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Abstract

Impulsivity, inattention and poor behavioral inhibition are common deficits in PBD (Pediatric Bipolar
Disorder) and ADHD (Attention Deficit Hyperactivity Disorder). This study aimed to identify
similarities and differences in the neural substrate of response inhibition deficits that are associated
with these disorders. A functional magnetic resonance imaging (fMRI) study was conducted on 15
un-medicated PBD patients (Type I, manic/mixed), 11 un-medicated ADHD patients, and 15 healthy
controls (HC) (mean age = 13.5 years; S.D. = 3.5). A Response Inhibition Task examined the ability
to inhibit a motor response to a target when a stop cue appeared shortly after. The PBD and ADHD
group did not differ on behavioral performance, although both groups were less accurate than the
HC group. fMRI findings showed that for trials requiring response inhibition, the ADHD group,
relative to the PBD and HC groups, demonstrated reduced activation in both ventrolateral (VLPFC)
and dorsolateral (DLPFC) prefrontal cortex, and increased bilateral caudate activation compared to
HC. The PBD group, relative to HC, showed decreased activation in left VLPFC, at the junction of
inferior and middle frontal gyri, and in right anterior cingulate cortex (ACC). Prefrontal dysfunction
was observed in both the ADHD and PBD groups relative to HC, although it was more extensive
and accompanied by sub-cortical over activity in ADHD.
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1. Introduction

Pediatric Bipolar Disorder (PBD) and Attention Deficit Hyperactivity Disorder (ADHD) have
distinct as well as overlapping clinical symptoms. PBD is characterized by emotional
dysregulation, elated mood, irritability, increased energy and disinhibition (Geller et al.,
1998; Pavuluri et al., 2007; Pavuluri and Passarotti, 2008). ADHD is characterized by motor
hyperactivity, inattention, impulsivity and poor behavioral control (American Psychiatric
Association, 1994; Barkley, 1997).

Neuropsychological studies often report similar neurocognitive deficits in patients with ADHD
and PBD. Patients with PBD have deficits in cognitive flexibility, sustained attention and verbal
working memory, independent of illness status (Dickstein et al., 2005; Pavuluri et al., 2006).
Similarly, ADHD patients exhibit deficits in executive functions, attention, vigilance, working
memory, planning and response inhibition (Doyle et al., 2005; Rubia et al., 2001; Seidman et
al., 2004). Moreover, recent studies also suggest that adolescents with ADHD may present
more severe neurocognitive impairment than those with PBD, with or without comorbid
ADHD diagnosis (Rucklidge, 2006; Galanter and Leibenluft, 2008). Given overlapping clinical
symptoms, neurocognitive impairment, and the high levels of comorbid ADHD in patients
with PBD (Geller et al., 1998; Biederman et al., 2000) there is a need for improved
understanding of the similar and distinct neural substrates of these two developmental
disorders.

Studies of adolescents (Casey et al., 1997; Rubia et al., 1999) with ADHD indicate dorsolateral
prefrontal cortex (DLPFC), ventrolateral prefrontal cortex (VLPFC) and dorsal striatum as
regions of dysfunction in this disorder. For instance, recent fMRI studies with adolescents that
examined selective attention using the Flanker Task (Vaidya et al., 1998), and response
inhibition using a Go-nogo Task (Casey et al., 1997; Durston et al., 2003, 2006; Tamm et al.,
2004) or a Stop-Signal Task (Plitzka et al., 2006; Rubia et al., 1999) found decreased activation
in prefrontal regions such as the VLPFC, and anterior cingulate cortex (ACC), and in mesial
prefrontal cortex and caudate (Rubia et al., 1999). In addition to dysfunction of ventral fronto-
striatal circuits, Durston et al. (2003) also found increased recruitment of posterior temporal
and parietal regions in children with ADHD as compared to age matched healthy controls (HC)
during a Go-nogo task, which has been considered a compensatory phenomenon for prefrontal
cortex (PFC) underactivity (Durston et al., 2003; Vaidya et al., 2005). Findings of functional
fronto-striatal abnormalities are also in line with studies showing reduced tissue volumes in
DLPFC and caudate in pediatric populations with ADHD (Castellanos et al., 1994, 1996,
2002; Filipek et al., 1997; Seidman et al., 2006).

With regard to PBD, a recent study using the Stop-Signal Task (Leibenluft et al., 2007) found
that during failed Stop trials children with PBD, regardless of comorbid ADHD or medication,
showed decreased activation in right VLPFC and bilateral striatum when compared to HC.
Similarly, decreased VLPFC activation in children with PBD compared to HC was found by
Pavuluri et al. (2008) during an emotional Stroop Task. In another study that employed a color-
naming Stroop Task (Blumberg et al., 2003a), patients with PBD exhibited increased activation
in putamen and thalamus compared to HC. Moreover, a growing number of studies are
reporting dysfunction in rostral ACC, a region important for emotion regulation, in Pediatric
Bipolar Disorder (Pavuluri et al., 2006; Malhi et al., 2005; see also Fountoulakis et al., 2008
for a review).

