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Abstract
A deeper understanding of how the relationships between impulsivity, reward systems and
executive function deficits may be similar or different in attention-deficit/hyperactivity disorder
(ADHD) and pediatric bipolar disorder (PBD) is fundamental for better defining phenotypy in
these two developmental illnesses, and moving towards improved treatment and intervention. We
focus our article on recent neurocognitive and neuroimaging data examining the behavioral and
neural aspects of poor behavior regulation, response inhibition and reward systems in ADHD and
PBD. In light of recent research evidence, we propose that the common behavioral manifestations
of impulsivity in ADHD and PBD may indeed originate from different neural mechanisms
mediated by altered reward systems. In order to define and differentiate these mechanisms, unlike
previous approaches, our theoretical model examines the interface of the dorsal frontostriatal
circuit, involved in behavior regulation, and the ventral frontostriatal circuit, which is involved in
reward-related and affect processes. Preliminary evidence suggests that the neural systems
involved in impulsivity, reward systems and executive function engage differently in the two
illnesses. In PBD, `emotional impulsivity' is predominantly `bottom-up' and emotionally/
motivationally driven, and stems from ventral frontostriatal circuitry dysfunction. By contrast, in
ADHD `cognitive impulsivity' is predominantly `top-down' and more `cognitively driven', and
stems from dorsal frontostriatal dysfunction. We discuss this evidence in view of clinically
relevant questions and implications for illness-based intervention. We conclude that the reward-
related mechanisms underlying the interactions between executive function, behavior regulation
and impulsivity in PBD and ADHD may be differentially compromised, and in accordance
differently shape the clinical symptoms of impulsivity and goal-directed behavior.
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At present it is extremely difficult to delineate the phenotypy of impulsivity in pediatric
bipolar disorder (PBD) and attention-deficit/hyperactivity disorder (ADHD). A potentially
debatable concept is whether impulsivity is a common dimensional dysfunction across the
two disorders, with a unified neurobiological mechanism, or if it is driven by two distinct
neural mechanisms with merely a common behavioral manifestation. A clear understanding
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of the mechanistic route to psychopathology will lead to accurate and neurobiologically
informed interventions, including pharmacotherapy or psychosocial therapy. Therefore, we
critically evaluate the existing literature and present our current conceptual and
methodological framework to study and potentially differentiate the neurobiological bases of
impulsivity in ADHD and PBD. We will examine impulsivity in terms of poor inhibition
function, which results from altered interaction between regulation and motivational/reward
processes. This article will conclude with the presentation of a new model to pave the path
for future directions in translational neuroscience and symptom-based characterization [1]
towards a better understanding of PBD and ADHD psychopathology that will inform precise
illness-specific intervention.

ADHD & PBD phenotypy & neural mechanisms involved
Profiles of pathophysiology in ADHD & PBD: similarities & differences

Attention-deficit/hyperactivity disorder and PBD are two developmental syndromes with a
high degree of comorbidity, ranging from 60 to 90% [2–4]. Even in the absence of
comorbidity, they share the common symptoms of inattention, impulsivity, excessive talk
and hyperactivity [4], which are often associated with cognitive dysfunction and affect
dysregulation [2,4–6]. This apparent overlap in clinical phenotypes may lead to
misdiagnosis or delay in diagnosis and treatment with adverse consequences for the
individual and families.

Attention-deficit/hyperactivity disorder is one of the most common pediatric mental
illnesses, with an estimated prevalence of 5–8% in children and often persisting into
adulthood [7] with impaired inhibition, attention and executive functions, as well as altered
sensitivity to reward contingencies [8–13], all of which may contribute to impulsivity, risky
behavior, poor social, academic and occupational skills, increased rates of substance abuse,
and traffic accidents [5,11,14,15]. We will focus here on the ADHD combined subtype with
hyperactivity, impulsivity and inattention (DSM-IV-TR) [16].

Bipolar spectrum disorder has an estimated prevalence of 1–5% [17]. However, in this
article, we will focus on studies that examined the narrow phenotype of PBD, Type I and II
(DSM-IV-TR) [16] presenting with mania and hypomania, elation, grandiosity, irritability,
racing thoughts, decreased need for sleep, and hypersexuality [4,18]. Note that there is still
an ongoing debate on how euphoria or irritability may contribute to mania in youth [18,19].
Either way, in these children, severe and persistent affect dysregulation, impulsivity and
altered response to reward with low frustration tolerance [20,21] often leads to considerable
impairment in social, cognitive and school functioning [22–24] maladaptive reward-seeking
behaviors and high rates of substance abuse [4,25–27].

Common phenotypy & neural operations underlying executive function deficits in ADHD &
PBD

Executive functions, which rely heavily on lateral and medial prefrontal cortex (PFC)
function [28], include behavior control, inhibition processes, attention, working memory,
planning, decision making, problem solving and emotional self-regulation. Protracted
myelination and maturation of PFC regions through adolescence [29] have been associated
with an improvement in executive functions [30–32], and better emotional self-regulation
with development has been ascribed to improved executive functions and attentional control
of emotion processing [33,34]. Deficits in the realm of executive function affect cognitive
control operations that support complex cognitive behaviors and regulate impulses or reward
processing.
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There is recent evidence of cognitive deficits in PBD in the domains of executive function,
sustained attention, verbal learning and working memory [6,23,24] that are independent of
illness status [23] and may worsen rather than diminish with development. This broad range
of executive function deficits has been demonstrated to directly impact reward-related
processes, motivation and goal-oriented behavior in bipolar disorder (BD) in youths [20,35–
37].

Children with ADHD exhibit deficits in executive functions, attention, vigilance, working
memory, planning and response inhibition [14,38], with more severe neurocognitive
impairment than children with PBD with or without comorbid ADHD diagnosis [39].
Moreover, it has recently been acknowledged that in addition to the core attention deficits,
poor emotional self-regulation is common in ADHD [40,41], including problems with facial
affect recognition [42], with resisting the impact of emotions on cognitive processes during
emotional challenge [8,43,44] and underlying hyperactivity of limbic brain regions involved
in emotion processing [45]. Such emotional deficits need to be better understood in their
relation to executive function deficits and mood dysregulation as observed in PBD.

In summary, executive function deficits are common across ADHD and PBD – although
they may be more severe across different domains in ADHD, and while future research
needs to ascertain whether the underlying mechanisms may be different, these deficits
impact cognitive control of behavior in a similar manner in the two illnesses.

Inhibitory functions: common external phenotype & differential neural operations of
inhibition in ADHD & PBD

Inhibitory function, that is the ability to inhibit or delay an action, or to inhibit conflicting
cognitive and affective processes, is a major component of executive function and a
prerequisite for self-regulation of behavior, affect and arousal [8,46,47]. This function relies
on frontostriatal circuits including the dorsolateral PFC (DLPFC), ventrolateral PFC
(VLPFC), anterior cingulate cortex (ACC) and dorsal striatum [30,48,49]. Developmental
studies indicate that maturation of PFC and dorsal striatum through late adolescence leads to
improvement in inhibitory functions [31,32,50,51].

