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ABSTRACT   
Recent neuroimaging studies have uncovered much 
about the specific neural deficits in adult bipolar 
disorder (ABD), but despite promising results, 
neuroimaging research for pediatric bipolar disorder 
(PBD) is still developing.   The neuroimaging literature 
is highly heterogeneous, varying in the paradigms used 
and in participants’ mood states and medication status.   
Despite this variability, several dominant patterns 
emerge.  In response to emotional stimuli, both ABD 
and PBD show limbic hyperactivity coupled with 
hypoactivity in ventral prefrontal emotion regulation 
systems.  This pattern occurred most robustly in 
response to negative incidental stimuli and was 
especially apparent in manic PBD.  ABD showed more 
variability in ventral prefrontal activity, possibly due 
to maturational and medication factors.  On numerous 
cognitive paradigms, PBD showed dorsal prefrontal 
hypoactivity linked to ventral dysfunction, whereas 
ABD showed compensatory frontal, parietal, and 
temporal activity with paradigm-specific variations.  
In emotion-cognition interaction paradigms, patients 
show dysregulation in regions interfacing between 
cognitive and emotional brain systems (e.g., ventral 
prefrontal and cingulate cortices), which expend extra 
effort to process emotional stimuli effectively and 
recruit additional posterior attention systems to cope 
with affective instability. In addition, novel functional 
connectivity techniques have uncovered connectivity 
deficits between frontal and limbic regions in ABD and 

PBD at rest and during active emotional and cognitive 
tasks.  Finally, the neuroimaging literature currently 
lacks cross-sectional studies comparing PBD with 
ABD and longitudinal studies following children and 
adolescents with BD into adulthood.  Such studies 
would provide important insights into patients’ 
prognosis and would determine targets for early 
interventions in the evolving illness diathesis.
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InTRoduCTIon
Neuroimaging studies of adult bipolar disorder (ABD) 
have uncovered much about the functional brain impair-
ments involved in emotional and cognitive responding 
and the effects of medications to treat these deficits. 
Parents and professionals alike wonder whether pediat-
ric bipolar disorder (PBD) will continue and/or manifest 
as ABD, but no mechanistically-informative neuroimag-
ing studies following PBD into adulthood or comparing 
PBD to ABD currently exist. Prognostic forecasts and 
neurobiologically-informed early interventions are only 
possible with improved understanding of the trajectory 
of bipolar disorder (BD) across the lifespan. Furthermore, 
such understanding will elucidate whether PBD and ABD 
are pathophysiologically continuous phenomena, whether 
PBD will morph into the adult form, or whether they are 
entirely different entities. 

In our integrative review, we directly compare the 
paradigms and corresponding findings of neuroimaging 
studies in PBD and ABD to uncover qualitative similari-
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ties and differences between the neural dysfunction in 
each group. Of note, the focus of investigation in one age 
group did not always align with that of the other, thereby 
identifying gaps in our understanding to be addressed by 
future studies. This review is limited to empirical research 
using functional magnetic resonance imaging (fMRI) 
methods. Although Positron Emission Imaging and 
Single Photon Emission Computed Tomography stud-
ies have been conducted in ABD (1), these techniques 
have not been used in PBD, given the radiation risks in 
children. As few electroencephalographic or magnetoen-
cephalographic studies exist in PBD (2), these studies will 
also not be discussed in this review. 

Given the plethora of fMRI tasks run in BD, com-
paring findings, where possible, across studies using 
analogous versions of the same task is critical. Thus, 
paradigms used in both pediatric and adult populations 
are grouped under a common subheading and para-
digms used solely in one group will only be mentioned 
briefly. Furthermore, not all fMRI studies of ABD will 
be included because they have been summarized else-
where (1, 3). Instead, this review highlights the most 
relevant comparisons between neuroimaging findings 
in ABD and PBD, relative to healthy controls (HC). 
Furthermore, comparisons of BD with other disorders, 
such as unipolar depression (4), schizophrenia (5), or 
attention deficit/hyperactivity disorder (ADHD) (6), are 
beyond the scope of this review and not included. 

