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Abstract

This fMRI study investigates the neural bases of cognitive control of emotion processing in
pediatric bipolar disorder (PBD) and attention deficit hyperactivity disorder (ADHD). Seventeen
un-medicated PBD patients, 15 un-medicated ADHD patients, and 14 healthy controls (HC)
(mean age = 13.78 £ 2.47) performed an emotional valence Stroop Task, requiring them to match
the color of an emotionally valenced word to the color of either of two adjacent circles. Both
patient groups responded significantly slower than HC, but there were no group differences in
accuracy. A voxel-wise analysis of variance on brain activation revealed a significant interaction
of group by word valence [F (2,41) = 4.44; p = .02]. Similar group differences were found for
negative and positive words. For negative versus neutral words, both patient groups exhibited
greater activation in dorsolateral prefrontal cortex (DLPFC) and parietal cortex relative to HC. The
PBD group exhibited greater activation in ventrolateral prefrontal cortex (VLPFC) and anterior
cingulate cortex (ACC) relative to HC. The ADHD group exhibited decreased VLPFC activation
relative to HC and the PBD group. During cognitive control of emotion processing, PBD patients
deployed the VLPFC to a greater extent than HC. The ADHD patients showed decreased VLPFC
engagement relative to both HC and PBD patients.
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INTRODUCTION

The overlapping symptoms of pediatric bipolar disorder (PBD) and attention deficit
hyperactivity disorder (ADHD) can complicate their diagnosis. ADHD is the most frequent
comorbid disorder in PBD (Singh, DelBello, Kowatch, & Strakowski, 2006), with
comorbidity rates ranging from 60 to 90% (Galanter & Leibenluft, 2008). Even in the
absence of comorbidity, PBD and ADHD often share similar behavioral, cognitive, and
emotional deficits (Dickstein et al., 2005; Galanter & Leibenluft, 2008) which may
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complicate diagnosis and pharmacological treatment. Therefore, the present study extends
the ongoing effort to disentangle the pathophysiology of these two developmental
syndromes to more effectively differentiate between them.

The central clinical features of PBD include emotional dysregulation, rapid mood cycling
with mixed episodes, elated mood, grandiosity, irritability, high energy levels, and decreased
need for sleep (Geller, Warner, Williams, & Zimerman, 1998; Pavuluri, O’Connor, Harral,
& Sweeney, 2007). In addition to deficits in emotional processing (Chang et al., 2004;
Dickstein et al., 2007; Pavuluri et al., 2007; Rich et al., 2006), recent studies have also
revealed a profile of cognitive deficits in PBD, especially in the domains of executive
function, sustained attention, verbal learning, and working memaory (Dickstein et al., 2005;
Pavuluri et al., 2006, 2009). These deficits are independent of illness status (Pavuluri et al.,
2006) and may increase over adolescence relative to healthy peers (Pavuluri et al., 2009).
Recent brain imaging studies with PBD patients have implicated dysfunction in a network of
cortico-limbic regions. Several functional magnetic resonance imaging (fMRI) studies on
cognitive control that used cognitive (Altshuler et al., 2000; Blumberg et al., 2003; Roth et
al., 2006; Strakowski, Adler, Holland, Mills, DelBello, & Eliassen, 2005) or emotional
(Lagopoulos and Mahli, 2007; Malhi, Lagopoulos, Sachdev, lvanovski, & Shnier, 2005;
Pavuluri, O’Connor, Harral, & Sweeney (2008)). Stroop tasks and response inhibition tasks
(Leibenluft et al., 2007; Passarotti, Sweeney, & Pavuluri, in press; Pavuluri et al., 2008)
have linked the associated deficits in bipolar disorder (BD) to ventral prefrontal dysfunction,
even independently of mood state (Blumberg et al., 2003). Dysfunction of anterior cingulate
cortex (ACC), striatum, and limbic regions has also been found in patients with BD
compared with healthy controls (HC) in Stroop-like (Gruber, Rogowska, & Yurgelun-Todd,
2004) and face emotion processing tasks (Lawrence et al., 2004; Shah et al., 2009).

ADHD, combined subtype, although diagnosed based on hyperactivity, impulsivity, and
inattention, is often accompanied by deficits in behavioral control, executive functions,
sustained attention, and response inhibition (Rubia, Taylor, Smith, Oksannen, Overmeyer, &
Newman, 2001; Seidman, Valera, & Bush, 2004). These deficits have been attributed to
fronto-striatal dysfunction (Rubia et al., 1999; Seidman et al., 2004, 2006). Recent fMRI
studies that examined selective attention (Bush et al., 1999; Vaidya et al., 1998) and
response inhibition (Casey et al., 1997; Rubia et al., 1999; Tamm, Menon, Ringel, & Reiss,
2004) functions in patients with ADHD found that they exhibited decreased activation in
ventrolateral prefrontal cortex (VLPFC), ACC, and striatum, compared with HC. Finally, a
study on response inhibition from our laboratory found reduced VLPFC activity in patients
with ADHD compared with patients with PBD and HC, possibly suggesting greater VLPFC
dysfunction in ADHD than PBD (Passarotti et al., in press).