Deficits in inhibition and self-regulation of affect and arousal are core components of
impulsivity [8,47]. Impulsivity has multiple facets to its behavioral manifestation, such as
being too quick to act, the inability to stop or postpone action, exhibiting emotional
outbursts short of considering the consequences, poor ability to plan, bypassing multiple
steps towards a goal, or inability to delay a reward and wait for a better outcome. Behavioral
studies on response inhibition have confirmed that problems in inhibition are a core deficit
in children with ADHD (see [52–55] for reviews). Given the long history of characterizing
ADHD (see [40] for a historical perspective), there have been several influential
neuroscience-based models that attempt to explain impulsivity in this illness. Abnormal
patterns of cortical maturation have been found in ADHD, suggesting an overall
developmental delay in brain maturation, including delayed maturation of prefrontal regions
[56]. Building from Barkley's (1997) theory of ADHD as a dysfunction in `inhibitory
control' [8], Sonuga-Barke [11,57], Nigg and Casey [58] and Castellanos et al. [59] ascribe
deficits in executive function to frontostriatal or `cool' pathways and deficits in emotion
regulation to fronto–limbic or `hot' pathways (see also Rubia et al. for a similar theory [60]).
Moreover, given the specific role of dopamine in the frontal cortex and striatal functioning
related to attention, cognition, inhibition and reward processes [61], dopaminergic system
dysfunction has played a particular role in ADHD theories.

Dopamine has been found to affect brain function early on in development. Dopamine levels
in dorsolateral PFC have been documented to affect performance in working memory and
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inhibition tasks in humans from infancy through to early childhood [62]. Moreover,
nigrostriatal and mesolimbic projections in dopamine circuits are important for
reinforcement learning mechanisms [12]. Sagvolden et al. proposed that impulsive emotions
and low frustration tolerance in ADHD are caused by hypodopaminergic activation in the
mesolimbic pathway and striatum, which control affect and motivation [63]. Important clues
in this regard come from recently developed animal models of ADHD that may aid in
understanding the biochemical and neurological substrates of this pathophysiology in
striatum and prefrontal regions [64]. For example, Paine et al. examined whether dopamine
signaling within the medial PFC modulates attention processes in rats [65]. They performed
intramedial PFC micro-infusion of D1 receptor agonists and antagonists of cAMP-
dependent protein kinase, a target of D1 receptor stimulation, to examine effects on attention
performance in a five-choice serial reaction time task similar to the continuous performance
task in humans. The results indicate that these manipulations in rats led to both reduced
attentional performance and hyperactivity, which are two distinctive features of ADHD in
humans – suggesting that ADHD may involve protein kinase dysregulation within medial
PFC resulting in inattention and hyperactivity.

Among imaging studies, functional MRI (fMRI) findings from response inhibition tasks
point to frontostriatal dysfunction as responsible for poor inhibition in children with ADHD
[48] and, more recently, in children with PBD, with or without ADHD comorbidity [66–68].
Response inhibition has been mainly studied using the Stop Signal Task or `go/no-go' tasks.
The Stop Signal Task is a well-known paradigm, based on animal [69] and human [46,70]
models of response inhibition, that examines the ability to inhibit a prepotent and already
on-the-way motor response when a stop cue appears at varying delays from the presentation
of a go cue. This task has been widely used with healthy adults and children [71,72], as well
as in the clinical population [66,70]. Performance on this task improves steadily from
childhood to adulthood [72,73] and has been found to strongly correlate with levels of
impulsivity in ADHD [52,72]. Studies of adolescents with ADHD that used either the Stop
Signal Task [48,74], or go/no-go tasks, where subjects respond or not based on the presence
or absence of target stimuli [30,75–77], found decreased activation in response inhibition
circuits. Specifically, Durston et al. employed an event-related (ER) fMRI go/nogo task with
parametric manipulation of the number of go trials preceding a no-go trial to manipulate
levels of cognitive interference [75]. As expected, healthy controls (HC) showed increased
susceptibility to interference with increasing numbers of go trials preceding nogo trials, but
children with ADHD had response inhibition difficulties even with a single go trial
preceding a nogo trial. Moreover, this performance pattern in ADHD was accompanied by
reduced frontostriatal activation, in favor of a more diffuse network of posterior brain
regions, suggesting that poor inhibition in ADHD is associated with executive function
deficits. Similar results were obtained in a later ER-fMRI study by Durston et al., where
male children and adolescents with ADHD showed decreased correlation between
performance on successful nogo trials and activation in VLPFC, relative to HC [76]. Rather,
their performance correlated with parietal activation, possibly suggesting compensatory
activation in posterior brain regions to counterbalance poor activation in prefrontal
regulatory centers. Moreover, using the Stop Signal Task, Rubia et al. compared a small
sample of adolescent boys with ADHD with HC on stop trials (both correct and incorrect
ones), and found reduced activation in the VLPFC, ventromedial PFC (VMPFC) and
caudate in the ADHD group relative to HC [48]. Similarly, Plitzka et al. found that during
unsuccessful stop trials in a Stop Signal Task, in spite of no behavioral group differences,
children with ADHD (combined type) exhibited reduced activation in dorsal ACC and
VLPFC, and increased activation of DLPFC, relative to HC [74]. These fMRI findings are in
line with findings of reduced volumes in prefrontal and caudate regions, especially in the
right hemisphere, in children with ADHD during the developmental years [78–80].
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In PBD studies, several block design and ER fMRI studies have linked inhibition deficits to
VLPFC dysfunction [66,67,81], which seems to be independent of mood state [81,82].
Important differences in the neural substrate of response inhibition were found in a first
block design fMRI study comparing children with PBD and ADHD. Passarotti et al.
compared adolescents with PBD without ADHD comorbidity and adolescents with ADHD
without PBD comorbidity on a response inhibition task [67]. Comparable response
inhibition deficits and ADHD symptom scores were found in both patient groups. However,
at the neurological level, the ADHD group, relative to both HC and PBD, failed to engage
the VLPFC, which is implicated in inhibition and interference control [14,83], and the
DLPFC and dorsal striatum, which are responsible for sustained behavior control selection
[84], action suppression and working memory processes [49,85]. The greater level of
VLPFC and DLPFC dysfunction in ADHD relative to PBD (Figure 1) is in agreement with a
diffusion tensor imaging (DTI) study that illustrated extensive white matter abnormality in
prefrontal fiber tracts involved in cognitive function in ADHD relative to PBD [86]. These
findings support dual deficits within the dorsal and ventral regulation and inhibition circuits
in ADHD relative to PBD.

Consistent findings emerged in two other block design studies that directly compared PBD
and ADHD using paradigms that examined inhibition function as the ability to inhibit
challenging emotional information during cognitive processing, such as during a color
matching task with emotional words [87] and a working memory task with emotional faces
[88]. These findings collectively imply shared functionality of the brain regions such as
VLPFC, DLPFC and dorsal ACC in motor response inhibition and inhibition of conflicting
processes [87]. However, when it comes to the differential dysfunction across the disorders,
despite deficits in response control in both disorders, deficits in ADHD are associated with
more extensive dorsal and ventral PFC dysfunction, involving both dorsal frontostriatal
dysfunction and ventral VLPFC dysfunction (i.e., Brodmann area [BA] 45,47) [15,30,48].
By contrast, the neural underpinnings of response inhibition deficits in PBD, relative to HC,
are associated with a more localized neural dysfunction, which, based on our studies
[67,81,87,88], seems to lie in a more superior region at the junction of VLPFC/DLPFC, at
the interface of cognitive and affective systems [89] in BA 46, 47 and 10, and in ventral
ACC (vACC), a region involved in automatic inhibition of amygdala activation [81,82,90].
In spite of these interesting initial results, it is important to further determine what drives
these fMRI group differences in response inhibition dysfunction.