Furthermore, comparing ABD and PBD in similar 
mood states is preferable because neural activity var-
ies among depressed, euthymic and manic states (1, 
3), even for basic processing tasks (7). However, PBD 
neuroimaging studies have mostly involved euthymic, 
manic or heterogeneous samples. Therefore, neuroim-
aging studies of depressed ABD are less comparable to 
PBD and will only be included if directly relevant. Given 
that in general depressed ABD show less (although still 
abnormal) limbic overactivity and frontal underactiv-
ity than in mania (1), further neuroimaging studies of 
depressed PBD would elucidate whether this pattern 
exists in younger samples. Furthermore, no neuroimag-
ing study has compared PBD to children with unipolar 
depression, but neuroimaging studies comparing ABD 
to adults with unipolar depression have discovered neu-
roimaging biomarkers (e.g., amygdala-prefrontal con-
nectivity) potentially distinguishing bipolar and unipo-
lar depression (4, 8). Such biomarkers, if proven to be 
reliable, would greatly improve the diagnosis of PBD 
(9), which is often misdiagnosed as unipolar depression 

(10), often with disastrous consequences (11). 
Neuroimaging studies of BD frequently contain 

medicated samples (3, 12), so it is often difficult to assess 
the contribution of medications to participants’ neural 
activity. However, some unmedicated PBD (6, 13-18) and 
ABD (19, 20) have been investigated with neuroimaging. 
Additionally, some studies have possessed enough medi-
cated and unmedicated participants to assess medica-
tion effects (21-23), although low statistical power limits 
these results’ interpretation (12). More powerful within-
subject studies have scanned patients before and after 
medication treatment, finding that medication blunts the 
extreme overactivity found during mania and increases 
prefrontal function (23-29). Medication effects on neu-
ral function should be explored further because patients 
are often medicated (3, 12) and unable to withdraw from 
medications to complete the study (12). 

For further reading, two recent meta-analyses (1, 3) 
have provided general summaries of numerous ABD 
neuroimaging studies, mostly involving middle-aged 
to older adults. However, these meta-analyses specifi-
cally excluded PBD neuroimaging studies. Other recent 
quantitative meta-analyses and qualitative reviews of 
neuroimaging (9), neurocognitive (30), and neuroana-
tomical (31) studies have included pediatric patients. 

Through literature searches and the meta-analyses (1, 
3), we identified 84 studies to date (January 2012) con-
ducting fMRI on ABD, including 11 employing connec-
tivity methods. In contrast, we identified only 29 studies 
for PBD, including four using functional connectivity 
methods. The trends for the adult and pediatric studies 
are similar, however, with a steady increase in the cumu-
lative number of studies for both populations (Figure 1). 
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The average (±SEM) sample size of the 29 PBD neuroim-
aging studies was 39.5±4.0 participants, on average con-
sisting of 20.7±1.6 PBD and 17.0±1.3 HC. (Two studies 
had no HC, and four studies included 14.5±.6 non-PBD 
participants with ADHD on average.) These average sam-
ple sizes compare favorably with ABD studies (15.6±7.8 
ABD and 15.9±7.7 HC) (3), suggesting that the pediatric 
and adult studies had similar power, despite the large dif-
ference in the number conducted. 

This review is organized around the broad categories 
of neuroimaging tasks used in BD. Passive tasks require 
little or no overt response, whereas active tasks require a 
response for each trial. Some paradigms involve primarily 
affective processing or purely cognitive processing, and 
others involve interactions between cognitive and affec-
tive processing. Furthermore, some affective tasks require 
participants to explicitly attend to the emotional aspects 
of stimuli, whereas others require participants to focus 
on non-emotional aspects of emotional stimuli (e.g., the 
gender of an angry face) where emotional information is 
implicit. Finally, in addition to conventional fMRI analy-
ses, functional connectivity techniques can measure tem-
porally coherent patterns of spatially-distributed neural 
activity. Although studies investigating connectivity dur-
ing task performance will be discussed with the relevant 
task, studies examining resting-state functional connec-
tivity will be treated separately (4, 32-34). 

EmoTIonAl PARAdIgmS
PASSIvE EmoTIon PERCEPTIon 
Passive emotional perception tasks commonly employ 
emotional faces or scenes. Euthymic, unmedicated PDB 
passively observing angry faces exhibited hyperactivity 
in limbic regions such as the amygdala and the pregen-
ual anterior cingulate cortex (ACC) (13). PBD showed 
a similar but less hyperactive pattern in response to 
happy faces, possibly because of happy faces’ decreased 
salience. Furthermore, these participants showed 
greater medial prefrontal cortex (MPFC) activity and 
decreased activity in dorsolateral prefrontal cortex 
(DLPFC), orbitofrontal cortex (OFC), and inferior 
frontal gyrus (IFG), likely indicating increased affective 
processing and decreased regulatory function, respec-
tively (13). Furthermore, portions of the emotional face 
processing circuit (35) were hyperactive, indicating a 
fundamental dysfunction in emotional processing (13). 