To delineate disorder-specific disturbances in functional brain systems that might account for
behavioral control deficits (e.g., impulsivity, motor disinhibition) associated with both
disorders, we contrasted brain activation in pediatric patients with PBD and with ADHD to
that of HC using a Response Inhibition Task.
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The main goal of the present study was to examine the neural underpinnings of motor inhibition
as compared to motor response in patients with ADHD and PBD, rather than addressing the
more specific case of response inhibition in the context of a pre-potent tendency to respond,
like in a typical Stop-Signal Task (Logan et al., 1984), because we think it is important to first
elucidate the basic circuits for motor inhibition versus execution in these patients. Therefore
the present experimental task examined the ability to execute a motor response to a target, or
inhibit a motor response that is already on the way, when a stop cue appears shortly after the
target. Our primary fMRI comparison was therefore between blocks of trials requiring
predominantly inhibition of a motor response already on the way, and blocks of trials that
required predominantly a motor response.

We hypothesized that both the PBD and ADHD group would show impairment in response
inhibition compared to healthy controls. Moreover, we predicted that compared to healthy
controls the PFC and the fronto-striatal stream would be more affected in ADHD (Casey et al.,
1997; Bush et al., 1999; Rubia et al., 1999), whereas the PBD group would exhibit more
localized dysfunction in regulatory regions such as the VLPFC and pregenual ACC (Pavuluri
and Passarotti, 2008; Pavuluri et al., 2008).

2. Methods
2.1. Subjects

All participants were recruited from the Child Psychiatry Clinics at the University of Illinois
at Chicago (UIC) and from the neighboring community. All groupswere matched on age, sex,
SES, race, handedness and 1Q as estimatedwith the Wechsler Abbreviated Scale of Intelligence
(WASI, 1999). Subject groups included 15 un-medicated patients with 133 PBD (Type I,
manic: n =5, and mixed: n = 5; Type Il, hypomanic: n = 5) (8 F, 7 M; mean age: 13.2 + 2.65;
YMRS > 12), 11 un-medicated patients with ADHD (Type Combined) (5 F, 6 M; mean age:
13.09 + 2.7), and 15 HC (8 F, 7 M; mean age: 14.13 + 3.16). For children younger than age
15, an assentwas obtained, and for children older than age 15, an informed consent was
obtained, together with consent of at least one parent or legal guardian. The study was approved
by the Institutional Review Board at UIC. The subject and a parent or legal guardian were
interviewed using the Washington University Schedule for Affective Disorders and
Schizophrenia (z) (Geller et al., 1998) to determine the DSM-1V (DSM-1V, 1994) Axis |
clinical diagnoses in the PBD and ADHD groups, and the absence of these and other psychiatric
diagnoses in the HC group. A Parent ADHD Rating Scale 1V-Revised (DuPaul et al., 1998)
was also administered. Clinicians who were blind to Diagnosis rated all subjects on the Young
Mania Rating Scale (YMRS; Young et al., 1978) and the Child Depression Rating Scale-
Revised (CDRS-R; Poznanski et al., 1984).

Inclusion criteria for PBD and ADHD subjectswere: 10 to 18 years of age, a diagnosis of either
bipolar disorder Type | with mania or hypomania or a diagnosis of ADHD, and consent to be
scanned in a medication-free state for the study. Patients were studied if they were medication
free, or when medication was withdrawn because the current regime was ineffective and awash-
out prior to new medication was warranted. Overall 8 (58%) of the PBD patients [n = 6 (38%)
on mood stabilizers; n = 4 (29%) on second generation antipsychotics (SGAS); n = 1 (9%) on
stimulants; for n = 4 (24%) medication information n/a] and 6 (53%) of the ADHD patients
[n =5 (48%) on stimulants; n = 1 (12%) on SGAs; for n = 5 (40%) medication information n/
a] had received medication in the past. Close clinical supervision and monitoring was provided
during drug free periods, according to the approved IRB protocol. None of the patients were
on Fluoxetine or Aripiprazole that warrant a longer washout period. Medication was reduced
gradually over a three week period, so that patients were drug free for at least seven days prior
to testing.
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Axis | diagnoses of bipolar disorder Type | with mania or hypomania, and diagnosis of ADHD
were based on DSM-IV criteria. ADHD comorbidity in patients with PBD was ruled out based
on DSM-IV criteria. Other comorbid conditions in patients with PBD as assessed by the
WASH-U-KSADS were: Generalized Anxiety Disorder: n = 2; Learning Disability: n = 1;
Social Phobia: n = 1. Individuals with ADHD diagnosis did not exhibit any of these comorbid
conditions. Exclusion criteria for all subjects were: a history of head trauma with loss of
consciousness for more than 10 min, neurological symptoms, speech or hearing difficulties,
an 1Q score of less than 70, a history of substance abuse, a history of mental illness other than
PBD for the bipolar group and other than ADHD for the ADHD group, or a history of mental
iliness for HC participants, and any contraindications to MRI scans (i.e., metal implants,
retractors, braces, pregnancy, and claustrophobia).