In summary, the phenotype of impulsivity manifests similarly in ADHD and PBD, but it is
differentially driven by cognitive and emotional brain regions, respectively, across these two
disorders. Precision to act or not to act and the associated inhibition processes: performance
monitoring, sustained vigilance, and response selection towards cognitive and affective
regulation, are all critical for overcoming impulsivity in the clinical population. We propose
that reward-related processes are closely associated with such cognitive and motor behavior
regulatory functions.

Different phenotypy & neural operations of reward sensitivity in ADHD & PBD
Until recently, behavior regulation deficits were mainly examined as attention or executive
function problems [8,70,91]. However, recently reward-related processes are re-emerging as
a concept of motivating forces shaping the regulation of behavior. Reward sensitivity is
linked to the motivational drive underlying goal-oriented behavior because in order to
provide appropriate response to the environment, information about motivation and reward
needs to be integrated with an action plan to attain goals [92].

Human and animal studies [93,94] have revealed a complex and extended neural circuitry
for reward processes that includes brain areas involved in processing of reward and
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punishment contingencies [95], as well as circuits involved in decision-making, motivation
and emotion processing [96]. There are several parallel loops within the frontostriatal system
that initiate from and project to DLPFC, supplementary motor area, ACC, VLPFC, lateral
orbitofrontal cortex and striatum [92,95,96].

Frontostriatal circuits involved in self-regulation keep maturing until late adolescence
[31,32] where neural development is accompanied by reorganization of cognitive, affective
and social functions [31,97–99]. Given that studies on reward systems in ADHD and PBD
are in their infancy, we will start by discussing developmental studies on reward systems
that can provide a framework to help understand the role of frontostriatal and limbic
response to reward contingencies in normally and abnormally developing children
[100,101].

An important study by Ernst et al. compared reward systems in adolescents and adults
during an ER fMRI study using the `wheel of fortune' task: a computerized two-choice task
involving probabilistic monetary outcomes [100]. The fMRI results indicated that the
amygdala and nucleus accumbens (NAcc) showed greater activation when winning than
losing, or with greater than smaller incentives, in both adolescents and adults. Nevertheless,
the signal differences between positive and negative outcomes and between smaller or
greater incentives involved more the NAcc in adolescents and the amygdala in adults.
Moreover, using a gambling task with reward or losses May et al. found greater sensitivity
to reward delivery in adolescents than in adults in the ventral striatum and orbitofrontal
cortex [102]. An important distinction is also the one between anticipation of rewards, that is
the `motivational' aspect, and response to delivered rewards, that is the `consummatory'
aspect. Using a monetary incentive task, Bjork et al. found that while both adolescents and
adults exhibited similar consummatory responses, associated with increased activation in
ventral striatum and VMPFC, during reward anticipation, adolescents relative to adults
exhibited reduced recruitment of the ventral striatum and amygdala [103]. While
preliminary, these findings suggest that adolescents may engage in risky behaviors that may
lead to negative and dangerous outcomes because they need greater reward stimulation in
order to reach levels of motivation to action comparable to those in adults.

Prefrontal regions are also highly involved in reward-directed behavior. To examine whether
risk-taking bias during decision-making correlates with development of PFC, a study by
Eshel et al. used a monetary decision-making task requiring participants to choose among
options with different degrees of risk [104]. The results indicated that adolescents engaged
the PFC less than adults when making risky monetary decisions. There was also a
correlation between less efficient recruitment of prefrontal regulatory regions (VMPFC,
VLPFC and ACC) and preference for risky options in adolescents. Similarly, using a
monetary game where participants decided when to press a button to collect their winnings,
before risking to lose everything, Bjork et al. found that medial ACC regions in BA 24
become more sensitive to risk options with age [103]. These same PFC and ACC regions are
highly implicated in both ADHD and PBD. In summary, these developmental studies
suggest that the biological bases for impulsive behavior in adolescents may result from a
combination of hyperactive ventral striatum for `approach' behavior, and hypoactive
amygdala supporting `avoidance' mechanisms, as well as reduced regulation of PFC that is
still maturing and not yet primed to inhibit excessive subcortical activity [98,100,101].
While the dual pathway theory by Sonuga-Barke posits that deficits in inhibition and in
motivation are separate and may lead to two different subtypes of ADHD, we propose that
inhibition and motivation deficits are interlaced and lead to behavior regulation deficits in
ADHD [11,57]. Initial research evidence suggests that ADHD may involve abnormalities
not only in executive but also in motivational pathways. Recent behavioral studies point at
altered reinforcement sensitivity in ADHD, although results are sometimes inconsistent, and
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we still know very little about the cognitive or neurobiological mechanisms underlying these
deficits (see [105,106] for a comprehensive review). Behavioral research suggests that
similar to healthy children, children with ADHD benefit from positive reinforcement and
there is some evidence that reinforcement effects on cognitive skills are larger in ADHD
children than in HC [105]. However, children with ADHD prefer immediate over delayed
reward even if the immediate reward is smaller [107,108]. Reward-seeking may lead to risky
behavior such as gambling in ADHD. A gambling behavior study by Faregh and
Derevensky found that adolescents with ADHD were significantly more likely than non-
ADHD adolescents to engage in gambling and later develop gambling problems [109].

In terms of the neurobiological mechanisms that may underlie these deficits, Sheres et al.
found that 12–17-year-old adolescents with ADHD, relative to HC, demonstrated similar
behavioral responses but reduced ventral striatal activation for reward vs non-reward trials
[13]. Importantly, reduced striatal activation for reward anticipation correlated with
hyperactivity and impulsivity, but not with general cognitive measures of inattention.
Similarly, reduced activation in VMPFC and ventral striatum during a response inhibition
task with monetary contingencies was found in adults with ADHD relative to HC [110].
Moreover, both experimental evidence and clinical observations suggest that children with
ADHD respond well to immediate rewards, but are less responsive to rewards that are
delivered intermittently or with a temporal delay [9], possibly because of weak anticipatory
dopamine signal to cues predicting reinforcement [12]. These results in ADHD likely
suggest more prominent impairment in motivational response to reward rather than skewed
appraisal of the actual reward contingencies once they are delivered, which may affect or be
associated with compromised executive function and impulsivity.

With regard to PBD, recent studies suggest impaired `top-down' prefrontal regulation of
over-reactive limbic activity as key in its pathology [67,68,81,87,88,111,112]. Studies on
reward-related processes in BD have shown increased frustration and emotional reactivity,
especially to negative contingencies and feedback, with poor ability to adapt to changing
contingencies during reversal learning tasks, both in children with PBD [20,35] and adults
with BD [37]. Gorrindo et al. compared performance in children with PBD and HC on a
probabilistic reversal learning task [35]. Their results showed worse performance in PBD
relative to HC while learning the reward object in a repetitively presented pair of stimuli,
and then re-identifying the reward object after it had been switched to the other stimulus in
the pair. Similar results were obtained in a reversal learning study by Pizzagalli et al. where
adults with BD exhibited, relative to HC, reduced and delayed reward-related learning,
which correlated with self-reported mood symptoms [37].