There are also reports of increased activation in this network of regions in patients with
ADHD compared with HC. Schulz et al. (2004) found that adolescents with childhood onset
ADHD exhibited increased activation in VLPFC regions, ACC, and fronto-polar regions
during a Go/No-Go task compared with healthy adolescents; and a subsequent study (Schulz
et al., 2005) found that, during a response conflict task, adolescents with ADHD showed
greater VLPFC, ACC, and basal ganglia activation relative to HC.

Preliminary work on the neural interface of cognitive and emotion circuits in PBD patients
indicate an interdependence of these two systems (Blumberg et al., 2003; Lagopoulos &
Mabhli, 2007; Malhi et al., 2005; Pavuluri et al., 2008; Pavuluri & Passarotti, 2008), but the
exact nature of the functional interface between cognitive and affective dimensions in PBD
is not well-understood. Also with regard to children with ADHD, recent behavioral studies
reported that emotional dysfunction may accompany deficits in behavior inhibition
(Desman, Schneider, Ziegler-Kirbach, Petermann, Mohr, & Hampel, 2006) and facial affect
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recognition (Braaten & Rosén, 2000; Casey, 1996; Rapport, Friedman, Tzelepis, &
VanVoorhis, 2002). Therefore, it has been suggested that attention and inhibition deficits in
ADHD may be associated with poor emotional self-regulation, due to the inability to
separate emotion from cognition, especially during emotional challenge (Barkley, 1997;
Braaten & Rosén, 2000; Friedman et al., 2003). Indeed, there is a growing need for a better
understanding of emotional dysregulation in ADHD, and its relation to severe mood
disorders such as BD (Skirrow, McLoughlin, Kuntsi, & Asherson, 2009).

Given the emerging findings of behavioral and neural deficits in cognitive and affective
operations in PBD and in ADHD, we sought to characterize the neural function at the
interface of these two neural systems, to better elucidate similarities and differences in the
two disorders. Emotional valence Stroop tasks have been used to examine how cognition is
affected by incidental processing of emotions during a selective attention task. As in an
fMRI study by Pavuluri et al. (2008), we adopted a modified version of an emotional
valence Stroop task. In this task, subjects matched the color in which a word of positive,
negative, or neutral valence was presented to one of two colored circles presented to the left
and right of the word. Because automatic attention is usually drawn toward emotional
content, typically with this paradigm both healthy adults (Compton et al., 2003; Stormark,
Nordy, & Hugdahl, 1995) and clinical populations with emotional dysregulation (Williams,
Matthews, & McLead, 1996) show slower response time (RT) for emotional relative to non-
emotional words.

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 &
Pandya, 2002) and may be impaired in PBD patients (Pavuluri et al., 2008; Rich et al.,
2006). Therefore, we conducted this fMRI study to compare and contrast the neural bases of
cognitive control of automatic emotion processing in un-medicated children and adolescents
with PBD (Type | and 1), un-medicated children and adolescents with ADHD, Combined
Type, and demographically matched HC.

Based on the literature on attention and cognitive control deficits in PBD (Dickstein et al.,
2005; Pavuluri et al., 2006, 2009) and ADHD (Rubia et al., 2001; Seidman et al., 2004), we
hypothesized that the two patient groups would show slower RT and lower performance
accuracy relative to HC. Moreover, based on previous fMRI studies using Stroop-like tasks
with PBD (Mahli et al., 2005; Pavuluri et al., 2008;) and ADHD patients (Bush et al., 1999;
Rubia et al., 1999; Schulz et al., 2004, 2005; Tamm et al., 2004), we hypothesized greater
group differences for negative as compared to positive word valence (Pavuluri et al., 2008;
Posner et al., 2009), and prefrontal cortex (PFC) dysfunction in PBD and ADHD patients
relative to HC. Specifically, we predicted greater VLPFC effort to modulate emotions in the
PBD group relative to ADHD and HC groups, and dysfunction of PFC, ACC, and striatum
due to cognitive control problems in the ADHD group relative to the HC.