2.2. fMRI session and Response Inhibition Task

For the present block-design fMRI study subjects performed a Response Inhibition Task that
examined the ability to inhibit the execution of a motor response to a target when a stop cue is
presented shortly after the target. While we are currently conducting event-related studies, this
was an initial pilot study for which we adopted a block design to benefit from the greater
statistical power and signal stability that a block design offers relative to an event-related
design, especially with clinical populations who have more variable neural activation.
Moreover, by summating neural activation over a time period including several consecutive
trials, the block design enabled us to look at sustained activation in prefrontal cortex, that could
be both preparatory and in response to specific stimuli, to a greater extent that is readily possible
with an event-related design. Prior to the fMRI scanning session all our subjects underwent
training and were familiarized with the MRI scanning protocols using a mock scanner at the
Center for Cognitive Medicine, UIC. The task lasted 5 min and 57 s, and consisted of six
experimental blocks, three of which were Go blocks (G) and three of which were Stop blocks
(S), and 6 resting blocks (F) of 10 s fixation each. In Go blocks (G) 70% of the trials required
a motor response, and 30% of the trials required to inhibit a motor response. Conversely, in
Stop blocks (S) 70% of the trials required to inhibit a motor response and 30% required a motor
response. Given that in Stop blocks most trials required response inhibition there was not a
prepotency of go responses in these blocks. We constructed our trial blocks in this way because
we wanted to examine behavioral control and active processes of response inhibition versus
response execution per se, rather than inhibition processes in the context of pre-potent motor
responses. Moreover we presented a 70/30 proportion of Go and Stop trials in the Go blocks
and of Stop and Go trials in the Stop blocks so that subjects would not habituate to fixed trial
presentation within a certain block. Each experimental block had 30 trials and lasted 49.5 s.
The experimental and fixation blocks were pseudo-randomly interspersed as follows: G (F) S
(F) G (F) S (F) G (F) S (F). Within each block, Go and Stop trials were pseudo-randomly
presented.

Our task was similar to the one used by Brandeis et al. (1998), although we adopted different
stop cue time parameters, and a different percentage of Stop and Go trials within a block. At
the beginning of each trial a fixation cross appeared for 850 ms, and was followed on Go trials
by a green airplane presented for 800 ms with equal probability either to the left or right side
of an LCD screen. Subjects pressed a button on a response box with the right hand if the green
plane appeared on the right side of the screen, and another button with the left hand if the plane
appeared on the left (Fig. 1). On Stop trials, a Stop cue (a man holding a Stop sign in his hands)
replaced the airplane with equal probability, either 250, 350 or 450 ms after the airplane
appeared (Fig. 1), and subjects had to inhibit their motor responses as soon as they saw the
stop cue. By introducing varying Stop signal delays we ensured that subjects paid attention on
each trial and would not habituate to fixed trial conditions.
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2.3. MRI protocol

The scanning session involved both gradient-echo-planar functional imaging and structural
acquisitions which were performed with a 3.0 Tesla whole body scanner (Signa, General
Electric Medical System, Milwaukee, WI). Functional images were acquired using echo-planar
imaging, which is sensitive to regional alterations in blood flow via blood oxygenation level
dependent (BOLD) contrast effects. We acquired twenty-five axial slices with the following
functional scan parameters: TE = 25 ms; flip angle = 90°; field of view=20 x 20 cm?; acquisition
matrix=64 x 64; TR = 2.5 s; slice thickness=5 mm with 1 mm gap. Contiguous anatomical
images (three-dimensional spoiled gradient recalled [SPGR], 1.5 mm thick slices) were also
acquired in the axial plane and later used to co-register and normalize the functional data.

2.4. Image processing and data analysis

FIASCO software (Functional Imaging Analysis Software-Computational Olio) (Eddy et al.,
1996) was used to perform 3D motion estimation and correction, and to remove slow signal
drift from functional images. We excluded individual volumes when head displacement from
the median head position in the time series was greater than 1.5 mm, or head rotation from the
median head position was greater than 0.5°. There were no significant group differences in the
number of volumes retained after discarding those with motion artifact. Voxel-wise effect size
(r) maps were calculated for each subject by contrasting activation for Stop and Go blocks to
specifically examine group differences in the profiles of brain activation for response inhibition
(Stop trials) versus response execution (Go trials). A Fisher z transform was applied to
normalize the effect size maps (zr) (Rosenthal, 1991). Then we used an automated procedure
in AFNI (Analysis of Functional Neuroimages) (Cox, 1996) to warp subjects’ zr-maps (effect
size) and SPGR anatomical images into Talairach space (Talairach and Tournoux, 1988), and
re-sample the original functional maps (3.125 x 3.125 x 6 mm grid) to an isotropic 3x3x3 mm
grid.