Children with PBD also show reduced ability to deal with frustration in other cognitive
flexibility tasks specifically designed to engender frustration. For example, in an event-
related potential (ERP) study by Rich et al., participants underwent an affective Posner
attention task, with three conditions: a condition with feedback but no contingencies, a
condition with contingencies, and a third condition with rigged feedback in order to cause
frustration [20]. ERP data showed that the PBD group relative to HC had impaired ability to
adapt to contingencies, in that it exhibited reduced amplitude in parietal P3 (an ERP
component originating in the parietal cortex and reflecting attention processes) with the
rigged task, suggesting that these children deploy attention to their internal frustration rather
than to the task. Using the same affective Posner task, a magnetoencephalography study by
Rich et al. showed altered magnetoencephalography patterns of activity in right ACC and
bilateral parietal lobe, related to frustration-inducing negative feedback [36]. Similar results
were obtained by Dickstein et al. using a fMRI probabilistic reversal learning task, that
showed greater frontoparietal activation in PBD patients relative to HC, especially in
response to punished reversal errors [113]. Finally, a fMRI study with adult bipolar patients
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with mania by Abler et al. found NAcc dysfunction in patients during a monetary incentive
paradigm, where after an expectation interval participants either underwent reward trials or
reward omission trials [114]. Different from HC, patients showed a lower differential signal
in the NAcc for the receipt as compared with the omission of an expected reward. It is still
to be ascertained whether the same abnormalities in NAcc would be observed with euthymic
patients and in BD children and adolescents.

In summary, dysfunctional development of reward systems may lead to excessive reward-
seeking behavior such as pathological gambling [109] or substance abuse [115] and
vulnerability to mental illness, impulsivity and deficient behavior regulation
[97,101,116,117], and therefore remain central to our interpretation and application of our
findings. Both ADHD and PBD exhibit altered reward-related processes. However,
preliminary evidence suggests that while in ADHD there are deficits in executive functions
that may be associated with reward anticipation (i.e., motivational aspects), in PBD, altered
evaluation and appraisal of reward contingencies (i.e., consummatory aspect), with
increased frustration and emotionality, especially with negative contingencies, may create
interference with executive function. Therefore, the behavioral manifestations vary between
the two disorders and the neural operations also differ across ADHD and PBD.

An integrated neurobiological model of response inhibition, reward &
executive function systems to differentiate PBD & ADHD
The interaction between dorsal and ventral frontostriatal circuits in PBD & ADHD

Unlike previous approaches, our theoretical model aims to differentiate PBD and ADHD
phenotypes for impulsivity by examining the interface of the interlinked processes of
response inhibition and reward as fundamental to understand the complexity across these
two illnesses.

Building from our previous work [23,65,67,68,81,87,88] and expanding from current
neuroscience models of ADHD [8,11,40,57,58,60,80], we conceptualize behavior regulation
as a function that relies on the integration of interfacing systems involved in cognition,
reward processes and inhibition [92,96]. As shown in Figure 2, we propose a
neurobiological model of the reward and behavior control systems, presenting two distinct
but parallel and interfacing systems that regulate behavior. A fronto–dorsal–striatal circuit
regulates behavior in the context of `stimulus–reward' and `action–reward' association and
includes the DLPFC, the dorsal ACC (dACC) and the VLPFC, which have reciprocal
connections with the dorsal striatum (i.e., caudate), via thalamic mediation [96]. The DLPFC
and dACC are involved in behavior control, working memory and decision-making [85],
while the VLPFC is involved both in affect regulation [111,117,118] and inhibition
[83,87,112]. Finally, the dorsal striatum is involved in learning, error signal and
reinforcement of actions potentially leading to reward [119], where caudate signal
associating an action with either a positive or negative outcome could be used to either
reinforce or weaken the action [120, 121].

A fronto–ventral striatal circuitry is involved in reward processes and includes VLPFC,
VMPFC (including BA 10,11 and 32), the ventral ACC (vACC), ventral striatum and
amygdala. The vACC aids VLPFC in limbic regulation [122]. The VMPFC is important for
evaluation and prediction of reward contingencies [122–124], and provides the main cortical
input to the ventral striatum (i.e., nucleus accumbens), which is also involved in reward
evaluation and prediction [121,125,126].

Importantly, while both the ventral and dorsal striatum receive input from PFC and project
back to PFC through the medial thalamus, only the ventral striatum, involved in
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motivational aspects of goal-oriented behavior [127,128], receives abundant projections
from the amygdala. The amygdala is a key region for emotional processing, which is not
limited to aversive stimuli [129]. Moreover, single-cell recording studies conducted with
nonhuman primates suggest amygdala contributions to reward processing in terms of
affective evaluation of both positive and negative stimuli [130,131]. In addition, fMRI
studies with adult humans [132] and patients with bilateral amygdala lesion [124] suggest
that the amygdala aids the VMPFC in encoding the value of reward representations and in
reward expectancy. An important point is that while NAcc motivates approaching behavior
towards the most advantageous course of action, the amygdala relates the affective valence
of stimuli to NAcc as well as to brainstem and arousal systems, warning to avoid negative
stimuli [101,133]. In view of these considerations, we included the amygdala in the ventral
system circuits.

Amygdala dysfunction is present predominantly in PBD [111,112,118] and to a degree in
ADHD [45] and may affect interactions between the dorsal and ventral frontostriatal
systems. For example, our group found preliminary evidence of reduced functional
integration of amygdala, VLPFC and VMPFC regions within affect regulation and working
memory networks in PBD relative to HC during a working memory task with emotional
faces [134]. Moreover, a study by Foland et al. found reduced functional connectivity
between VLPFC and amygdala in BD patients relative to HC during emotion processing
tasks [135]. These patterns of dysfunctional connectivity may contribute to the persistent
fronto–limbic dysfunction seen in this disorder. To highlight the limbic influence of
affective arousal on the ventral circuitry, we have called the ventral frontostriatal system the
`reward/affect system'.

Cognitive versus emotional impulsivity in ADHD & PBD
Based on our current understanding of the brain mechanisms underlying inhibition
processes, it is becoming evident that prefrontal regions are involved both in motor
inhibition and in inhibition of emotions, such as anger, fear and sadness (see also [47] as
well as in reward-directed behavior [11,92,101,104]. Yet, we propose that different
mechanisms of interaction between inhibition and reward/affect circuits characterize
`cognitive impulsivity' in ADHD and `emotional impulsivity' in PBD. With regard
impulsivity, we think it is important to make a distinction that has utmost clinical relevance,
between `cognitive' versus `emotional' drives to impulsivity, based on the mechanistic root
the behavioral impulsivity. Barkley recently proposed emotional dysregulation as a `core
feature' of ADHD in both children and adults, where executive failure to inhibit normally
intense emotions of anger, impatience and frustration can lead to emotional over-reactivity,
for which he coined the term `emotional impulsivity' [10,40]. The issues of impulsivity, self-
regulation and the relationship between ADHD and irritable mood are currently being
considered and may lead to significant changes in the DSM-V [136–138]. In agreement with
Barkley's view, and based on our own studies comparing ADHD children with no severe
mood dysregulation and children with PBD, we propose that the emotional disinhibition
seen in the typical child with ADHD is in fact resulting from generalized inhibition
problems across cognition and affect, and is qualitatively different from the abnormal and
extremely intense emotional reactions that severely challenge prefrontal regulation systems
in PBD. Moreover, given the new directions towards disorder classification based on
neurobiological mechanisms underlying symptom dimension [1], we propose the term
`cognitive impulsivity' for ADHD, in order to highlight the type of impulsivity that is
primarily driven by a generalized `top-down' inhibition problem, based on poor executive
and attention functions, which extends both to cognitive and emotional processes. This
emotional dysregulation in a child with the typical ADHD profile is a potential but minor
affect dysregulation in proportion to the `emotional impulsivity' seen in severe affect
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disorders such as PBD, where persistent and exaggerated subcortical limbic activity that
undermines PFC regulation in a `bottom-up' fashion may lead to explosive emotionality,
rage, violent outbursts, self-harm, suicide attempts and risky behavior.