Similarly, euthymic ABD passively viewing faces 
showed reduced OFC (36) and rostral ACC (23) activity. 

Adults showed mixed evidence for heightened amygdala 
activity, with one study finding increases in depressed, 
but not manic or euthymic patients (36). In contrast, a 
small sample of unmedicated adults in various mood 
states showed increased amygdala activity, but medicated 
participants exhibited decreased amygdala activity (23). 
Finally, upon repeated exposure to emotional faces, HC 
showed increased activation in regulatory areas such as 
the OFC and striatum, whereas ABD showed increasing 
activation in the emotional face processing network (37). 
Overall, during passive viewing of emotional faces, both 
ABD and PBD show a decreased ability to recruit frontal 
and striatal regulatory systems and increased emotional 
face processing activity, but evidence for heightened 
amygdala activity is stronger in PBD. 

In response to negative scenes, euthymic PBD 
exhibited greater activity than HC in frontal, tempo-
ral, and insular regions in response to negative scenes, 
and showed decreased activity in the right posterior 
cingulate cortex (PCC) (38). These results suggest that 
PBD were hypersensitive to negative valence, as strong 
emotions activate the insula (39), and frontal regions 
regulate cognitive and affective responses to emotional 
material (35). In response to positive scenes, PBD 
activated fronto-striatal and posterior attention areas 
more than HC, suggesting increased attention to these 
pictures. Euthymic PBD viewing emotional scenes did 
not show amygdala hyperactivity, possibly because the 
scenes were not as intense as faces (38). Manic ABD, 
in contrast, did exhibit left amygdala hyperactivity in 
response to positive pictures, which correlated with 
their euphoric symptoms (40). However, these discrep-
ancies may stem from mood state differences between 
the PBD and ABD participants. Overall, while passively 
viewing emotional stimuli, both PBD and ABD show 
increased limbic activation coupled with decreased ven-
tral frontal activity, especially in response to negative 
stimuli and in manic mood states. 

ovERT EmoTIon PRoCESSIng 
Making judgments about emotional faces is a com-
mon task in neuroimaging studies of BD. However, the 
results differ depending on whether participants make 
an overt judgment of the emotion expressed by each 
face (e.g., fearful vs. neutral) or judge some other qual-
ity (e.g., gender) of emotional faces (7, 15, 41). In overt 
paradigms, participants often indicate the emotional 
valence of a face (15, 39) and sometimes its intensity 
(8, 41, 42). Other studies involve matching faces with 
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the same emotional expression (43) but no study has 
required PBD to match emotional faces. Explicit face 
recognition directly engages affective systems, whereas 
incidental emotional processing tests the interaction 
between affective and cognitive systems (15). In implicit 
studies, emotional information interferes with the 
cognitive processing involved in completing the task, 
revealing the neural substrates of participants’ ability to 
filter out emotional information. Explicit and implicit 
facial affect recognition paradigms are similar, and 
many studies include both conditions so these para-
digms will be discussed together. 

Most emotional recognition neuroimaging studies 
in PBD compared explicit and implicit paradigms, but 
the results vary depending on participants’ mood states, 
their medication status, and the emotion(s) tested. For 
example, PBD exhibited left amygdala and ventral 
prefrontal overactivity only when explicitly rating the 
hostility of neutral faces or their own subjective fear, 
but not when judging a non-emotional aspect of the 
faces (nose width) (41). Furthermore, PBD showed 
reduced connectivity between left amygdala and right 
PCC/precuneus and right fusiform/parahippocampal 
gyrus (44). However, in another study, medicated PBD 
did not show elevated left amygdala activity in the 
explicit emotion condition, but unmedicated ADHD 
did (45). However, PBD showed no limbic activity 
increases while explicitly rating positive and negative 
scenes, likely due to their decreased emotional salience 
relative to faces, but did exhibit hyperactivity in insular 
and prefrontal regulatory areas (38). In contrast, euthy-
mic, unmedicated PBD showed increased activity in the 
amygdala insula, middle frontal gyrus (MFG), and PCC 
during an implicit condition (age judgments), but not 
during explicit emotion judgments (15). Furthermore, 
increased amygdala activity in PBD during implicit 
judgments about emotional faces was associated with 
reduced amygdala volume (46). However, differences 
between these implicit paradigms in the stimuli (i.e., 
neutral vs. hostile faces) and judgments required (e.g., 
nose width [41] vs. age [15]) may explain these results. 