A whole brain, voxel-wise omnibus ANOVA was carried out in AFNI on the within-subjects
factor of ‘Stop versus Go’, (which directly contrasted activation for Stop versus Go blocks)
and the between-subjects factor of Group (PBD, ADHD, HC). A significant Group effect was
followed by step-down pair-wise comparisons in AFNI to clarify group differences in
activation for the Stop versus Go conditions. Significant clusters of activation were identified
using a contiguity threshold (minimum volume threshold = 270 mm?3; minimum clustering
radius: 3.1 mm) in order to maintain an experiment-wise Type 1 error rate of P<0.025
(corrected), based on AFNI’s AlphaSim Monte Carlo simulations that we restricted to in-brain
voxels. A significant Group by Trial type interaction was further explored with planned t-tests
within the ANOVA. To correct Type | error rates for multiple group comparisons (n = 3) we
adopted a voxel-wise probability threshold for significance of P<0.016 (i.e., P = 0.05/3), and
then identified clusters of voxels with significant group difference using a contiguity threshold
(minimum volume threshold = 297 mm3; minimum clustering radius: 3.1 mm) that ensured an
experiment-wise Type 1 error rate of P<0.02 (corrected), based on AFNI’s AlphaSim Monte
Carlo simulations (Ward, 2000) that were restricted to in-brain voxels.

3. Results

3.1. Demographic and clinical data

Table 1 provides demographic and clinical data for study participants. Repeated measures
ANOVA:S revealed that the three study groups did not differ significantly for Age, [F(2,38) =
0.56, P<0.57], Estimated 1Q [F(2,38) = 2.81, P<0.07], or SES [F(2,38) = 0.61, P<0.55]. Chi-
square tests on Handedness, Sex, and Racial composition data did not reveal any significant
group differences. As expected there were significant Group differences on the YMRS [F
(2,38) = 47.84, P<0.000001] and the CDRS-R [F(2,38) = 82.47, P<0.000001] scores, as well
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as on the ADHD Rating Scale IV-R scores [F(2,38) = 32.44, P<0.000001] (Table 1). The PBD
group had higher ratings of manic symptoms on the YMRS and CDRS-R than the other two
groups, while the ADHD and PBD scores for the ADHD Rating Scale I1VV-R were similar and
significantly higher than the HC group score (Table 1).

3.2. Behavioral results

Behavioral results are illustrated in Table 2. A repeated measures ANOVA was carried out on
Response Accuracy, with Group (PBD, ADHD, and HC) as the between-subjects factor, and
Trial type as the within-subjects factor. In order to parallel fMRI data comparisons the main
group comparison here was between Stop and Go trials, from Stop and Go trial blocks
respectively. As a secondary analysis, we carried out an ANOVA on RT data, with group as a
between-subjects factor and Trial type as a within-subjects factor. We compared Go trials from
Go blocks, and incorrect Stop trials from Stop blocks (note that correct Stop trials had no key
press), to explore whether RT may vary significantly depending on correct or incorrect motor
responses. Full behavioral data from one bipolar patient were not available because of technical
difficulties.

3.2.1. Accuracy for Go and Stop trials—We observed a significant Group effect [F(2,37)
= 3.34, P<0.04] in that both the PBD group (80%) [F(1,37) = 5.90, P<0.02] and the ADHD
group (81%) [F(1,37) = 3.55, P<0.055, representing a trend for poorer performance] exhibited
alower accuracy than the HC group (87%), but did not differ from each other (F<1). Moreover,
across groups performance was more accurate on Go trials (87%) than on Stop trials (78%)
[F(1,37) =9.78, P<0.003]. The interaction of Group by Trial type was not significant [F(1,37)
= 0.28, P<0.75]. No other significant results were found.

3.2.2. RT for Go trials and incorrect Stop trials—A significant effect of Trial type [F
(1,37) = 15.64, P<0.0003] indicated that RT was faster for correct Go trials (547 ms) than for
incorrect Stop trials (580 ms). There was no significant interaction of Group by Trial type [F
(2,37) = 0.39, P<0.68]. No other significant results were found.

3.3. fMRI results

A significant Group by Trial type interaction effect [F(2,38) = 4.18, P<0.025] was further
explored with planned comparisons within the ANOVA, for which we corrected for multiple
comparisons and applied cluster thresholding procedures that ensured an experiment-wise
Type 1 error rate of P<0.02 (corrected) (see Methods). Within-group and between-group
finndings are reported in Tables 3 and 4, respectively.