Based on our model (Figure 2), our overarching hypothesis is that `emotional impulsivity' in
PBD is more robustly modulated by dysfunction of the reward/affect system, that is the
ventral frontostriatal circuitry. We hypothesize that emotional impulsivity results from
subcortical overactivity of the amygdala and ventral striatum, associated with reduced
emotion regulatory function of the VLPFC, VMPFC and vACC. Moreover, because of the
research evidence on worsening of affect dysregulation in PBD with negative valence
stimuli [81,87,88] or negative contingencies such as punishment or loss of expected reward
[20,36], we predict that over-reactivity in limbic and ventral striatal regions will be worse in
the presence of perceived or experienced negative emotions, such as anger, frustration and
fear, that may be elicited by negative contingencies. By contrast, based on previous
literature [8,11,13,40,57–60,110] we hypothesize that in ADHD, impulsivity would be
predominantly modulated by poor attentional, inhibitory and regulatory function in the
dorsal frontostriatal system, with reduced capacity of DLPFC and dACC to attend to and
evaluate reward-related contingencies and to regulate amygdala and ventral striatum activity
elicited by these contingencies.

A key aspect in our model for differentiating between ADHD and PBD relates to the
interface of inhibition and reward. Based on previous studies with cognitive and affective
paradigms [23,67,81,87,88,112,118], we propose that overall, children with ADHD have
greater dorsal frontostriatal inhibition dysfunction relative to children with PBD, but that
when we tap on the interface of reward and inhibition circuits by introducing performance-
based reward or punishment contingencies, children with PBD would show worse
dysfunction in the ventral reward/affect system and the dorsal behavioral control system
(Figure 2) relative to ADHD. In other words, positive and negative contingencies should
affect the ability to inhibit pre-potent responses over subsequent trials in a response
inhibition task more severely in PBD than in ADHD, because of the more severe affect
dysfunction in PBD that impacts more on the interface between reward and regulation
systems in PBD relative to ADHD. Therefore, we would expect that in a task where the
child fails to inhibit a response and receives negative feedback, we should see increased
limbic and ventral striatum activity in children with PBD relative to children with ADHD,
accompanied by reduced activity in the regulatory dorsal frontostriatal system. Ventral
striatum activity has been found to respond to both occurrence or anticipation of positive
and negative contingencies because of its involvement in motivation and goal-directed
behavior. For example, a fMRI study by Levita et al. showed increased NAcc activation at
the onset of both rewarding and aversive stimuli [128], which is likely due its role in
modulating goal-directed behavior [133]. Moreover, Carter et al. found increases and
decreases in NAcc in anticipation of both gain and losses during a monetary incentive delay
task, which may reflect anticipatory activation related to the motivational relevance of
upcoming events [127].

Preliminary studies using cognitive and affective paradigms provide initial support to our
model. Pilot data using a stop signal task with positive and negative monetary feedback
indicate in fact that after errors on stop trials, the PBD group relative to the ADHD group
exhibits reduced ability to adjust inhibitory response based on the immediate feedback, with
increased ventral striatal activity and reduced ventral and dorsal PFC regulation of
emotional over-reactivity in response to negative contingencies [PASSAROTTI AM, PAVULURI MN.
UNPUBLISHED DATA]. Moreover, in line with our hypotheses that negative emotional challenge
hinders regulatory functions in PBD more than in ADHD, it was found that while in a
response inhibition task with no feedback, those with PBD showed increased VLPFC and
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DLPFC activation compared with those with ADHD [67], during an emotional task, namely
a `n-back task' with angry, happy and neutral faces, it was only with negative-valence
stimuli such as angry faces that PBD exhibited a reduction in DLPFC activation relative to
ADHD [88].

Finally, while in our discussion we are mainly referring to the typical ADHD Combined
Type profile, with no chronic irritability, there is a third important group that is positioned
symptomatically in between PBD and ADHD and that deserves further attention.
Specifically, children with severe mood dysregulation (SMD), as defined by Leibenluft
[137,138], present not only high ADHD comorbidity rates, but also severe irritability and
hyperarousal, which are chronic and non-episodic. Moreover, different from children with
PBD, children with SMD do not exhibit discrete hypomanic or manic episodes [138]. It will
be very important to better differentiate, in research and clinical practice, between the
phenotypes for ADHD, PBD or SMD in order to inform more specific intervention and
treatments [138].

A few studies have already confirmed neural differences between ADHD, PBD and SMD
with regard to limbic activity related to face emotion processing [45] and attention to
emotional stimuli [139]. The amygdala is often hyperactive in PBD relative to HC,
contributing to persistent mood dysregulation [20,81,112]. While our studies with emotional
challenge did not find differences in amygdala activation in PBD relative to ADHD [87,88],
Brotman et al. report hyperactivity in left amygdala activation in children with ADHD
relative to either PBD, SMD or HC, while giving emotional ratings of subjective fear to
neutral faces [45]. This novel finding suggests potentially different neural correlates of face
emotion processing in ADHD relative to PBD or SMD that warrant future investigations.
Moreover, a study by Rau et al. suggests that youth with SMD and with narrow BD
phenotype did not differ in their ability to select between differently valued rewards and
punishments during a decision-making task, but we still do not know whether the two
groups may differ at the neural level in this regard [140]. It will be important that future
studies further differentiate between different profiles of mood dysregulation also in terms
of impulsive behavior and reward-related processes within a neurobiological framework.

Neurobiologically-informed treatments of cognitive & emotional regulation
deficits in ADHD & PBD: clinical applications

While the proposed neurobiological model, with its predictions and the preliminary results,
is just an initial step towards better understanding impulsivity mechanisms in ADHD and
PBD, it nevertheless provides a crucial framework for future studies that will foster
development of neurobiologically informed intervention (Figure 3 & Table 1). In line with
the proposed concept of either emotionally-driven or cognitively-driven impulsivity, one
aspect that is gaining confirmation experimentally is that in PBD, impairment in reward-
related learning [20,35,36] may be due to abnormal reactions to punishment or negative
contingencies, with emotional over-reactivity (i.e., frustration and irritability), leading to
diminished ability to attend to task-related processes and inhibit interfering affective or
cognitive processes [20,36]. On the contrary, in ADHD, reward-related learning is within
normal range as long as positive and negative contingencies are administered consistently
and without delays [8,9,105,106], possibly because of altered reward anticipation and delay
aversion [11] accompanied by poor working memory, performance monitoring and
inhibitory function for goal maintenance [59,67,71]. This initial evidence suggests that
different types of feedback and reward contingencies need to be integrated with intervention
at school and home for PBD and ADHD (Table 1). In agreement with these findings, our
model and preliminary findings suggest that negative contingencies affect children with
PBD more than those with ADHD and that ADHD may benefit more than PBD from
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feedback for improving response inhibition. These are crucial predictions to be tested in the
quest to differentiate PBD and ADHD pathology and inform new intervention strategies.

In ADHD, several studies support the efficacy of behavioral parent training and classroom
management based on social learning aspects to cope with impulsivity, inattention and poor
behavioral regulation (see [141,142] for reviews), with the use of reinforcement (e.g., praise,
positive attention and concrete rewards) to reinforce appropriate behavior and immediate
punishment (e.g., ignoring the child or time out) to extinguish inappropriate behavior (Table
1) [8]. Studies with ADHD on cognitive–behavioral therapy (CBT) with parental training
revealed some improvement in parental ratings of hyperactivity and self-esteem but no
improvements on parent or teacher ratings of inattention and impulsivity [143] Behavioral
classroom intervention studies relying on structured environment and direct contingency
management together with medication suggest improved behavioral control in ADHD [144].