METHODS

Participants

Patient participants were recruited from the Child Psychiatry Clinics at the University of
[llinois at Chicago (UIC), and healthy controls were recruited through advertising and word-
of-mouth from the neighboring Chicago community. This study was approved by the
Institutional Review Board at UIC. We obtained an assent for children age 15 and younger,
and an informed consent for children age 15 or older. Consent of at least one parent or legal
guardian was also obtained. Our subjects (mean age = 13.78 years; SD = 2.47) were 17 un-
medicated PBD patients (Type I, manic: n =5, mixed: n = 5; and Type Il, hypomanic: n = 7)
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(11 female, 6 male; mean age: 14.27, SD = 1.98), 15 un-medicated ADHD patients (Type
Combined; 3 female, 12 male; mean age: 12.93, SD = 2.60), and 14 HC (7 female, 7 male;
mean age: 14.14, SD = 2.42). Efforts were made to match all subjects on age, socioeconomic
status (SES, defined in terms of parents’ education and occupation), handedness, race, and
IQ as estimated with the Wechsler Abbreviated Scale of Intelligence (WASI, 1999). For
each patient with PBD, we tried to find a patient with ADHD and a healthy control with
similar demographic characteristics. The subject and a parent or legal guardian were
interviewed using the entire Washington University Schedule for Affective Disorders and
Schizophrenia (WASH-U-KSADS) (Geller et al., 1998) to determine the DSM IV (DSM 1V,
1994) Axis I clinical diagnoses of PBD or ADHD, and the absence of these and other
psychiatric diagnoses in HC. Clinicians rated all subjects on the Young Mania Rating Scale
(YMRS; Young, Biggs, Ziegler, & Meyer, 1978) and the Child Depression Rating Scale-
Revised (CDRS-R; Poznanski, Grossman, Buchsbaum, Banegas, Freeman, & Gibbons,
1984). A Parent ADHD Rating Scale IV-Revised (DuPaul, Power, Anastopulous, & Reid,
1998) was also administered. A diagnosis of mania was given for YMRS scores > 12, and a
diagnosis of depressive symptoms was given for CDRS-R scores > 40. A Handedness
questionnaire (Annett, 1970) was also administered to all participants.

Inclusion criteria for PBD and ADHD patients were as follows: age 10-18 years; a diagnosis
of either bipolar disorder Type | with mania or hypomania or Type I, or a diagnosis of
ADHD, Type Combined; and consent to be scanned in a medication-free state for the study.
For PBD, an inclusion criterion was a score > 12 on the YMRS. Patients were studied if they
were medication free, or when medication was withdrawn because the current regimen was
ineffective and a wash-out before new medication was warranted. When washout was
necessary, medication was reduced gradually over a 3-week period so that patients were
drug-free before testing. The mean number of medication-free days before scanning for the
ADHD group was 4.2 (SD = 1.3), and for the PBD group was 6.83 (SD = 1.6). Clinical
supervision and monitoring was provided during drug-free periods. None of the patients
were on fluoxetine or aripiprazole that warrant a longer washout period. With regard to
medication exposure before the scanning, of the PBD group 8 patients received second
generation antipsychotics, 2 received lithium carbonate, 2 received antiepileptic agents, and
2 received stimulants. Five patients with ADHD group received stimulants.

Axis | diagnoses of bipolar disorder Type | and 11, and ADHD were based on the DSM-IV
(DSM 1V, 1994) criteria. Subjects with ADHD who had a co-morbid DSM-1V diagnosis of
bipolar disorder or with PBD who had a co-morbid DSM-1V diagnosis of ADHD were
excluded from the study. None of the ADHD subjects had a diagnosis of major depression.
Subjects were also excluded from the study if they had a history of head trauma with loss of
consciousness for more than 10 minutes, neurological symptoms, speech or hearing
difficulties, an 1Q score of less than 70, a history of substance abuse, and any
contraindications to MRI scans (i.e., metal implants, retractors, braces, pregnancy or
possible pregnancy, and claustrophobia).

Any human data included in this manuscript were obtained in compliance with the
Institutional Review Board (IRB) regulations of our University.

fMRI session and Emotional Valence Stroop Task

After a brief training session in a mock scanner, participants underwent an fMRI scanning
session during which they were administered an emotional valence Stroop Task for
approximately 10 min. On each trial participants matched the color (i.e., red, green, yellow,
or blue) of a emotional word, presented centrally for 200 ms, to either of two colored circles,
presented to the left or right of the word for 3000 ms (Figure 1). There was no inter-stimulus
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interval. Subjects responded by pressing the left or right response key to match the word
color to the correct color dot.

The words that we adopted in this task were taken from the Lang Affective norms for
English Words (ANEW, Bradley & Lang, 1999), were at an 8-year-old reading level, and
were equivalent across affect conditions in frequency of usage (Gilhooly & Logie, 1980;
Klein, 1964). They had either a negative (e.g., poor), positive (e.g., victory), or neutral (e.g.,
table) emotional valence (Figure 1). Positive valence words were chosen to reflect feelings
of happiness, energy, and accomplishment, whereas negative valence words reflected
feelings of sadness, disappointment, and rejection. Neutral valence words were names of
objects or common words with no emational content. No word was repeated during the task.
Trials were counterbalanced for matching color and response key.