3.3.1. Within-group differences for the Stop-Go condition (Table 3)

3.3.1.1. PBD group: The PBD group showed greater activation for the Stop than the Go
condition in right middle frontal gyrus (DLPFC), left inferior frontal gyrus (VLPFC), right
inferior temporal gyrus, and right dorsal ACC, and less activation for the Stop than the Go
condition in bilateral medial frontal gyrus, left posterior cingulate gyrus, putamen, and superior
parietal lobule.

3.3.1.2. ADHD group: The ADHD group showed greater activation for the Stop than the Go
condition in right middle occipital gyrus and in right pregenual ACC, and less activation for
the Stop than the Go condition in right midcingulate cortex, bilateral VLPFC, right superior
frontal gyrus, and left superior parietal lobule.

3.3.1.3. HC group: The HC group exhibited greater activation for the Stop than the Go
condition in right superior frontal gyrus, left VLPFC, and bilateral superior temporal gyrus,
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and less activation for the Stop than the Go condition in left middle frontal gyrus, left thalamus,
right striatum, left putamen, right posterior cingulate gyrus, and right inferior parietal lobule.

3.3.2. Group differences for the Stop-Go condition (Table 4)

3.3.2.1. PBD versus HC: Compared to HC, the PBD group showed less activation in right
medial and left middle frontal gyrus, left inferior/middle frontal gyrus (at the junction of BA
46/10) and in right pregenual ACC for the Stop versus Go condition (Fig. 2B), and greater
activation in left superior temporal gyrus and inferior parietal lobule and right posterior
cingulate cortex.

3.3.2.2. ADHD versus HC: The ADHD group showed less activation than HC in several
prefrontal regions (right DLPFC, bilateral superior frontal gyrus, and bilateral VLPFC) (Fig.
2C), as well as in left superior temporal gyrus. The ADHD group showed greater activation
than HC in bilateral caudate and left cerebellum (anterior vermis).

3.3.2.3. PBD versus ADHD: For the Stop versus Go condition, theADHD patients exhibited
less activation than the PBD patients in prefrontal cortical regions including bilateral inferior
frontal gyrus/VLPFC, bilateral middle frontal gyrus/DLPFC, and right superior frontal gyrus,
in right middle temporal cortex, and in left posterior cingulate gyrus (Fig. 2A). The ADHD
group exhibited greater activation than the PBD group only in occipital cortex and left post-
central gyrus.

3.4. Correlation analyses

Pearson correlation analyses (2-tailed) were carried out to examine possible correlations, in
each group, between symptom scores or accuracy on Stop trials, and brain activation in selected
leftand right ROIs (i.e., DLPFC, VLPFC, pregenual ACC, posterior cingulate cortex, caudate).
Specific ROIs were selected based on the whole-brain ANOVA findings. To correct for
multiple group comparisons we adopted a probability threshold for significance of P<0.02. No
significant correlations were found for symptom scores. With regard to correlations with
accuracy on stop trials, for the HC group there was a significant positive correlation between
accuracy rates and right caudate activation (r = 0.58, P<0.02). No other significant results were
found.

4. Discussion

This is one of the first fMRI studies to directly compare the neural substrates of motor response
inhibition in pediatric patients with PBD and pediatric patients with ADHD. Moreover, one of
the merits of this fMRI study is that it examines un-medicated patients, so that potential effects
of medication could not confound interpretation of group differences. Our central findings
indicate that while during the Response Inhibition Task both the PBD and ADHD groups,
relative to HC, exhibited similar problems with behavioral inhibition and showed impairment
in PFC functioning, the ADHD group presented nevertheless the most severe neural
dysfunction. In fact, whereas both the HC and PBD groups engaged DLPFC and VLPFC for
response inhibition, as was found in healthy subjects in previous studies (Casey et al., 1997;
Rubia et al., 1999) the ADHD group did not engage these PFC regions on response inhibition
trials. In fact, the ADHD group showed less activation than both the HC and PBD group in
VLPFC and DLPFC. Moreover, compared to the HC group, while the ADHD group exhibited
increased bilateral caudate and left cerebellar activation, the PBD group showed decreased
activation in a left ventrolateral prefrontal region at the junction of BA 46/47/10, and in right
pregenual ACC. Thus, the present findings provide evidence that despite similar problems in
behavioral control, the severity and nature of the underlying pathophysiology is distinct in
these two disorders.
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4.1. Fronto-striatal dysfunction in ADHD patients compared to HC