What is quintessentially different in CBT-based treatments for PBD is that the negative
contingency-based behavior therapy will be unhelpful in PBD, as explained by our
neurobiological model (Table 1) where PBD children over-react to negative contingencies
and cannot regulate their behavior, based on contingencies. Therefore, Pavuluri et al.
designed the child and family-focused CBT that is based on cognitive therapy limited to
positive self-statements and self-psychology concepts, which are integrated to foster
cognitive self-statements and collaborative problem solving between parent and child, rather
than implementing negative consequences to the child maladaptive reactions [145]. This
integrated or modified child and family focused-CBT model, which helps facilitate long-
term management of symptoms together with medication [146], may address the therapeutic
needs complicated by affect/motivation dysregulation, impulsivity, explosive rage, anger,
depression, mania, sleep problems, poor executive functions, negative thinking and risky
behavior in PBD [145–147].

It is also noteworthy that there has recently been a development of cognitive enhancement
programs, usually in the form of structured computerized games with feedback, such as
Cogmed (Cognitive Medical Systems AB, Stockolm, Sweden) [148,149] to aid with
cognitive deficits related to poor executive function (e.g., in attention and working memory)
(Table 1). Previous studies that trained healthy children and children with ADHD using
Cogmed showed improvements in working memory function [148] and changes in related
brain networks [150], although it is a current challenge to prove that improvements in
functions closely related to those engaged in the training program can generalize to response
inhibition and executive functions, as well as academic skills. Our laboratory is currently
examining the mechanisms that may improve working memory in computerized training
programs such as the Cogmed program, towards developing modified Cogmed protocols
with additional response inhibition training tasks that are more tailored to the type of
executive problems seen in PBD and ADHD.

In terms of pharmacological treatment in ADHD, stimulants modulate dopaminergic
systems and improve response inhibitory functions in children with ADHD (Table 1) [151].
Sheridan et al. used a working memory task in adolescents with ADHD who were either on
their usual dose of stimulants or off stimulants, and found increased function in basal
ganglia accompanied by decreased effort-related DLPFC activation, suggesting that
stimulants may improve saliency of basal ganglia signal to PFC, thereby reducing cognitive
effort [152]. There is also initial evidence that by affecting dopaminergic reward systems in
the striatum [153], stimulants reduce reward-seeking behavior and substance abuse [154].

Moreover, a few studies on methylphenidate (MPH) treatment in children with ADHD have
shown improved function in caudate and prefrontal regions during attentional tasks
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[155,156], and there is some recent evidence that MPH may normalize functioning of both
attentional and motivation networks, probably because of strong dopamine involvement in
both interacting circuits. In fact, a fMRI study with adolescents with ADHD by Rubia et al.,
which used a rewarded continuous performance task that measured vigilance and the effects
of reward, found that acute dose of MPH upregulated functional connectivity in the
attentional fronto–striato–parieto–cerebellar circuit, and downregulated hypersensitive
motivational orbitofrontal networks [157]. However, the clinical significance of these results
may need further confirmation, since clinical applications of MPH are usually titrated.

Other recently approved treatment options are available for pediatric population with ADHD
who do not respond well to stimulants (see [158] for a comprehensive review). In general,
though, it seems that effects of medications and reward contingencies used in psychosocial
therapy for ADHD are additive rather than synergistic with regard to improving inhibitory
control. In a recent ERP study, Groom et al. found improvements in electro physiological
markers of response inhibition during a go/nogo task in children with ADHD as an effect of
both MPH treatment and reward contingencies [159]. Even if to a lesser degree than
medication, motivational incentives also increased electrophysiological correlates of
attention (P3 component) and response conflict monitoring (N2 component) in ADHD
children, suggesting that they have the ability to improve based on feedback and
contingencies. It is noteworthy that the effects of motivational incentives were not
differentially greater in patients than in HC, suggesting normal response to immediate and
consistent rewards, but given the reduced inhibition performance in ADHD at baseline, this
suggests that children with ADHD may need qualitatively or quantitatively different
incentives relative to healthy peers. Future studies may need to better examine various
aspects of reward such as reward magnitude, reward schedule and reinforcement history in
ADHD intervention. In summary, medication makes the child more able to attend and in
control, which facilitates learning and task completion, enabling a more concerted and time-
sensitive reaction to the prevailing motivation or reinforcement contingencies [8].

In line with the neurobiologically informed treatment model that we describe in Table 1,
while in ADHD stimulants are mainstream pharmacotherapy that work by aiding the dorsal
frontostriatal system, in PBD, mood stabilizers alone or followed by stimulants are widely
used to treat mood dysregulation and improve function in fronto–limbic regions. Stimulants
by themselves will only worsen mood stability in PBD (see [160] for a review). Recent
pharmacological fMRI studies in PBD showed improvement in inhibitory function and
mood stability with lamotrigine, divalproex and risperidone [68,161–164]. For example,
lamotrigine treatment in hypomanic pediatric patients led to increased activation in
ventromedial PFC during a motor response inhibition task [68] and an affective color
matching task that probed the interface of cognition and emotion control [161]. In another
study using an affective working memory paradigm in PBD, Passarotti et al. showed that
antipsychotic medication followed by lamotrigine monotherapy resulted in improvement of
manic and depressive symptoms and normalization of activity in higher cortical emotional
(i.e., VLPFC) and cognitive (i.e., DLPFC) regions patients relative to HC [112]. These
initial studies suggest that lamotrigine may have a dual action on affective and cognitive
systems and, therefore, may be useful in PBD where the interface of cognition and affect is
severely compromized. There is also initial evidence that lamotrigine treatment may
improve working memory performance [163]. Another study by Pavuluri et al. was a
double-blind randomized controlled trial to examine how 6-week treatment with an
antipsychotic (i.e., risperidone) and an anti-epileptic agent (i.e., divalproex) would affect
brain function during a working memory task under emotional challenge in adolescents with
bipolar mania [162]. The results suggested drug-specific mechanisms of action, in that while
with treatment both patient groups showed reduced activation in manic symptoms, the
divalproex group showed greater increase over treatment in VLPFC and middle temporal
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gyrus, whereas the group treated with risperidone, showed a greater increase in ventral
striatum, rich in D2 receptors. At present there are no studies examining whether
pharmacotherapy directly affects reward systems in PBD. Future research will need to
ascertain whether an improvement in mood regulation may also lead to improved regulation
in motivational mechanisms, with benefits to cognitive and executive functions.

Conclusion
Understanding the brain function and behavior that underlie the overlapping clinical feature
of impulsivity and poor inhibition and how that shapes the response to reward and loss, and
vice versa, will reveal the bio-signatures of ADHD and PBD. We propose a testable
neurobiological model of impulsivity positing that in PBD a predominantly `emotionally-
driven' or `bottom-up' impulsivity is associated with a reward/affect system or ventral
frontostriatal circuitry. By contrast, in ADHD a more `cognitively-driven' or `top-down'
impulsivity predominates, stemming from dysfunction in the behavior regulation system or
dorsal frontostriatal circuit. It will be important that future studies integrate fMRI,
neurocognitive and clinical measures to test new theories on impulsivity and better
differentiate the neurobiological mechanisms of PBD and ADHD. This in turn will inform
disorder-specific interventions such as cognitive remediation or reward-based psychosocial
interventions.

