tra s t. There was a main effect of diagnosis in the right nu-
cleus accumbens, with healthy subjects exhibiting greater 
activation in this region than bipolar patients (F=6.58, 
df=1, 87, p<0.01 [uncorrected], p=0.06 [corrected for the 
number of regions of interest]) (Figure 2). Post hoc analy-

malization to Montreal Neurological Institute space, and smooth-
ing (kernel full width at half maximum=8). At the participant level, 
event-related response amplitudes were estimated using the gen-
eral linear model. Event types were unsuccessful stop (stop in-
correct) trials, go trials (only correct go trials were included), and 
successful stop (stop correct) trials. Three contrasts were used 
for the primary analysis: stop correct versus go; stop correct ver-
sus stop incorrect; and stop incorrect versus go. These contrasts 
controlled for response accuracy, task demand, and presence of 
a motor response, respectively. Individual contrast images were 
created using pairwise comparisons of event-related response 
amplitudes and then entered into second-level random-effects 
group analyses. A high-pass filter (0.0078 Hz) was used.

Motivated by previous findings (12–15), we used small-vol-
ume-corrected region of interest analyses to test our hypotheses. 
Since the adult groups differed in mean age, we included age as 
a covariate of adult data. We used a factorial design to test for a 
2×2 (age group-by-diagnosis) interaction in each region of inter-
est (the left and right putamen, caudate, nucleus accumbens, 
anterior cingulate cortex, and ventral prefrontal cortex) using 
anatomical templates applied to each participant’s data. For each 
contrast, we 1) identified clusters in which the peak surpassed 
the p<0.05 threshold (using the small-volume-corrected proce-
dure in SPM); 2) averaged the estimated contrast values across 
these clusters for each participant; and 3) conducted univariate 
ANOVAs and Tukey’s post hoc tests in SPSS to clarify group activa-
tion differences in the clusters. We report the p values from these 
region-of-interest analyses as well as the Bonferroni-corrected p 
values that account for the fact that we examined activation in 
five regions of interest.

To decompose the interactions from the primary contrasts, we 
compared group differences on stop-incorrect versus fixation tri-
als, stop-correct versus fixation trials, and go versus fixation trials 
separately and in clusters identified by the primary analysis. In 
addition, an exploratory whole-brain analysis was conducted for 
each primary contrast using a statistical threshold of p≤0.005 and 
a spatial extent of 20 contiguous voxels (24).

Separate exploratory post hoc analyses examined the effect of 
mood state, medication status, and comorbid oppositional defi-
ant disorder, since bipolar children and adults differed on these 
variables. To test whether the primary effects remained significant 
when controlling for these differences, we stratified the bipolar 
disorder sample into euthymic and noneuthymic and medicated 
and nonmedicated subgroups. Similar techniques were used to 
test the effect of oppositional defiant disorder.

Re su lts

Dem ograph ic  and  C lin ica l Cha ra c te ristic s

Bipolar disorder subtype did not differ significantly be-
tween child and adult patients (Table 1). There were no 
between-group differences in IQ or gender distribution. 
Adult bipolar patients (mean=40.85 years) were older on 
average than healthy adults (mean=35.18 years; t=–2.05, 
df=50, p<0.05).

Twelve (75.0%) child bipolar patients were euthymic 
(YMRS score ≤12; CDRS score ≤40), and four (25.0%) 
were hypomanic (YMRS score range 12–24; CDRS score 
≤40). Eleven (47.8%) adult bipolar patients were euthy-
mic (YMRS score ≤12; SIGH-SAD score <20), eight (34.8%) 
were depressed (YMRS score ≤12; SIGH-SAD score ≥20), 
one (4.3%) was hypomanic (YMRS score range 12–24; 
SIGH-SAD score <20), and one (4.3%) had a mixed state 
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age group, or diagnosis effects on the stop-correct versus 
stop-incorrect contrast.

W ho le -b ra in  ana ly s is . No effects that reached statistical 
significance were observed on the three primary contrasts 
during the exploratory whole-brain analysis.