During response inhibition trials, the ADHD group, relative to HC, showed reduced activation
in prefrontal (DLPFC and VLPFC) and temporal regions, coupled with increased activation in
striatal and cerebellar regions (anterior vermis). The DLPFC, with its direct connections to the
basal ganglia (Alexander et al., 1986), is part of a distributed neural network supporting the
selection and suppression of motor responses (Garavan et al., 2002). Also the VLPFC plays a
crucial role in response inhibition and interference suppression (Konishi et al., 1999; Rubia et
al., 2001; Menon et al., 2001). The finding of reduced VLPFC and DLPFC engagement in the
ADHD group in the current study is in line with these established functional roles of fronto-
striatal systems, and also parallels neuropsychological evidence of ADHD deficits in attention
and response inhibition (Barkley et al., 1997; Seidman et al., 2004), fMRI studies probing
response inhibition and interference control in ADHD (Casey et al., 1997; Rubia et al., 1999;
Tamm et al., 2004), and volumetric studies in developmental ADHD populations (Castellanos
et al., 1994; Castellanos et al., 1996, 2002; Filipek et al., 1997) that have implicated fronto-
striatal dysfunction as a core biological feature of ADHD.

Different from previous fMRI studies that found reduced caudate activation in ADHD children
as compared to HC (Durston et al., 2003; Rubia et al., 1999; Vaidya et al., 2005; Silk et al.,
2005) the present study found increased caudate activation in the ADHD group compared to
HC. While this discrepancy in results warrants further investigations, one possible explanation
is that the differing results are due to the use of different paradigms, and consequently different
strategies to perform the behavioral tasks. For example, compared to the studies cited above,
this block-design study presented a higher proportion of stop trials in the stop blocks that may
have required a sustained preparatory state of response inhibition. This may have been more
challenging for the ADHD group who might have engaged the caudate in a more effortful way
than the HC group. Similarly, it is possible that the increased cerebellar activation found in
ADHD subjects may reflect effort for motor control during the Response Inhibition Task,
possibly to compensate for reduced prefrontal control (Rubia et al., 2009).

4.2. Differential brain function in PBD patients compared to ADHD patients

The present findings indicate greater prefrontal dysfunction in the ADHD than the PBD group.
Prefrontal alterations in the PBD group compared to the HC group were limited to VLPFC and
pregenual ACC. On the contrary, the ADHD patients demonstrated reduced activation in
VLPFC, DLPFC and temporal lobe regions not only compared to HC, but also compared to
the PBD group. Finally, while striatal activation was greater in ADHD patients relative to HC,
it did not differ significantly between the PBD and ADHD groups.

Findings from neuropsychological studies with ADHD (Rubia et al., 2001; Doyle et al.,
2005) and PBD patients (Dickstein et al., 2005; Pavuluri et al., 2006) suggests similar patterns
of neuropsychological deficits in the two patient groups. Thus, it is not surprising that in the
present study both patient groups had comparable behavioral deficits in response inhibition,
while still having distinct clinical diagnosis based on the DSM-IV. We can nevertheless start
to dissociate the neural systems underlying response inhibition deficits in these two disorders.
The present findings suggest that behavioral control deficits in ADHD may be associated both
with dorsal fronto-striatal dysfunction, that affects cognitive (i.e., inattention) and motor
circuitries (i.e., hyperactivity), and with VLPFC dysfunction, that regulates response inhibition
functions (Casey et al., 1997; Bush et al., 1999; Rubia et al., 1999). Conversely, response
inhibition deficits in PBD seem associated with a more localized dysfunction in VLPFC and
ventral ACC (Blumberg et al., 2003b; Frangou et al., 2005; Pavuluri et al., 2007). These
differences in brain activation occurred in the absence of significant behavioral differences
between the PBD and ADHD groups. While both groups presented poorer response accuracy
than the HC group on Go and Stop trials, they still had an overall performance accuracy above
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75%, which suggests that they were overall able to understand and carry out the Response
Inhibition Task within acceptable levels of accuracy. If the groups differed substantially in
their accuracy or the patient group accuracies were at chance level, it would be difficult to
interpret group differences in brain activation, since they could just illustrate a non-specific
difference in neural activation due to one group being able to inhibit responses and another
group failing, or not paying attention during the task. But given that all groups had good
accuracy levels, group differences in brain activation for Stop versus Go trials can be explored
as indicative of the specific neural dysfunction that characterizes response inhibition in ADHD
and PBD, as compared to each other and to HC. Lastly, from a developmental neuropathology
perspective, it is significant that our PFC findings with PBD and ADHD patients are similar
to those found in adult studies (Blumberg et al., 2003a,b; Seidman et al., 2004; Frangou et al.,
2005), indicating that in spite of the long developmental pathway and increasing specialization
of the PFC with age (Rubia et al., 2000; Luna et al., 2001; Luna and Sweeney, 2004), prefrontal
pathophysiology in VLPFC and DLPFC, as we describe them here, are already apparent in
children and adolescents with these two illnesses.