Expert commentary
Approximately 50% of adults with mental disorders have illness onset by the age of 14 years
[165]. Therefore, it is imperative to understand the developmental aspects of pediatric
mental illnesses, as well as how the psychopathology develops into adult life, and provide
early diagnosis and interventions during the formative years. The past two decades have
witnessed considerable progress in the diagnosis and treatment of ADHD and PBD, thanks
also to developmental cognitive neuroscience studies and the use of brain imaging
techniques to uncover brain dysfunction in these mental illnesses [166], which led to the
discovery of abnormal patterns of cortical maturation in ADHD [56] and of dysfunction in
prefrontal control of limbic over-reactivity in PBD [66,112,117,118]. Still, there is a
persistent debate, in the media and the scientific community alike, on the risk of
misdiagnosis in the pediatric clinical population, which is particularly true with regard to
ADHD and PBD, because of high comorbidity and overlapping psychiatric and cognitive
symptoms that confuse diagnosis and delay treatment.

While the notion of ADHD as a pediatric and adult illness has been present for over 100
years [8], it is only very recently that PBD has been acknowledged as a distinct pediatric
illness, and that clinical evidence has emerged of continuity of child bipolar I disorder into
adulthood, for frequency of manic episodes and substance use disorder [4]. For PBD the
focus was originally on persistent affect dysregulation [6,23], but recently it became
increasingly clear that PBD also presents with cognitive problems and problems at the
interface of affect and cognition [6,20,36,81,85,87], therefore raising the issue of behavior
regulation deficits. Similarly, for ADHD, in addition to the core symptoms of inattention
and hyperactivity [8,5, 14,11,57], it is now proposed that regulatory deficits in ADHD affect
both cognition and emotion processes [10,40,41]. Therefore, new theories trying to explain
the neurobiological bases of PBD and ADHD need to take into account and be guided by the
distinctive clinical manifestations present in each illness, as well as by comorbidity issues.
Both in ADHD and PBD, deficits in PFC executive function prevent the child from normally
acquiring cognitive and affective regulation skills. While it seems that in ADHD PFC
regulatory systems exhibit genetic developmental delay [56], it is still an open question
whether in PBD PFC regulatory systems are genetically dysfunctional or whether they are
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weakened during the course of brain development by the interaction with a persistently
overactive and dysfunctional limbic system [98].

Furthermore, in view of explaining the high comorbidity rates between mental illnesses,
there has been a recent push towards creating biologically validated approaches to the
diagnosis of mental illness, using research domain criteria, or basic dimensions of
functioning, such as cognition (e.g., inhibition, attention or working memory), affect (e.g.,
fear, aggression or reward) and social processes (e.g., theory of mind, face processing or
attachment). These basic dimensions can be studied across disorders and across multiple
levels of ana lysis, from behavior to neural circuits and to genes [1]. This new classification
system does not necessarily exclude discrete disorder classification per se, rather it proposes
that different illnesses may be better diagnosed in terms of biologically identifiable
combinations of symptoms (e.g., impulsivity and affect dysregulation) or varying degrees of
symptom severity (Figure 3). This perspective promotes a dual neuroscience–intervention
approach, where rigorous neuroscience research can help clinical classification, for example
of underlying behavioral manifestation of poor impulse control, the bias for immediate
gratification, and reduced frustration tolerance. This knowledge in turn will help develop
intervention to foster development of executive functions to better regulate both affect and
cognitive processes in PBD and ADHD.

Five-year view
In the past decade, much research has been undertaken to better understand the
pathophysiology of ADHD and PBD separately. In the next 5 years an important direction
will be that of comparing and differentiating several clinical groups with overlapping
clinical features that lead to a diagnosis of comorbidity (e.g., ADHD, PBD, SMD, conduct
disorder and autism spectrum disorder) in order to better characterize and differentiate these
illnesses based on functional domains that inform clinical diagnosis (Figure 3 & Table 1)
[1,45,60,66]. For example, along the mood dysregulation spectrum, in addition to PBD and
ADHD, SMD [137,138] presents not only high ADHD comorbidity rates, but also severe
and chronic irritability and hyperarousal. A few studies have already validated this clinical
classification by showing neural differences between ADHD, PBD and SMD with regard to
emotion processing and frustration [45,167], and it will be clinically important to further
differentiate between these different profiles of mood dysregulation also in terms of
impulsive behavior and inhibition.

A stronger interdisciplinary multimodal imaging approach, for example including resting
state, DTI, fMRI, and independent component analysis (ICA) [168,169] will also tackle the
pathophysiology of these disorders in a more comprehensive way by examining and
comparing structural and functional dysfunction and by identifying different biomarkers
(i.e., biologically based diagnostic indicators of the disease). One of these studies with adult
population, combining fMRI and multivariate analyses methods such as ICA, differentiated
between adult BD and schizophrenia in temporal regions and `default' network, a network
involved with the stream of consciousness and self-reflection during idle time, which
disengages during information processing [170]. Studies in children with ADHD have also
found possible dysfunction of brain regions that support the `default network' [171,172]
comprising VMPFC, posterior cingulate gyrus and inferior parietal regions. In line with
these findings, a DTI study showed more extensive white matter abnormality in prefrontal
fiber tracts involved in cognitive processes in ADHD relative to PBD [86]. A few
preliminary studies have also found altered functional connectivity in cognitive and affective
networks in PBD. Rich et al. found that compared with HC, children with PBD had
significantly reduced connectivity between the left amygdala and right temporal association
cortical regions implicated in processing facial expressions and social stimuli [173].
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Passarotti et al. found that during an affective working memory task relative to HC,
adolescents with PBD showed altered engagement in amygdala, VMPFC and VLPFC both
within a network for affect regulation and a network for working memory function [134].

In the future, combining DTI study data with neurocognitive data on behavior regulation and
functional connectivity data on network interactions will provide converging evidence on
the specific circuitries and mechanisms of altered function related to response inhibition
[174] that may differentiate PBD and ADHD. Future studies will need to address the issue
of how the dysfunction in default network may affect behavior regulation. It will also be
important to correlate clinical measures with brain function and neurocognitive measures to
obtain a comprehensive characterization of symptom–brain–behavior dysfunction in PBD
and ADHD that will better inform illness-specific intervention.

Another goal that is central to the future of studies in child psychiatry and psychology is the
quest to understand how genes and environment interact in mental illness [80,166]. Both in
ADHD [175–177] and PBD [178], there is robust evidence for heritability; however,
molecular genetic studies have provided only few conclusive results because of the trait
complexity of pediatric mental illnesses (see [179] for a review). In the meantime, an
ancillary approach to evaluate early vulnerability markers for disease risk is that of
identifying intermediate phenotypes, in patients and in unaffected family members, which
are highly heritable biological and behavioral traits prevalent in the illness [178]. The
endophenotype approach has helped to genetically define more homogeneous ADHD
subtypes [38] and has revealed that unaffected siblings and relatives of patients with ADHD
exhibit neuropsychological impairment in attention, response inhibition and executive
functions [179,180]. Durston et al. found that similar to children and adolescents with
ADHD, their unaffected siblings also showed decreased activation in VLPFC, a region that
is important for inhibition, during no-go trials that required response inhibition [76].

Preliminary evidence also indicates that first-degree relatives of BD patients may exhibit
deficits in verbal memory [181,182], executive functions [182,183], face emotion processing
[45] and gray matter volume abnormality in parahippocampal and hippocampal gyri [184],
suggesting intermediate phenotypes for this illness in family members. In summary, while
only in its beginnings, the endophenotype approach is very promising and further points at
the urgent public health need for early intervention and prevention even in unaffected
relatives during the formative child and adolescent years of brain development.