A sso c ia tio n s o f  C lin ica l Va riab le s W ith  B ra in  
A c tiva tio n

M ood . The age group-by-diagnosis interaction for the 
stop-incorrect versus go contrast remained significant 
when only euthymic patients (pediatric patients, N=12; 
adult patients, N=11) were included in the analysis (left 
anterior cingulate cortex: F=6.40, df=3, 69, p<0.01; right 
anterior cingulate cortex: F=7.22, df=3, 69, p<0.009). The 
main effect of diagnosis in the stop-correct versus go con-

sis of the stop-correct versus fixation contrast showed 
that this was a result of increased activity in the nucleus 
accumbens in healthy subjects relative to bipolar patients 
during stop-correct trials (t=2.58, t=87, p<0.01).

There was a main effect of diagnosis in the left ventral 
prefrontal cortex, with healthy subjects showing increased 
activation compared with bipolar patients (F=9.39, df=1, 
87, p<0.003 [uncorrected], p<0.02 [corrected for the num-
ber of regions of interest]) (Figure 2). Post hoc analysis of 
the stop-correct versus fixation contrast showed that this 
was driven by increased activity in healthy subjects rela-
tive to bipolar patients during stop-correct trials (t=3.00, 
df=87, p<0.004).

Re g io n -o f-in te re s t an a ly s is : s to p -co rre c t ve r su s s to p -in -

co rre c t co n tra s t. There were no age group-by-diagnosis, 

TA BLE  1 . D em og raph ic  and  C lin ica l Charac te ristic s  o f  Ped ia tric  and  A du lt Pa tien ts  W ith  B ipo la r D iso rde r and  H ea lthy  Ch ild  
and  A du lt Vo lun tee rsa

Bipolar Disorder Patients Healthy Volunteers

Characteristic Child (N=16) Adult (N=23) Child (N=21) Adult (N=29)

Mean SD Mean SD Mean SD Mean SD
Age (years) 14.65 2.19 40.85 11.81 13.79 1.97 35.18 8.06
Wechsler Abbreviated Scale of Intelligence, 
full-scale IQb

107.81 11.88 114.80 10.35 114.00 13.95 115.57 9.37

Young Mania Rating Scale scorec 7.75 5.98 3.90 4.90
Children’s Depression Rating Scale score 24.81 5.43 N/A
Structured Interview Guide for the Hamilton 
Depression Rating Scale, Seasonal Affective 
Disorders Version scored

N/A 16.62 11.40

Age at onset of mania (years)e 11.71 3.65 21.82 10.66
Number of medications 1.57 1.65 2.48 1.53

N % N % N % N %
Male 8 50.0 7 30.4 12 57.1 11 37.9
Mood state
  Euthymic 12 75.0 11 47.8
  Depressed 0 0 8 34.8
  Hypomanic 4 25.0 1 4.3
  Mixed state 0 0 1 4.3
Bipolar subtype
  Type I 13 81.3 14 60.9
  Type II 3 18.7 9 39.1
Any comorbidity 13 81.3 15 60.0
Any anxiety disorder 7 43.8 6 26.1
Oppositional defiant disorder 4 25.0 0 0
Conduct disorder 1 6.25 0 0
Any substance abuse or dependence 0 0 2 8.7
Medication treatment
  Medication free 7 43.8 1 4.3
  Atypical antipsychotic 4 25.0 10 43.8
  Lithium 3 18.8 5 21.7
  Antiepileptic 6 37.5 15 65.2
  Antidepressant 5 31.3 9 39.1
  Stimulant 2 12.5 1 4.3
a	Significant differences in age were observed between bipolar and healthy adults (p<0.05) but not between bipolar and healthy children. 

Between-group differences were observed in bipolar patients and healthy subjects in Young Mania Rating Scale score (p<0.05), age at onset 
of mania (p<0.05), depression (p<0.01), oppositional defiant disorder (p<0.05), and medication free status (p<0.01).

b	Data were missing for two bipolar adults and one healthy adult.
c	Data were missing for two bipolar adults.
d	Data were missing for two bipolar adults.
e	Data were missing for two bipolar children and one bipolar adult.
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effect is most pronounced in youths. During unsuccessful 
inhibition, there was an age group-by-diagnosis interac-
tion, with bipolar youths showing reduced activity in the 
left and right anterior cingulate cortex relative to both 
healthy children of similar age and adult bipolar patients, 
and adult bipolar patients showing increased activation in 
the left anterior cingulate cortex relative to healthy adults. 
During successful inhibition, there was a main effect of 
diagnosis, with healthy subjects showing greater activity 
in the left ventral prefrontal cortex and the right nucleus 
accumbens compared with bipolar patients. Dysregula-
tion in the ventral prefrontal cortex, nucleus accumbens, 
and anterior cingulate cortex during response inhibition 
exists across development in bipolar patients, suggesting 
that this dysfunction is central to the pathophysiology of 
bipolar disorder. Further analyses suggested that our find-
ings were not a result of differences between pediatric and 
adult patients on mood, comorbid oppositional defiant 
disorder, or medication status.