More emotional processing paradigms have been run 
on ABD, so this section will focus on analogous para-
digms. When adult participants explicitly labeled emo-
tional facial expressions, activation varied depending on 
participants’ mood states and medication status as well as 
the valence of the stimuli. For example, euthymic ABD 
showed hyperactivity in the amygdala, hippocampus and 
parahippocampal gyrus and hypoactivity in prefrontal 

regions such as the DLPFC in response to fearful and sad 
faces (26, 39, 47), but not to faces depicting disgust (39). 
In contrast, manic adults showed decreased subcortical 
activity and increased frontostriatal activity on explicit 
recognition paradigms (24, 29, 42), perhaps due to medi-
cation (23) or maturational factors (43). This activity pat-
tern persisted even after medication treatment normal-
ized these patients’ mood states (24), suggesting ventral 
prefrontal and striatal hyperactivation is a trait in ABD. 

On tasks of implicit affect recognition, euthymic 
ABD showed a distinctive brain activity pattern with 
increased subcortical and ventral prefrontal activa-
tion coupled with decreased DLPFC activity (48, 49). 
Furthermore, they showed decreased connectivity 
between the ventral ACC and the amygdala during 
the implicit task, indicating dysfunctional communi-
cation between emotionally-reactive limbic regions 
and prefrontal regulatory regions (50). Thus, ABD and 
PBD present similar patterns of neural activity during 
implicit affective recognition, underscoring the power 
and consistency of implicit designs in eliciting deficits 
in emotional regulation. Implicit paradigms may be 
more consistent because they minimize participants’ 
use of explicit regulation strategies, which may differ 
between ABD and PBD. Furthermore, implicit designs 
possess more ecological validity because people often 
must judge others’ emotional states while engaging in 
concurrent cognitive processing. 

Even though an explicit vs. implicit processing contrast 
is commonly used in facial emotion processing neuroim-
aging studies in PBD (15, 41), only one ABD study com-
pared processing emotional faces explicitly and implicitly 
(7). Although ABD showed increased amygdala activity 
in response to fearful faces in both explicit and implicit 
conditions, manic participants showed differential frontal 
and limbic responses to sad faces between the explicit and 
implicit conditions. In the explicit condition, the manic 
ABD showed increased frontolimbic activity (7), similar 
to that found in PBD (38). In the implicit rating condi-
tion, manic ABD showed decreases in limbic activity (7), 
but manic PBD showed increased limbic activity while 
implicitly rating affective faces (15). However, the implicit 
condition in the ABD study involved indicating the face’s 
color (7), whereas the PBD study required a difficult age 
judgment (15), so these studies divergent findings could 
be caused by differences in the non-emotional informa-
tion being attended. Thus, age or gender discriminations 
might probe implicit emotional processing better than 
color or nose-width judgments because they require 
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more attention to facial features and the facial expression 
is harder to ignore. 

In summary, the “emotional recognition” fMRI lit-
erature in both ABD and PBD is highly heterogeneous, 
with many variants of emotion recognition tasks and 
wide variability in participants’ mood states and medi-
cation status. Furthermore, a plethora of emotional 
expressions have been employed, with few studies 
focusing on specific emotions (e.g., 39) and many stud-
ies employing a variety of facial expressions within 
the same paradigm, further complicating the picture. 
Across ages, neuroimaging studies of emotional pro-
cessing consistently demonstrate decreases in VLPFC 
activity and limbic hyperactivation during mania, with 
additional persistent limbic overactivity in mania (13, 
15) suggesting trait limbic reactivity in BD. The trait-
like amygdala overactivity seen in PBD is not always 
apparent in ABD (39) possibly due to the development 
of prefrontal cortex-amygdala connections, reduced 
amygdala activity with age and disease progression, 
and/or chronic medication use. 

CognITIvE PARAdIgmS
In addition to the hallmark symptoms of mood dysreg-
ulation, patients with BD and their unaffected relatives 
also show cognitive impairments, even in the absence 
of affective symptoms, suggesting that impaired cogni-
tive function is an extended phenotype of the disorder 
(30, 51). Many cognitive domains have been probed 
with fMRI in both ABD and PBD, including attentional 
interference, sustained attention, response inhibition, 
cognitive flexibility, and working memory. However, 
language and social cognition have been investigated 
with fMRI in ABD but not PBD. 