Finally, we need to multiply current efforts towards developing new interventions to
improve behavior regulation deficits that may lead to risky and maladaptive behavior in
ADHD [5,11,14,185] and PBD [17,22,25,186]. To this goal, it will be important to keep
developing theoretical models such as the one we propose here that can be easily tested
using neurocognitive and neuroimaging methodologies while feeding information to new
intervention methodologies (Table 1). In particular, given the proposed relationship between
impulsivity and reward systems, it will be important to better differentiate various aspects of
reward-related processes, such as reward expectation, response to reward delivery, reward-
related learning, and preference for immediate versus delayed response, which may be
differently affected in different pathologies [11,97]. A few published studies in ADHD
suggest a bias for immediate reward and steeper temporary discounting, which has been
ascribed to aversion for delay [11]. Related to this finding, children with ADHD seem to
show normal reward-related learning when positive and negative contingencies are
administered consistently and without delays [8], possibly because of delay aversion and
poor working memory and cognitive maintenance systems [11,59]. On the contrary, findings
in PBD studies suggest that negative contingencies severely affect regulatory functions, and
that impairment in reward-related learning may be due to abnormal emotional reactions and
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frustration to punishment or negative contingencies [20,35,36]. This initial evidence is
relevant to approaches in CBT and warrants future research because it possibly suggests that
different types of feedback and reward contingencies from parents, teachers and counselors
may be needed for PBD and ADHD to reduce impulsive behavior during social interactions
and learning at school and home.
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Key issues

• Poor behavior control, risky behavior, emotional dysfunction and impulsivity
are signature deficits in both pediatric bipolar disorder (PBD) and attention-
deficit/hyperactivity disorder (ADHD): two developmental syndromes with high
comorbidity rates and severe deficits in academic, social and interpersonal
domains.

• Similar neurocognitive deficits in PBD and ADHD are reported, although
ADHD children may exhibit more severe neurocognitive impairment. We still
do not know whether similar or different mechanisms underlie these deficits in
the two illnesses. Finally, mood instability and poor emotional self-regulation
are also reported in ADHD.

• The National Institute of Mental Health has recently fostered efforts towards
new ways of classifying psychopathology based on dimensions of observable
behavior and neurobiological measures. The Research Domain Criteria project
defines basic dimensions of functioning (e.g., affect, inhibition and working
memory) that can be studied across disorders and across multiple levels of
analysis, to further validate disorder classification based on neurobiological
measures.

• Knowledge on the neurobiological mechanisms underlying impulsivity and
risky behavior in PBD and ADHD is currently scarce. Both ADHD and PBD
exhibit behavioral deficits in response inhibition that are associated with
frontostriatal dysfunction. In spite of similar attention and inhibition
performance deficits, there is now initial brain imaging evidence that inhibitory
function in prefrontal cortex may be more impaired in ADHD than in PBD,
suggesting possibly different neural mechanisms for inhibition deficits in the
two illnesses.

• While up until now behavior regulation deficits were examined mainly as
attention or executive function problems, more recently a re-emerging and
renewed concept is that of reward-related processes as motivating forces for
behavior regulation. Only recently these aspects have been considered in
development or illnesses such as ADHD and PBD. Reward circuits interface
with cognitive circuits and play a key role in affect and behavior regulation.

• To better disentangle the neurological underpinnings of impulsivity and poor
inhibition we propose a neurobiological circuit involved in behavior regulation,
including the dorsal frontostriatal system, involved in behavior control, and the
ventral frontostriatal circuits, involved in reward and affect. We suggest that in
PBD a predominantly `emotionally driven' or `bottom-up' impulsivity is
associated with ventral frontostriatal circuitry. By contrast, in ADHD a more
`cognitively driven' or `top-down' impulsivity predominates, stemming from
dorsal frontostriatal dysfunction.

• Future studies should integrate multimodal brain imaging, neurocognitive and
clinical measures to test new theories on impulsivity and to better differentiate
the neurobiological and behavioral mechanisms of impulsivity in PBD and
ADHD.

• Initial evidence suggests that ADHD and PBD may respond optimally to
different types of feedback and reward contingencies, and therefore different
interventions across disorders may work at school and home. A deeper

Passarotti and Pavuluri Page 27

Expert Rev Neurother. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



understanding of these issues will inform disorder-specific interventions in the
fields of pharmacotherapy, cognitive remediation or reward-based psychosocial
therapy.
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Figure 1. Between-group differences in significant clusters of brain activation for the Stop vs Go
condition
(A) PBD versus ADHD; (B) PBD versus HC; (C) ADHD versus HC. Red indicates greater
activation in the first group compared with the second group. Blue indicates greater
activation in the second group compared with the first group.
ACC: Anterior cingulate cortex; ADHD: Attention-deficit/hyperactivity disorder group;
DLPFC: Dorsolateral prefrontal cortex; HC: Healthy controls; PBD: Pediatric bipolar
disorder group; VLPFC: Ventrolateral prefrontal cortex.
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Figure 2. Schematic representation of reward and behavior control systems
In the brain image, regions that are part of the reward/affect system are depicted in dark
circles, while regions that are part of the behavioral control/attention system are depicted in
light circles.
†The VLPFC is included in both systems because of its integrative role for behavioral
inhibition and emotional regulation.
dACC: Dorsal anterior cingulate cortex; DLPFC: Dorso-lateral prefrontal cortex; vACC:
Ventral anterior cingulate cortex; VLPFC: Ventro-lateral prefrontal cortex; VmPFC: Ventro-
medial prefrontal cortex.
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Figure 3. Model of dimensions informing disorders: pediatric bipolar disorder and attention-
deficit/hyperactivity disorder
ADHD: Attention-deficit/hyperactivity disorder; PBD: Pediatric bipolar disorder.

Passarotti and Pavuluri Page 31

Expert Rev Neurother. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Passarotti and Pavuluri Page 32

Table 1

Model of neurobiologically informed treatment.

Dimension Behavior Neural operations Treatment

Response inhibition Impulsivity PBD: mainly driven by amygdala and
striatum in interaction with ventral
frontostriatal system (VLPFC, VMPFC,
vACC)

PBD: mood stabilizers as first line
to aid ventral frontostriatal–limbic
system, followed by stimulants to
aid dorsal frontostriatal system

ADHD: mainly driven by cognitive dorsal
frontostriatal system (DLPFC, VLPFC,
dACC, dorsal striatum)

ADHD: stimulants as first line to aid
dorsal frontostriatal system

Reward Frustration Altered sensitivity PBD: mainly driven by amygdala and
striatum in interaction with ventral
frontostriatal system (VLPFC, VMPFC,
vACC)

PBD: child and family-focused CBT
(self-psychology + CBT). No
negative contingencies

ADHD: mainly driven by ventral striatum
in interaction with dorsal frontostriatal
system (DLPFC, VLPFC, dACC, dorsal
striatum)

ADHD: contingency-based training
and management

Executive functions Cognitive regulation (working
memory, attention, decision-
making, planning)

PBD and ADHD: mainly driven by dorsal
frontostriatal system (DLPFC, VLPFC,
dACC, dorsal striatum)

PBD and ADHD: computer-based
cognitive enhancement training with
feedback, focused on cognitive
functions (i.e., working memory,
attention, inhibition, problem-
solving)

ADHD: Attention-deficit/hyperactivity disorder; CBT: Cognitive–behavioral therapy; dACC: Dorsal anterior cingulate cortex; DLPFC:
Dorsolateral prefrontal cortex; PBD: Pediatric bipolar disorder; vACC: Ventral anterior cingulate cortex; VLPFC: Ventrolateral prefrontal cortex;
VMPFC: Ventromedial prefrontal cortex.
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