The anterior cingulate cortex mediates conflict moni-
toring and error detection during choice tasks (9). In our 
study, healthy youths showed increased anterior cingulate 
cortex activation relative to healthy adults when making 
errors, which is consistent with research indicating that 
error detection develops from childhood into adulthood 
(26). Few investigations of bipolar disorder have focused 
on anterior cingulate cortex activation during motor inhi-
bition, and none have directly compared adult and pediat-
ric patients. In a study comparing motor inhibition in chil-
dren with mania relative to healthy comparison youths, 
decreased anterior cingulate cortex activity was observed 
in the mania group (13), while in a previous study, adults 
with bipolar disorder did not differ from healthy com-
parison subjects (27). In the present study, pediatric bi-

trast in both the right nucleus accumbens (F=4.47, df=1, 
71, p<0.04) and the left ventral prefrontal cortex (F=8.21, 
df=1, 71, p<0.005) also remained significant when only eu-
thymic patients were included.

M ed ic a tio n  s ta tu s . The age group-by-diagnosis interaction 
for the stop-incorrect versus go contrast remained signifi-
cant when only patients who were receiving medication 
were included in the analysis (pediatric, N=9; adult, N=22; 
left anterior cingulate cortex: F=6.23, df=3, 77, p<0.02; 
right anterior cingulate cortex: F=6.23, df=3, 77, p<0.02). 
On the stop-correct versus go contrast, the main effect of 
diagnosis in the right nucleus accumbens (F=5.35, df=1, 
79, p<0.02) and the left ventral prefrontal cortex (F=7.42, 
df=1, 79, p<0.008) remained significant.

Com o rb id  o pp o sitio na l d efian t d iso rd e r. The age group-
by-diagnosis interaction for the stop-incorrect versus go 
contrast remained significant when pediatric patients with 
comorbid oppositional defiant disorder (N=4) were exclud-
ed from the analysis (left anterior cingulate cortex: F=9.44, 
df=3, 81, p<0.003; right anterior cingulate cortex: F=9.20, 
df=3, 81, p<0.003). On the stop-correct versus go contrast, 
the main effect of diagnosis in the right nucleus accumbens 
(F=7.47, df=1, 83, p<0.008) and the left ventral prefrontal 
cortex (F=9.18, F=1, 83, p<0.003) remained significant.

D iscu ssion

Recent reports emphasize the importance of studying 
neurodevelopment in individuals with bipolar disorder (1, 
25). Using fMRI during response inhibition in adult and 
child patients with bipolar disorder and in healthy com-
parison subjects, we confirmed our hypothesis that bipo-
lar patients without ADHD exhibit frontostriatal dysregu-
lation during unsuccessful response inhibition, and this 

TA BLE  2 . Pe rfo rm ance  on  the  S top -S igna l Ta sk  Du ring  Scann ing  (P re sen ted  by  G roup ) A m ong  Ped ia tric  and  A du lt Pa tien ts  
W ith  B ipo la r D iso rde r and  H ea lthy  Ch ild  and  A du lt Vo lun tee rs

Child Adult

Healthy 
(N=21)

Bipolar 
(N=16)

Healthy 
(N=29)

Bipolar 
(N=23)

Age-by-Diagnosis 
Factorial F Statistic

Variable Mean SD Mean SD Mean SD Mean SD
Inter-
action

Diag-
nosis Age

Planned Post Hoc 
(Tukey’s Test)

Accuracy (%)
  Go trial 83.9 11.4 83.0 12.5 85.8 10.5 82.2 11.1 0.3 0.8 0.0
  Stop trial 53.4 10.8 48.4 8.5 59.0 7.7 56.3 7.2 0.4 4.3* 13.4*** Adult bipolar > pediatric 

bipolar**; healthy adult 
> pediatric bipolar***

Go-trial reaction 
time (msec)