A block design was used because of the greater statistical power and signal stability it 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 examine sustained
activation in prefrontal cortex to a greater extent than would be possible using an event-
related design. Fifteen 30-s blocks of positive, negative, and neutral words (5 blocks for
each word valence) were pseudo-randomly interspersed with fifteen 10-s fixation blocks in a
pseudo-random order. There were 10 trials of 3 s each in every word block. A color high-
resolution LCD projector projected visual stimuli onto a rear projection screen that was
viewed by means of an angled double mirror system mounted on a standard GE head coil.

MRI Protocol

Gradient-echo echo-planar functional imaging and structural acquisitions were performed
with a 3.0 Tesla whole body scanner (Signa, General Electric Medical System, Milwaukee,
WI1). Twenty-five axial slices were acquired (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). Anatomical images were acquired in the axial plane (three-dimensional spoiled
gradient recalled [SPGR], 1.5-mm-thick contiguous axial slices).

Image Processing and Data Analysis

FIASCO software (Functional Imaging Analysis Software-Computational Olio; http://
www.stat.cmu.edu/~fiasco/) (Eddy, Figzgerald, Genovese, Mockus, & Noll, 1996) was used
to correct the functional neuroimaging data for head motion. This approach implements both
3D motion estimation and correction, removal of slow signal drift, and identification of
images with artifacts such as high shot noise or displacement that cannot be readily
corrected by motion correction algorithms. We excluded from the analyses individual
volumes from the time series if head displacement from the median head position was
greater than 1.5 mm, or if head rotation from the median head position was greater than 0.5
degrees. There were no significant group differences in the number of volumes retained after
discarding those with mation artifact.

Voxel-wise effect size (r) maps were then calculated for each subject by contrasting
activation for Negative and Neutral, as well as Positive and Neutral, word valences. A
voxel-wise Fisher’s z transform was also applied to normalize the effect size maps (zr,
Rosenthal, 1991). The zr-maps and SPGR anatomical images were imported in Analysis of
Functional Neuroimages (AFNI, Cox, 1996) and warped into Talairach space using AFNI’s
automated Talairach procedures (Talairach & Tournoux, 1988). Lastly, we resampled each
individual talairached functional map to an isotropic 3 x 3 x 3 mm grid.
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To examine significant group differences in brain activation across the whole brain a whole-
brain voxel-wise analysis of variance (ANOVA) was carried out in AFNI. Group (PBD,
ADHD, HC) was the between-subjects factor, and word valence contrast (negative vs.
neutral; positive vs. neutral) was the within-subjects factor. A significant group by word
valence condition interaction was followed by t tests in AFNI to further examine group
differences. To correct Type | error rates for multiple group comparisons (n = 3), we first
applied a Bonferroni correction and adopted a voxel-wise probability threshold for
significance of p < .016 (i.e., p = .05/3). We then corrected for multiple voxel-wise
comparisons in the ANOVA using a contiguity threshold (minimum volume threshold = 297
cubic mm; minimum clustering radius: 3.1 mm, uncorrected p < .01) that ensured an
experiment-wise Type 1 error rate of p < .02 (corrected), based on AFNI’s AlphaSim Monte
Carlo simulations (Ward, 2000) that were restricted to in-brain voxels. In this way, we
identified clusters of voxels for which there were significant group differences for each
contrast (negative vs. neutral, positive vs. neutral) with a corrected p < .02.

Finally, based on findings from the whole brain ANOVA, we performed exploratory
Spearman correlation analyses to determine the relationship between fMRI activation in
relevant anatomical regions of interest (ROIs) and clinical measures (YMRS, CDRS, ADHD
Rating Scale 1V-R). ROIs were defined in standard Talairach space using AFNI tools. These
ROIs in AFNI format, and the rationale for anatomical ROl definition, are available at:
http://ccm.psych.uic.edu/Research/NormalBrain/ROI_rules.htm;
http://ccm.psych.uic.edu/Research/ResearchProgram/NormalBrain/ROlaffect_rules.aspx.

Demographic, Clinical, and Behavioral Data Analyses

RESULTS

Separate ANOVASs were carried out for each demographic or clinical measure (age,
estimated 1Q, SES, YMRS, CDRS, ADHD scale) with group (PBD, ADHD, HC) as the
between-subjects factor. Significant group effects were followed by planned comparisons
between the three groups. Fisher’s exact tests (two-tailed) were carried out for categorical
variables (sex, handedness, race). Mean RT and accuracy data were analyzed using repeated
measures ANOVAs with group (PBD, ADHD, HC) as a between-subjects factor and word
valence (negative, positive, neutral) as a within-subjects factor.