4.3. PFC and ACC dysfunction in PBD

The PBD group, relative to HC, exhibited reduced activation in left VLPFC, at the junction of
the left middle and inferior frontal gyrus, and in right pregenual ACC, and increased activation
in posterior cingulate and temporo-parietal regions that are less specific to response inhibition
but are related to ancillary attention and visuo-spatial processes. The VLPFC is involved in
response inhibition and selective attention processes (Konishi et al., 1999; Rubia et al., 2001;
Menon et al., 2001). Our results are in line with the growing body of research evidence
underscoring the role of VLPFC dysfunction in PBD (Blumberg et al; 2003a; Frangou et al.,
2005; Pavuluri et al., 2007, 2008). In fact, both human (Rolls, 1996; Aron et al., 2003) and
animal (Mishkin, 1964) lesion studies indicate that damage to VLPFC causes cognitive and
behavioral problems that have some similarities to those seen in bipolar disorder. Moreover,
recent brain imaging studies using the Stop-Signal Task (Leibenluft et al., 2007) and an
emotional Stroop Task (Pavuluri et al., 2008) found decreased VLPFC activation in subjects
with PBD compared to HC, and Blumberg et al. (2003b) found that patients with bipolar
disorder exhibited decreased activation in the left VLPFC (including parts of BA 10 and 47)
during a Stroop Task, regardless of whether they were in an elevated, depressed or euthymic
mood state. Furthermore, studies with healthy adults suggested that the junction of VLPFC
(BA 45, 47, inferior frontal gyrus) and dorsolateral prefrontal cortex (DLPFC) (BA 9, 46,
middle frontal gyrus) may play a crucial role at the interface of cognitive and affective
processing (Petrides and Pandya, 2002) and may be impaired in patients with PBD (Pavuluri
and Passarotti, 2008; Rich et al., 2006).

Itis also noteworthy that in our study, the PBD group also showed decreased activation in right
pregenual ACC which is involved in response control in the presence of cognitive interference
(Vogt et al., 1992; Bush et al., 2000) and is connected both to the VLPFC (Kemmotzu et al.,
2005) and to the limbic system (Bush et al., 2000; Mesulam et al., 2001). There is growing
evidence that the pregenual ACC is dysfunctional in patients with bipolar disorder
(Fountoulakis et al., 2008). Therefore it seems that the PBD group, compared to HC, exhibits
impairment in the modulation of response inhibition by ventral frontal cortical regions,
including VLPFC and ACC, with possible compensation or disinhibition of posterior brain
regions including posterior cingulate and superior temporal gyrus.

Lastly, different from the Leibenluft et al. (2007) motor inhibition study, the present study did
not find differences in striatal activation between the PBD and the HC group. This difference
may be due to the fact that Leibenluft et al. (2007) reported group differences for trials with
failed response inhibition, while we examined response inhibition components regardless of
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correct or incorrect performance. Also, the present block-design study had a higher proportion
of Stop trials (70%) compared to other event-related studies that examined response inhibition
in PBD (e.g., Strakowski et al., 2005; Leibenluft et al., 2007). This may have led the PBD
patients and HC subjects in our study to maintain a preparatory response-withholding state that
may have uniformly engaged the striatum in both groups.

Moreover, although the current study shed some light on important differences in PBD and
ADHD pathophysiology, it also points to the need for future investigations involving larger
samples, greater age-ranges, and especially using event-related fMRI designs together with
more specific response inhibition paradigms, such as the Stop-Signal Task (e.g., Logan et al.,
1984). In fact, the present response inhibition study adopted a block design, and according to
this design it examined response inhibition versus execution by comparing blocks of
predominantly stop trials with blocks of predominantly Go trials. But by doing so it could not
distinguish between neural activation for correct and incorrect Stop responses. It also did not
directly explore response inhibition in the context of a pre-potent tendency to respond (Logan
etal., 1984), or in the context of sustained attention (Rubia et al., 2009). On the contrary, with
an ER-fMRI design it is possible to usefully separate trial-wise inhibitory components in
response inhibition trials that are performed correctly and incorrectly, and to have a higher
proportion of go versus stop trials within a block, to create a pre-potent tendency to respond.
Therefore, building from the current findings it is important that future ER-fMRI studies further
explore response inhibition in the context of the typical Stop-Signal Task, and in the context
of sustained attention, in children and adolescents with PBD and ADHD, since these functions
are affected by impulsivity and inattention in these patients.

Finally, while the present study has the important advantage of testing patients while
medication free, it is important to note that more than half of the patients in the PBD and ADHD
groups had a history of medication, and therefore we cannot exclude that previous long term
exposure to certain medications may have affected brain development or contributed to some
of the neural dysfunction observed in the patient groups. Therefore future studies may need to
directly compare patients with ADHD and Bipolar Disorder across the age-span, and further
examine differential treatment effects on brain development and alterations in functional brain
systems in these disorders.