ATTEnTIonAl InTERfEREnCE
In the cognitive (color-word) version of the Stroop task, 
participants see words for colors and name the color 
they are written in rather than reading the word. These 
color names are either written in the same or differ-
ent color (e.g., the word “red” written in red or blue 
ink, respectively). The prepotent linguistic content of 
the words interferes with their less prepotent color, 
providing a cognitive measure of focused attention and 
attentional screening (52). In the only fMRI study using 
the cognitive color-word Stroop task in PBD, a small 
preliminary study, patients showed increased activity 
in the putamen and thalamus, and did not show nor-

mal age-related signal increases in the ventral PFC and 
striatum, suggesting impaired development. In addi-
tion, increased ventral striatum activity correlated with 
these patients' depressive symptoms (53). 

ABD exhibited some mood-state specific activity 
deficits on the color-word Stroop, but other deficits are 
common across mood states, indicating a potential trait 
dysfunction (54). Manic participants showed decreased 
right VLPFC activity (54), whereas depressed partici-
pants showed increased left VLPFC activity and reduced 
OFC/MPFC activity (54, 55), suggesting that emotional 
dysregulation and VLPFC abnormality are central to 
mania, while MPFC abnormality and rumination are 
at the forefront in depression. In line with this pattern, 
both patients and their unaffected first degree relatives 
showed reduced connectivity between ventral prefrontal 
regions and the striatum, ACC, and insula, indicating 
trait deficits in inhibitory control circuits (56). Across 
mood states, patients show decreased VLPFC, OFC, and 
dorsal ACC activity (52, 54, 55, 57) and increased activ-
ity in DLPFC and posterior attention regions (52, 57), 
underscoring a persistent pattern of DLPFC interlinking 
with the emotional modulatory network. 

The patterns found in ABD on the cognitive Stroop 
tasks differ from the one cognitive Stroop study in PBD 
(53), but are similar to those found in euthymic (14) and 
manic (6) PBD on an emotional Stroop variant (discussed 
below). The fact that PBD require emotional material to 
exhibit the level of prefrontal dysregulation observed in 
ABD completing a cognitive task suggests a more preva-
lent cognitive dysfunction in adults than in children. 
However, further studies should be conducted with cogni-
tive color-word Stroop tasks in PBD to test this hypothesis. 

Although numerous other tasks measure attentional 
interference (58) and fMRI studies of patients with uni-
polar depression have employed emotional and non-
emotional versions of these tasks (59, 60), none thus far 
have been employed in an fMRI study of BD. Further 
paradigms measuring attentional interference, with or 
without concurrent emotional stimuli, could further 
refine our understanding of the attentional dysfunc-
tion exhibited in BD as well as the interactions between 
attentional control and emotional processing.

SuSTAInEd ATTEnTIon 
Two studies in ABD (19, 61) and one in PBD (62) have 
investigated sustained attention using a continuous 
performance task (CPT). The pediatric study included 
patients with and without ADHD comorbidity, but no 
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control group, and thus is difficult to compare to the 
adult studies, which included adult HC and no adults 
with ADHD. Nevertheless, both ABD and PBD activated 
the VLPFC, an area not typically activated by this simple 
attention task (19, 61, 62), suggesting they needed extra 
executive resources to complete this task. Moreover, 
manic ABD showed reduced responses in limbic regions 
and increased activity in posterior attention systems (e.g., 
fusiform gyrus) on an emotional CPT (61), indicating 
that patients need to expend extra effort when confronted 
with irrelevant emotional information, as observed on 
other cognitive tasks containing emotional stimuli (6, 17). 
Additional neuroimaging studies of sustained attention 
in both ABD and PBD, including those with comorbid 
ADHD, are needed to explore these deficits further.

RESPonSE InhIBITIon TASkS
Response inhibition tasks measure participants’ ability 
to withhold a behavioral response and have been uti-
lized in neuroimaging studies of BD. In the Go/NoGo 
and Stop Signal paradigms, participants respond to 
each trial unless they see an infrequent signal, creating a 
prepotent response tendency that must be overcome on 
NoGo trials and active inhibition of responses already 
in progress on Stop trials. Both tasks measure impulsiv-
ity, as responding on NoGo or Stop trials represents a 
failure of behavioral inhibition. 