Demographic and Clinical Data

Table 1 summarizes clinical and demographic data for the three groups. Data from one
ADHD patient and one of the HC were not available due to technical problems and,
therefore, were not included in our analyses. ANOVAs revealed no group differences in age,
estimated 1Q, or SES. Fisher’s p tests (two-tailed) also failed to reveal group differences in
handedness or racial composition, although the ADHD group had a significantly higher
proportion of male subjects than the PBD group. The three groups differed in mean YMRS
and CDRS-R scores, with significantly higher ratings for the PBD group on the YMRS and
the CDRS-R than for the other two groups. While the HC and ADHD groups did not differ
on the CDRS-R, the ADHD group had significantly higher YMRS than HC. Group
differences were also found on the ADHD Rating Scale 1VV-R. The PBD and ADHD groups
had significantly higher scores on this scale than HC but the former two groups did not
differ significantly from one another.

Behavioral Performance Results

Mean RT and accuracy data for the PBD, ADHD, and HC groups are presented in Table 2.
Planned comparisons on the significant group effect [F (2,41) = 5.74; p = .006] indicated
that, across all word valence presentations, the PBD [F (1,41) = 5.81; p = .02] and ADHD [F
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(1,41) = 10.79, p = .002] groups exhibited significantly slower RT than HC, but did not
differ from each other. Moreover, there was a significant interaction of group by word
valence [F (4,82) = 3.73; p = .008]. To examine the source of this interaction, planned
comparisons were conducted to elucidate the effects of word emotional valence on RT for
each group. For the PBD group, RT for positive words was significantly slower than RT for
neutral [F (1,41) = 4.11; p = .05] and negative [F (1,41) = 7.48; p = .009] words, which did
not differ from each other. For the ADHD group, RT for negative words was significantly
slower than RT for positive words [F (1,41) = 5.12; p =.03], but no significant differences
were found between RT for neutral words and RT for either negative or positive words. For
the HC group RT did not differ with word valence.

Additional planned comparisons were conducted to examine group differences in the effects
of word emotional valence on RT. For negative words, the ADHD group had significantly
slower RT than HC [F (1,41) = 9.27; p = .004], but differences between the PBD group and
the other two groups were not significant. For positive words, the PBD [F (1,41) = 9.21; p
=.004] and ADHD [F (1,41) = 5.63; p = .02] groups had significantly slower RT than the
HC group, but did not differ from each other. Similarly, RT for neutral words, in the PBD
group [F (1,41) = 4.90; p = .03] and the ADHD group [F (1,41) = 13.10; p =.0008] were
significantly slower than in HC, but did not differ from each other.

With regard to the accuracy data, there were no significant results.

fMRI Results

The whole-brain ANOVA revealed a significant group by condition interaction [F (2,41) =
4.44; p < .02] that was examined further with planned comparisons. We report results for
group differences in brain activation for negative versus neutral and positive versus neutral
word condition contrasts.

Group differences for the negative versus neutral word contrast (Table 3;
Figure 2)—Only the PBD group exhibited greater activation than the ADHD group at the
junction of right middle and inferior frontal gyrus (VLPFC) (Figure 2a), in bilateral
posterior cingulate gyrus, right precuneus and parahippocampal gyrus. The PBD group also
showed greater activation than HC in right and left ventral-medial PFC (VMPFC), VLPFC
(inferior frontal gyrus), DLPFC (middle frontal gyrus), and cingulate regions (dorsal anterior
cingulate cortex, posterior cingulate gyrus) (Figure 2b), in parietal regions (bilateral
precuneus and right inferior parietal lobe), in right supramarginal gyrus, and in left middle
temporal gyrus. Relative to HC, the ADHD group exhibited greater activation in right
DLPFC (superior and middle frontal gyrus), left inferior parietal lobe, and cerebellar regions
(left tonsil and right tuber) and reduced activation in right orbito-frontal cortex, right
VLPFC (inferior frontal gyrus) (Figure 2c), and left superior temporal gyrus.

Group differences for the positive versus neutral word contrast (Table 3;
Figure 3)—Compared with the ADHD group, the PBD group exhibited greater activation
in left DLPFC (superior frontal gyrus) and left VLPFC (inferior frontal gyrus) (Figure 3a),
left thalamus, right parahippocampal gyrus and superior temporal gyrus, and no reduced
activation. Compared with HC, the PBD group showed greater activation in right ventro-
medial frontal gyrus, left VLPFC (inferior frontal gyrus) (Figure 3b), right supramarginal
gyrus and parietal regions (right inferior parietal lobule and bilateral precuneus), and no
reduced activation. The ADHD group, relative to the HC group, exhibited greater activation
in right DLPFC (superior and middle frontal gyrus), left cingulate regions (left subgenual
ACC, left dorsal ACC) (Figure 3c) and in right superior parietal lobule, and reduced
activation in left parahippocampal gyrus and left middle temporal gyrus.

J Int Neuropsychol Soc. Author manuscript; available in PMC 2011 September 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Passarotti et al. Page 8

Correlations Between ROl Activation and Clinical Measures

Spearman correlation analyses were performed between clinical measures (YMRS, CDRS,
and ADHD Rating Scale IV-R) and activation in anatomical DLPFC, VLPFC, and ACC
ROls for the PBD group in the two experimental conditions. After correcting for multiple
comparisons no significant correlations were found.