5. Conclusions

While behavioral deficits in response inhibition and attention are common to both PBD and
ADHD, the present study revealed a more generalized profile of prefrontal dysfunction in
ADHD patients compared to PBD patients during a Response Inhibition Task. While in ADHD
response inhibition deficits may be driven by a more extensive dysfunction of PFC and motor
control systems, in PBD they may be driven by more localized dysfunction of regulatory
VLPFC and ACC regions.
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Go Trial (1650 msec) Stop Trial (1650 msec)

Fixation before next
trial (850 msec)

Fixation before next trial
(850msec)

Target appearance

(250, 350, 450 msec: right or left)
Target appearance
(800 msec: right or left)

Stop signal
(550, 450, 350 msec)

Fig. 1.
INustration of Go and Stop trials for the Response Inhibition Task.
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A) B) C)
PBD - ADHD PBD - HC ADHD - HC

Fig. 2.

Between-group differences in significant clusters of brain activation for the Stop versus Go
condition. A) PBD versus ADHD; B) PBD versus HC; C) ADHD versus HC. Red indicates
greater activation in the first group compared to the second group. Blue indicates greater
activation in the second group compared to the first group. Legend: PBD = Pediatric Bipolar
Disorder group; ADHD = Attention Deficit Hyperactivity Disorder group; HC = healthy
controls. VLPFC = ventrolateral prefrontal cortex; DLPFC = dorsolateral prefrontal cortex;
ACC = anterior cingulate cortex. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

Psychiatry Res. Author manuscript; available in PMC 2010 January 30.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Passarotti et al.

Tab

lel

Demographic and clinical characteristics for PBD, ADHD and HC

PBD (N=15)

ADHD (N=11)

HC (N=15)

Variable Mean (S.D.)

Mean (S.D.)

Mean (S.D.) (F),P

Age in years 13.20 (2.65)

Estimated 1Q2 100.10 (9.20)

SES 2.00 (0.89)
YMRS 18.60 (9.20)

CDRS-R

59.50 (15.10)

ADHD Rating
Scale IV-R

25.50 (13.72)

Variable N (%)

13.09 (2.70)
101.20 (11.60)

2.20 (1.30)
4.54 (4.90)

21.90 (3.70)

25 (12.07)

N (%)

N (%)

1413 (3.16)  (0.56), P<0.57
107.60 (7.20)  (2.81), P<0.07

1.85 (1.10)
1.80 (2.70)

(0.61), P<0.55

(47.84), P<0.000001
PBD>ADHD (50.29),
P<0.00001

PBD>HC (85.45),
P<0.00001
ADHD=HC (1.99),
P<0.17

(82.47), P<0.000001
PBD>ADHD (104.40),
P<0.00001
PBD>HC (134.74),
P<0.00001
ADHD=HC (.21),
P<0.64

(32.44), P<0.000001
PBD=ADHD (.04),
P<0.90

PBD>HC (52.01),
P<0.00001
ADHDNHC (42.29),
P<0.000003

19.40 (2.80)

1.73 (2.50)

df, x2 (probability)

Sex
Male 7 (47%)

Female 8 (53%)

Handedness
Right 14 (93%)

Left 1(7%)

Race composition

Caucasian 7 (47%)

Other 8 (53%)

6 (55%)

5 (45%)

10 (90%)

1 (10%)

2 (18%)

9 (82%)

7 (47%)

8 (53%)

15 (100%)

0 (0%)

7 (47%)

8 (53%)

ADHD versus
PBD:.012,
df=1, P<0.05

ADHD versus HC: 0.12,
df=1, P<0.05

PBD versus HC: 0.12,
df=1, P<0.05

ADHD versus PBD:.05,
df=1 P<0.05

ADHD versus HC:
0.1.42, df=1 P<0.05
PBD versus HC: 1.03,
df=1, P<0.05

ADHD versus PBD:.04,
df=1 P<0.05

ADHD versus HC: 0.74,
df=1 P<0.05

PBD versus HC: 0.54,
df=1, P<0.05

aEstimated with Wechsler Abbreviated Scale of Intelligence (WASI; Matrix Reasoning and Vocabulary Subtests); YMRS = Young Mania Rating
Scale; CDRS-R = Child Depression Rating Scale-Revised; SES: Socioeconomic status; PBD = Pediatric Bipolar Disorder; ADHD = Attention Deficit

Hyperactivity Disorder; HC = healthy controls.
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Response time and accuracy for Stop and Go trials in patients with Pediatric Bipolar Disorder (PBD), Attention
Deficit Hyperactivity Disorder (ADHD), and in healthy controls (HC)

PBD ADHD HC
Response Time (in ms) Median (S.D.) Median (S.D.) Median (S.D.)
Go trials 553 (91) 556 (94) 572 (98)
Incorrect Stop trials 588 (112) 553 (109) 599 (112)
Accuracy (% correct) % (S.D.) % (S.D.) % (S.D.)
Go trials 85% (11%) 84% 12%) 91% (7%)
Stop trials 74% (15%) 78% (9%) 82% (15%)
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