On the Go/NoGo task, euthymic and mildly depressed 
PBD showed impaired behavioral performance and 
increased right DLPFC activity during blocks with 
NoGo trials, suggesting that PBD needed to recruit 
extra brain regions to inhibit responding (63). Euthymic 
and depressed ABD completing Go/NoGo tasks either 
showed deactivations in frontopolar cortex (Brodmann’s 
Area 10) and amygdala (64) or showed no significant 
activation differences (65). However, the former ABD 
study used a cued version of the Go/NoGo task (64), and 
the latter study examined BD-II patients, who exhibit less 
dysfunction on this task (65). Thus, the apparent discrep-
ancy between ABD and PBD may simply be due to differ-
ences in the task and the clinical states of the participants. 

Manic adults, in contrast, showed decreased VLPFC 
activity (66) on cognitive Go/NoGo tasks and increased 
VLPFC activity (67, 68) on emotional Go/NoGo tasks, 
indicating that frontolimbic dysregulation contributes 
to their performance deficits. Furthermore, patients 
whose mood symptoms were normalized with medi-
cation showed decreased amygdala activity, suggesting 
that limbic dysregulation led to patients’ disinhibition 

on the task (69). These Go/NoGo paradigms have not 
been conducted in children, but PBD have been tested 
on the closely related Stop Signal paradigm (16, 21, 27). 
Manic and euthymic PBD completing the Stop Signal 
task showed reduced prefrontal (16, 27) and increased 
striatal activity (21), particularly during failed Stop tri-
als. Additionally, mood-stabilizing medications improved 
both frontal underactivity and striatal overactivity with-
out interfering with PBD participants’ ability to perform 
the task (27), with neural circuit-level specificity in the 
functional improvements caused by each medication 
(70). In contrast, manic adults completing the Stop 
Signal task showed increased frontal activity and reduced 
activity in the PCC and left middle temporal gyrus (71). 
However, these adult patients may have exhibited altered 
neural activity because they were employing a conserva-
tive response-withholding strategy. Thus, on response 
inhibition tasks, matching participants’ performance 
(21) and inquiring about their cognitive strategies (71) 
are critical. Future studies including PBD and ABD com-
pleting the same task and matching for performance dif-
ferences would help clarify these differences. 

RESPonSE flExIBIlITy TASkS 
In response flexibility tasks, participants need to modify 
the rule they use to make a response, which tests their 
ability to break mental set. Two response flexibility stud-
ies have been conducted in pediatric samples (22, 72) 
but only one has been conducted in an adult sample (20) 
and each task measures “response flexibility” in differ-
ent ways. The “change task” (22) required participants 
to respond to a target like the response inhibition task, 
but instead switch responses if a change signal appeared. 
Manic and euthymic PBD showed a reduced ability to 
deactivate the DLPFC and precuneus on change tri-
als, indicating greater difficulty with inhibiting wrong 
responses and switching to correct ones (22). In a more 
complex reversal learning task, PBD had to shift response 
tendencies and received negative feedback for making 
errors (72). On this task, PBD showed increased activity 
in dorsal frontal and parietal regions and less deactiva-
tion of the PCC and precuneus indicating the recruit-
ment of additional brain regions to perform the task, 
especially in response to punishment. 

 In a similar reversal learning task using rigged feed-
back, depressed ABD also showed greater activation in 
dorsomedial frontal areas in response to perseverative 
errors and negative feedback (20). These adult patients 
did not show differences in DLPFC activation, unlike 
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PBD, possibly because of differences in the participants’ 
mood states and the rigged feedback in the adults’ task. 
Further neuroimaging studies in both populations 
using carefully controlled tasks of similar difficulty level 
(e.g., 22) are needed to further explore patients’ deficits 
in cognitive and behavioral flexibility. 

WoRkIng mEmoRy And dEClARATIvE mEmoRy TASkS
Both ABD and PBD exhibited persistent working mem-
ory impairments even when euthymic (30, 73), but only 
one PBD neuroimaging study has employed a purely 
cognitive working memory task (38), utilizing a visuo-
spatial working memory task similar to one used in an 
adult study (18). In both studies, participants indicated 
whether stimuli appeared in the same location as they 
were two trials previously (i.e., a visuospatial 2-back), but 
ABD needed to recall the prior location and PBD sim-
ply needed to recognize the prior location among a set 
of possible locations. On the visuospatial memory task, 
euthymic PBD exhibited left DLPFC greater activity and 
decreased midline cerebellar activity (38). In comparison, 
euthymic ABD exhibited increased activation in fronto-
polar, temporal, thalamic and posterior parietal regions, 
and either showed decreases (74) or no significant differ-
ences (18) in the DLPFC. However, both ABD and HC 
activated the DLPFC while performing the task, so the 
patients’ additional activations suggested that they uti-
lized a different strategy than HC, requiring brain regions 
outside the typical working memory network (73). 