DISCUSSION

To our knowledge, this is the first fMRI study to compare and contrast the impact of
emotion on cognitive processing concurrently in un-medicated PBD patients (Type I and I1),
un-medicated ADHD patients (Combined type), and HC. While it is often difficult to
differentiate between PBD and ADHD in terms of behavioral performance, our fMRI results
provide preliminary evidence that adolescents with PBD and ADHD may exhibit a
phenotypic variation in the way neural circuits engage in emotion regulation, especially with
regard to VLPFC functions. The central finding of this study is that for the negative versus
neutral word contrast, the PBD group showed greater VLPFC activation than both the
ADHD and HC groups, while the ADHD group engaged the VLPFC less than the other two
groups. This initial finding suggests increased effort to manage emotional impact on
cognitive processing in PBD, and reduced engagement of these circuitries in ADHD. Similar
group differences were found during the positive versus neutral word contrast.

With regard to behavioral performance, there were no significant group differences in
accuracy. For RT, the two patient groups were significantly slower than HC overall, but did
not differ from each other. Also, while RT for the PBD group was significantly faster for
negative than positive words, the ADHD group exhibited the opposite pattern, and no
difference was observed for the HC. The group differences in behavioral performance,
however, were not associated with differences in neural processing. This may be due to the
task being too easy to reveal significant group differences in performance, or to power
limitations because of the small sample and the small number of task trials due to the need
for a short fMRI scanning session. Alternatively, these findings may suggest dissociation
between neural activation and behavioral performance. It is possible that the patient groups
engaged alternate neural circuits or the same circuits to different extents, relative to HC, to
obtain performance levels similar to HC.

Differential VLPFC Dysfunction in PBD and ADHD

In line with previous findings (Dickstein et al., 2005; Galanter & Leibenluft, 2008), the PBD
and ADHD groups showed similar RT and accuracy patterns, and similar scores on the
ADHD Rating Scale 1V-R. These results are also in line with neuropsychological studies on
PBD (Dickstein et al., 2005; Pavuluri et al., 2006) and ADHD (Doyle et al., 2005; Rubia et
al., 2001), which suggest similar problems with attention and cognitive control in these two
disorders. Nevertheless, in the present study, the PBD and ADHD groups differed in terms
of VLPFC engagement but were similar in terms of DLPFC engagement during the
emotional Stroop task. Specifically, while the PBD group, compared with the ADHD group
and HC, showed increased activity in emotion regulation systems including the VLPFC
(Lagopoulos & Mahli, 2007; Mahli et al., 2005; Pavuluri et al., 2008), the ADHD group
engaged this region less than the PBD group and HC. On the other hand, both patient groups
engaged the DLPFC in a similar way, and exhibited greater DLPFC and posterior parietal
activation than HC, which can be explained in terms of greater working memory and
attention effort in the patient groups relative to HC (Compton et al., 2003; MacDonald,
Cohen, Stenger, & Carter, 2000; Manes et al., 2002; Posner et al., 2009).
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For negative versus neutral words, the PBD group exhibited greater activation than the
ADHD group in right VLPFC, precuneus and parahippocampal gyrus, and bilateral posterior
cingulate gyrus. Similarly, for positive versus neutral words, PBD patients had greater
activation than ADHD patients in left VLPFC, left thalamus, right parahippocampal gyrus,
and right superior temporal gyrus. The VLPFC is involved in response inhibition (Aron et
al., 2003; Kemmotsu, Vollalobos, Gaffrey, Courchesne & Muller, 2005; Konishi, Nakajima,
Uchida, Kikyo, Kameyama, & Miyashita, 1999; Menon et al., 2001; Pavuluri et al., 2008),
as well as evaluation and modulation of emotional processes (Botvinick, Braver, Barch,
Carter, & Cohen, 2001). The posterior cingulate gyrus relays valence information to PFC,
limbic structures and precuneus (Posner et al., 2009). Moreover, the parahippocampal gyrus
is involved in encoding of arousing emotional words (Posner et al., 2009), and the superior
and middle temporal gyri monitor the emotional valence of words (Compton et al., 2003).

Previous emotional Stroop studies found decreased VLPFC activation in euthymic, mostly
Type |, bipolar patients, relative to HC (Lagopoulos & Mahli, 2007; Malhi et al., 2005;
Pavuluri et al., 2008). Conversely, the current study found increased VLPFC and VMPFC,
compared with HC, in our sample of manic, mixed, and hypomanic patients, similar to the
findings reported by Rich et al. (2006). It is possible that PBD patients may have to expend
additional effort for emotion regulation during more severe illness states. A more systematic
comparison of neural function across varying mood states in PBD patients compared with
HC will be needed to examine this possibility. If the present preliminary evidence is
replicated, it would suggest that in PBD the extent of alteration of VLPFC activity relative
to HC may depend on severity of illness or mood status.