696.8 109.4 656.3 80.7 763.9 94.9 757.0 75.1 0.7 1.4 17.8*** Adult bipolar > pediatric 
bipolar***; healthy adult 

> pediatric bipolar***
Inhibit delay 
(msec)a

504.6 127.6 431.8 110.5 562.1 119.0 558.9 82.7 2.0 2.5 14.6*** Adult bipolar > pediatric 
bipolar***; healthy adult 

> pediatric bipolar***
Stop-signal reac-
tion time (msec)b

198.6 41.3 210.3 39.3 235.3 84.2 218.4 43.4 1.2 0.04 3.0

a	Data indicate the interval between go and stop-signal onsets.
b	See the article text for the method of calculation.
* p<0.05. **p<0.01. ***p<0.001 (between-group differences in bipolar patients relative to healthy volunteers).
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performance. The hyperactivation in bipolar adults may 
result from functional compensation for the hypoacti-
vation that is present and impairing in childhood. This 
compensatory hyperactivation in individuals with bipolar 
disorder may emerge as the anterior cingulate cortex con-
tinues to develop throughout adolescence and adulthood 
(28, 29). Alternatively, pediatric-onset bipolar disorder 
may differ from the adult-onset form in certain patho-
physiological and clinical features, including anterior cin-
gulate cortex hypoactivation during unsuccessful motor 
inhibition, mode of inheritance (30), and increased heri-
tability (31). These possibilities can be dissociated only by 
longitudinal studies.

Compared with healthy youths, decreased activation in 
the striatum, ventral prefrontal cortex, and anterior cingu-
late cortex during unsuccessful inhibition has been report-
ed in bipolar youths with co-occurring ADHD (12), while 
decreased activation in the ventral prefrontal cortex (14) 
and anterior cingulate cortex (15) during response inhibi-
tion has been observed in bipolar adults. These previous 
findings, as well as findings from the present analysis of 
bipolar youths without ADHD, resemble results from some 
studies of ADHD. Specifically, anterior cingulate cortex hy-
poactivation has been reported in youths with ADHD dur-
ing unsuccessful inhibition (32, 33), while ventral prefron-
tal cortex hypoactivation has been reported in adults with 
ADHD during successful inhibition (34). This suggests that 
similar neural dysfunction may be present across diagno-
ses in patients with shared motor inhibition deficits.

polar patients had decreased anterior cingulate cortex 
activation during failed motor inhibition compared with 
healthy children and bipolar adults, whereas adult bipolar 
patients had increased anterior cingulate cortex activa-
tion relative to healthy adults. This indicates that error de-
tection during motor inhibition may develop abnormally 
in individuals with bipolar disorder relative to healthy in-
dividuals. Our data support existing evidence that cortical 
dysfunction is already present in children with bipolar dis-
order and does not first emerge in adulthood (13, 24). The 
anterior cingulate cortex hypoactivation that we observed 
in the pediatric bipolar group during unsuccessful inhibi-
tion is similar to that previously found in bipolar youths 
during response inhibition, when unsuccessful and suc-
cessful inhibition trials were analyzed together (13). Addi-
tionally, the anterior cingulate cortex hyperactivation that 
we observed in bipolar adults adds to existing evidence of 
anterior cingulate dysregulation during response inhibi-
tion, with adult bipolar patients previously showing hypo-
activation in this region during successful response inhi-
bition compared with nontargets (15).

Here, the anterior cingulate cortex was not engaged ap-
propriately in bipolar youths during cognitive conflict, 
which could diminish the ability of these youths to inhibit 
inappropriate responses to external cues in real-world 
environments, such as when they interact with teachers, 
parents, and friends. Additionally, bipolar adults exhibited 
anterior cingulate cortex hyperactivation during response 
conflict, relative to healthy adults, to produce comparable 

TA BLE  3 . Be tw een -G roup  D iffe rence s in  B ra in  A c tiv a tion  in  Ped ia tric  and  A du lt Pa tien ts  W ith  B ipo la r D iso rde r and  H ea lthy  
Ch ild  and  A du lt Vo lun tee rs