Euthymic ABD also exhibit activations outside the 
typical working memory network while completing verbal 
N-back tasks (75-77). Attenuated activity in working mem-
ory regions is possibly a trait deficit, having been observed 
across manic, depressed, and euthymic mood states (73), in 
metabolic studies (74), and in unaffected first-degree rela-
tives (77). However, after lamotrigine treatment, euthymic 
ABD showed improvements in working memory areas, 
suggesting some malleability in this trait (25). 

Additionally, delayed-matching paradigms (78, 79), 
face-name paired associations (80, 81), and emotional 
and non-emotional Sternberg memory tasks (39, 76, 
82) have been employed in ABD, but not in PBD. In 
these tasks, ABD patients showed reduced DLPFC 
engagement when encoding and retrieving information 
(80-82) and altered limbic and medial temporal lobe 
activity (78, 79, 81), with some variation based on the 
task employed (e.g., semantic vs. phonological) and the 
task phase (encoding vs. retrieval) (76). Overall, ABD 
employed various compensatory frontal, medial tempo-

ral/limbic, and parietal brain regions on these memory 
tasks. Discrepant findings from PBD memory studies 
(17, 38, 83, 84) suggest that PBD have not developed 
these compensatory mechanisms, but this hypothesis 
should be tested with neuroimaging studies involving 
ABD and PBD completing identical memory tasks. 

CognITIvE-EmoTIonAl InTERACTIonS
As detailed previously, much is known about how ABD 
and PBD process emotional material and complete 
purely cognitive paradigms. However, the interactions 
between emotional processing and more complex cog-
nitive processes, such as executive control and working 
memory, have been probed directly in PBD but remain 
less explored in adults. 

EmoTIonAl STRooP
Emotional Stroop tasks probe the interaction between 
affective processes and executive function. In the emo-
tional color-matching Stroop task, participants match 
the color of positive, negative or emotionally neutral 
words (e.g., “victory,” “poor” or “table” respectively). 
Although emotional information is entirely irrelevant to 
the task, even HC respond slower to emotional words, 
indicating that the implicit emotional content has cap-
tured their attention to some extent (14). 

PBD completing the emotional color-matching task 
showed generally increased limbic activity and mood-
state dependent frontal activity. Euthymic PBD exhibited 
amygdala overactivity and decreased VLPFC activity 
in response to the negatively valenced words (14), but 
manic/mixed PBD showed increases in DLPFC, dor-
sal ACC, and VLPFC (6, 29), suggesting these patients 
needed extra effort to perform the task. In response to 
positive words, participants showed either no differences 
(14) or prefrontal activity increases (28, 29), indicating 
that positive stimuli elicit dysfunction less effectively than 
negative stimuli. The limbic overactivation and prefrontal 
dysfunction found in PBD were reduced with treatment 
with lamotrigine, divalproex, or risperidone (28, 29), and 
elevated amygdala-frontolimbic connectivity, in this case 
indicating improved frontal control over the amygdala, 
predicted improved response to medication and lowered 
mania scores after treatment (85). In comparison, euthy-
mic ABD showed activity increases in the right amygdala 
and left hippocampus and decreased VLPFC activity in 
response to negative words (86). Thus, euthymic ABD 
and PBD show similar neural impairments on emotional 
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interference tasks, suggesting that decreased emotional 
filtering ability is a neurodevelopmental trait in BD. 
Unfortunately, manic adults have not been studied using 
an emotional Stroop task, so whether this is also true for 
adult mania is unknown. 

EmoTIonAl mEmoRy PARAdIgmS 
Memory paradigms containing emotional components 
have also been used to investigate cognitive-affective 
interactions in BD. PBD have been scanned with emo-
tional face encoding (84) and N-back (17, 83) paradigms, 
but ABD have only been scanned with an emotional scene 
encoding task (5). However, no ABD study has employed 
an emotional N-back task, even though cognitive N-back 
tasks are used frequently (18, 73, 75, 77).