With regard to the ADHD group, previous studies have observed results similar to ours, with
decreased VLPFC activation in ADHD groups compared with HC, on tasks of selective
attention (Bush et al., 1999; Vaidya et al., 1998) and response inhibition (Casey et al., 1997;
Passarotti et al., in press; Rubia et al., 1999; Tamm et al., 2004). Decreased VLPFC
activation in ADHD patients relative to both PBD patients and HC was also found on a
motor inhibition task that did not involve emotion processing (Passarotti et al., in press).
Taken together, these findings suggest that VLPFC modulation of inhibition processes,
whether involving inhibition of cognitive processes (as in previous studies) or inhibition of
emotional processes (as in the present study), may be dysfunctional in individuals with
ADHD compared with both HC and PBD patients.

The present findings suggest differential engagement of regulatory circuits in patients with
PBD and ADHD, relative to one another as well as to HC, on tasks demanding inhibition of
automatic emotion processing. In PBD patients relative to HC, a similar pattern of greater
VLPFC and VMPFC activation was found for negative and positive words, although neural
recruitment was greater for negative words. It is possible that when inhibition of emotion
processing is necessary, the neural interface between cognition and emotion processing (i.e.,
VLPFC and ventral ACC) may become overactive in patients with PBD. This is potentially
a compensatory mechanism that over-engages control systems in an attempt to modulate the
impact of emotional arousal on cognitive processes in the presence of excessive emotional
reactivity (Blumberg et al., 2003, Frangou, Haldane, Roddy, & Kumari, 2005; Pavuluri et
al., 2007, 2008). Conversely, the ADHD group may underutilize such higher order control
centers. In fact, the ADHD group engaged the VLPFC less than HC for negative words and
less than PBD patients for both negative and positive words. This finding may be interpreted
as reduced engagement of cortical inhibition and emotion modulating circuits in ADHD
patients (Passarotti et al., in press; Rubia et al., 1999; Tamm et al., 2004). Thus, while both
patient groups may clinically show increased distractibility or impact of emotions on
behavior, they may have this phenotypic deficit for different reasons at the neural level.
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Future studies should further examine the role of VLPFC dysfunction in PBD and ADHD
phenotypes.

Neural Activation and Emotional Valence in PBD and ADHD Patients

Compared with HC, both clinical groups exhibited differential neural engagement for
negative and positive words. This finding is preliminary, and its relevance is tempered by
the fact that group differences in behavioral performance were not robustly modulated by
word valence. The PBD group engaged a more extensive network of regions than HC,
including ventral-medial frontal as well as dorsal and posterior cingulate and temporal
regions, for negative than for positive words. These findings are in line with evidence that
negative words may capture attention and increase arousal to a greater degree than positive
words (Compton et al., 2003; Posner et al., 2009; Stormark et al., 1995; Williams et al.,
1996). In contrast, the ADHD group showed similar VLPFC activation but increased
subgenual and dorsal ACC activation for positive words compared with HC. The dorsal
ACC aids the DLPFC in resolving cognitive conflict (Bush, Luu, & Posner, 2000), while the
subgenual ACC aids the VLPFC in modulating sub-cortical emational processes (Botvinick
et al., 2001; Bush et al., 2000). It is possible that the ADHD patients were more able to
engage VLPFC and rostral ACC when arousal was reduced, as can occur with positive
versus negative words (Posner et al., 2009). Moreover, the ADHD group exhibited greater
cerebellar activity than HC only for negative words, which may be associated with greater
effort for cognitive control (Rubia et al., 1999) in response to these stimuli (Stormark et al.,
1995).

Study Limitations and Future Directions

Some limitations of the present study offer opportunities for further investigations. The
present study did not find significant correlations between clinical measures and brain
activation in ROIs that yielded significant group differences, possibly because of power
limitations. Therefore, future studies need larger patient samples to further explore patterns
of brain dysfunction in PBD and ADHD and how they relate to symptom measures. Also,
despite our efforts to control for sex composition across groups, we had a higher proportion
of males in the ADHD group compared with the PBD group. A better control for sex
composition will help disentangle possible gender effects in PFC dysfunction in these
disorders. Future studies should also use an event-related fMRI design, instead of a block
design, to differentiate between neural activation for correct and incorrect responses. An
experimental paradigm that directly contrasts cognitive control processes with and without
emotional interference will also help clarify whether in PBD and ADHD emotional
dysregulation disrupts cognitive functions, or there is an inherent deficit in the cognitive
control of emotion processing. Finally, the present study did not examine comorbidity
effects. Adler, DelBello, Mills, Schmithorst, Holland, and Strakowski (2005) found reduced
prefrontal activation and increased recruitment of posterior brain regions during an attention
task in bipolar adolescents with comorbid ADHD as compared to bipolar adolescents
without ADHD. Furthering our understanding of how a combined presence of these
disorders (or high degree of shared symptomatology) relates to brain dysfunction is crucial
and has important implications for treatment.