Area of Activa-
tion/Second-
ary Contrast

Hemi-
sphere

Cluster 
Sizea

Montreal 
Neurologi-
cal Institute 
Coordinates 

(x, y, z) Between-Group DifferencesbPrimary Contrast and Effect

Analysis

F (df= 	
3, 85) p

Stop incorrect vs. go correct
Interaction of diagnosis 
and age

Anterior cin-
gulate cortex

Right 777 4, 42, 6 13.80 <0.001 Healthy child > pediatric bipolar**; 
healthy child > healthy adult*; adult 

bipolar > pediatric bipolar**
Stop incorrect 

vs. fixation
Adult bipolar > pediatric bipolar*; 
healthy child > pediatric bipolar*

Anterior cin-
gulate cortex

Left 869 4, 42, 6 12.98 <0.001 Healthy child > pediatric bipolar*; 
adult bipolar > pediatric bipolar**; 

adult bipolar > healthy adult*
Stop incorrect 

vs. fixation
Adult bipolar > pediatric bipolar*; 

healthy child > pediatric child*
Stop correct vs. go correct
Main effect of diagnosis Nucleus ac-

cumbens
Right 24 16, 4, –6 6.58 <0.01 Healthy subjects > bipolar patients*

Stop correct 
vs. fixation

Healthy subjects > bipolar patients*

Ventral pre-
frontal cortex

Left 405 –26, 26, –8 9.39 <0.001 Healthy subjects > bipolar patients*

Stop correct 
vs. fixation

Healthy subjects > bipolar patients*

a	Determined using a significance threshold of p<0.05 and corrected for the number of voxels in each region.
b	Secondary contrasts were conducted in regions identified by the primary contrasts (e.g., stop incorrect vs. go correct) to be significantly dif-

ferent between groups.
*p<0.05. ** p<0.001.
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FIGURE  1 . M ean  A c tiv a tion  in  the  Le ft and  R igh t A n te rio r 
C ingu la te  Co rte x  Du ring  the  S top -In co rre c t Ve rsu s G o  Con -
tra st A m ong  Ped ia tric  and  A du lt Pa tien ts  W ith  B ipo la r D is-
o rde r and  H ea lthy  Ch ild  and  A du lt Vo lun tee rsa

a	The brain images depict anterior cingulate cortex activation during 
the stop-incorrect versus go contrast; the upper bar graph illus-
trates mean activation in the right anterior cingulate cortex (Mon-
treal Neurological Institute [MNI] coordinates: x=4, y=42, z=6); and 
the lower bar graph illustrates mean activation in the left anterior 
cingulate cortex (MNI coordinates: x=4, y=42, z=6).

FIGURE  2 . M ean  A c tiv a tion  in  the  Le ft Ven tra l P re fron ta l 
Co rte x  and  R igh t Nuc leu s A ccum bens Du ring  the  S top -
Co rre c t Ve rsu s G o  Con tra st A m ong  Ped ia tric  and  A du lt Pa -
tien ts  W ith  B ipo la r D iso rde r and  H ea lthy  Ch ild  and  A du lt 
Vo lun tee rsa

a	The brain images depict ventral prefrontal cortex and nucleus ac-
cumbens activation during the stop-correct versus go contrast; the 
upper bar graph illustrates mean activation in the left ventral pre-
frontal cortex (Montreal Neurological Institute [MNI] coordinates: 
x=–26, y=26, z=8); and the lower bar graph illustrates mean activa-
tion in the right nucleus accumbens (MNI coordinates: x=16, y=4, 
z=–6).
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of developmentally informed models. To our knowledge, 
no prior fMRI study has compared pediatric and adult 
bipolar patients using any cognitive task. We examined 
motor inhibition, a psychological construct implicated 
with some consistency in both pediatric and adult bipolar 
patients. Hence, our results may initiate a new phase of 
developmentally informed longitudinal imaging.

Our study provides evidence of developmental differ-
ences in frontostriatal activation between bipolar patients 
and healthy subjects. Understanding how brain activa-
tion and behavior progress in bipolar disorder can be 
addressed only through longitudinal fMRI studies. Such 
studies would help in the accurate diagnosis of pediatric 
bipolar disorder, in understanding age-specific deficits in 
bipolar disorder, and in applying intervention strategies 
appropriate for developmental stage in the illness.
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