CONCLUSIONS

Our results provide preliminary evidence for phenotypic differences in neural response
during cognitive control of emotion processing in patients with PBD compared with patients
with ADHD. Increased VLPFC and ACC activation in PBD patients compared with HC
suggest compensatory over-activity of the cognitive and emotional interface because of
underlying circuitry dysfunction. Conversely, reduced VLPFC activation in ADHD
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compared with both HC and PBD patients may indicate a deficient function of the
underlying regulation systems in ADHD.
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Figure 1.
Illustration of Positive, Neutral and Negative word valence trials for the Color Matching
Task.

J Int Neuropsychol Soc. Author manuscript; available in PMC 2011 September 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Passarotti et al.

Page 16

Figure 2.

Group differences in significant clusters of brain activation for the Negative versus Neutral
word contrast. Red indicates greater activation in the first group compared with the second
group. Blue indicates reduced activation in the first group compared with the second group.
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. Y corresponds to the TLRC
coordinate in the coronal axis for the coronal brain images presented.
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Figure 3.

Group differences in significant clusters of brain activation for the Positive versus Neutral
word contrast. Red indicates greater activation in the first group compared with the second
group. Blue indicates reduced activation in the first group compared with the second group.
Legend as in Figure 2. Subg.ACC = subgenual anterior cingulate cortex; MedFG = medial
frontal gyrus.
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Demographic and clinical characteristics for PBD, ADHD and HC

Table 1

PBD (N=17) ADHD (N=15) HC (N=14)
Variable Mean (SD) Mean (SD) Mean (SD) F,p
Age in years (Age range: 10-18) 14.27 (1.98) 12.93 (2.60) 14.14 (2.42) F(2,43)=1.37,p=.27

Estimated 1Q2 (IQ range: 80-115) ~ 98:40 (6.74)

96.10 (12.69)

104.5 (10.14)

F(2,43) = 2.84, p=.07

SES 2.35 (.61) 2.57 (.94) 2.00(92)  F(2/43)=2.25, p=.12
YMRS 14.13 (6.73) 6.67 (5.25) 86 (151)  F(2,43) = 27.27, p=.000001
PBD>ADHD: p=.001
PBD>HC: p=.001
ADHD>HC: p=.005
CDRS-R 5219 (10.12)  21.25(7.86)  19.43(2.28)  F(2,43) = 95.38, p=.000001
PBD>ADHD: p=.000001
PBD>HC: p=.000001
ADHD vs HC: p=.54.
ADHD Rating Scale IV- R 22.63(8.63)  26.93 (8.67) 279 (4.15)  F(2,43) = 41.44, p=.001
PBD vs ADHD: p=.12
PBD>HC: p=.001
ADHD>HC: p=.001
Variable N (%) N (%) N (%) Fisher’s Exact Test (two-tailed)
Sex
Male 6 (35%) 12 (80%) 7 (50%) ADHD vs. PBD: p=.02
Female 11 (65%) 3 (20%) 7 (50%) ADHD vs. HC: p=.13
PBD vs. HC: p=.50
Handedness
Right 16 (94%) 15 (100%) 14 (100%)  ADHD vs. PBD:. p=1.00
Left 1 (6%) 0 (0%) 0 (0%) ADHD vs. HC: p=1.00
PBD vs. HC: p=1.00
Race Composition
Caucasian 8 (47%) 3 (20%) 7 (50%) ADHD vs. PBD:. p=.15
Other 9 (53%) 12 (80%) 7 (50%) ADHD vs. HC: p=.13

PBD vs. HC: p=1.00

Page 18

Note. 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 Control.

aEstimated with Wechsler Abbreviated Scale of Intelligence (WASI; Matrix Reasoning and Vocabulary Subtests).

J Int Neuropsychol Soc. Author manuscript; available in PMC 2011 September 7.
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Table 2

Mean response time and accuracy for the emotional Stroop task in patients with pediatric bipolar disorder
(PBD), attention deficit hyperactivity disorder (ADHD), and healthy controls (HC)

PBD ADHD HC
RT (in ms) Mean (SD) Mean (SD) Mean (SD)
Positive words 710 (221) 669 (145) 525 (96)
Negative words 632 (150) 734 (189) 557 (121)
Neutral words 637 (146) 714 (175) 517 (106)
Accuracy (% correct) % (SD) % (SD) % (SD)
Positive words 88 (22) 84 (12) 96 (3)
Negative words 85 (22) 85 (13) 95 (8)
Neutral words 84 (22) 85 (12) 95 (3)

J Int Neuropsychol Soc. Author manuscript; available in PMC 2011 September 7.
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