In the emotional face encoding paradigm, PBD 
showed reduced implicit memory for emotional faces, 
especially for fearful ones, and exhibited activity increases 
in the striatum and ACC for happy faces and OFC for 
angry faces (84). In comparison, ABD completing the 
analogous emotional scene encoding task (5) showed 
increased hippocampal activity, as well as increased activ-
ity in posterior attention areas. However, ABD showed a 
positive correlation between mania symptoms and ACC 
activity (5), similar to the pattern of increased ACC activ-
ity in manic PBD (84), with the differences in activation 
potentially due to the paradigm used, rather than age. 

In the emotional N-back, PBD exhibited increased 
activation in ventral frontal and cingulate emotional 
areas and reduced activity in dorsal cognitive work-
ing memory areas (17). In addition, decreased ventral 
frontal functioning in PBD partially normalized with 
lamotrigine monotherapy and correlated with improve-
ments in mania symptoms. Nevertheless, elevated 
amygdala activity was still observed post-treatment, 
suggesting that amygdala hyperactivity is a treatment-
resistant trait deficit in PBD (83). 

Overall, ABD and PBD completing emotion-cognition 
interaction paradigms exhibit similar impairments, with 
hypoactivity in cognitive prefrontal regions in euthymia 
and hyperactivity in these regions in mania, as well as 
persistent limbic hyperactivity across mood states and 
medication treatment. However, despite progress in 
researching interactions between emotion and execu-
tive function and working memory in BD, differences 
between the adult and pediatric literatures make direct 
comparisons difficult. Future studies of emotion-cogni-
tion interactions in both literatures could benefit from 
using similar paradigms.

RESTIng STATE ConnECTIvITy 
Finally, neuroimaging studies have examined the intrin-
sic connectivity of participants not performing an active 
cognitive task. These so-called “resting state” connectiv-
ity studies measure tonic states of functional integration 
between spatially distant brain regions using temporal 
correlations. However, observed connectivity patterns 
depend critically on the type of analysis used, as some 
techniques examine correlations between a priori brain 
regions (87), whereas other connectivity techniques, such 
as independent component analysis (ICA), uncover spa-
tiotemporally coherent activity patterns across the whole 
brain (88). Furthermore, effective connectivity techniques, 
which can model the causal connections between regions, 
have been employed in one ABD neuroimaging study (8). 
These connectivity techniques represent novel approaches 
to answering questions about network-level deficits in BD. 

While in the resting state, PBD showed reduced con-
nectivity between a left DLPFC seed and the right supe-
rior temporal gyrus (STG), and the right STG showed 
increased connectivity with parahippocampal regions 
and decreased connectivity with PFC and striatal regions, 
areas implicated in working memory and learning (87). In 
comparison, ABD showed decreased connectivity between 
pregenual ACC and bilateral amygdala and thalamus (4) 
and between the ventral PFC and amygdala (33) during 
the resting state, and increased connectivity between the 
VLPFC, medial PFC, and anterior insula (34). In addi-
tion, whole brain ICA has detected deficient connectiv-
ity in ABD in regions of the default mode network, such 
as the ACC (32) and hippocampus (88), and increased 
recruitment of posterior visual attention areas into the 
network (32, 88). Although adult and pediatric resting 
state patterns differ somewhat, only one PBD study has 
been conducted, using a seed voxel not tested in ABD. 
Thus, further resting-state connectivity studies need to be 
conducted to ascertain whether there are developmental 
differences in tonic connectivity in BD. Finally, resting 
state default mode network and temporal lobe network 
activity successfully distinguished ABD from adults with 
schizophrenia and HC (32), underscoring the potential 
diagnostic utility of connectivity techniques and their 
practical implications for improving misdiagnoses in PBD. 

ConCluSIon
Despite much heterogeneity in neuroimaging paradigms, 
patients’ mood states, and medication status between 
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studies, PBD and ABD show many similarities in the 
brain regions that are affected. In response to emotional 
stimuli, both groups show limbic hyperactivity during 
mania that persists into euthymia and appears to be treat-
ment resistant. This pattern is most reliably found when 
the task does not explicitly focus on emotion, and these 
deficits are more consistently found for negative stimuli 
than positive stimuli. The inability to modulate amygdala 
activity appears to be greater in mania, when compared 
to depressive episodes or euthymia, though direct com-
parisons across states are limited. In addition, both ABD 
and PBD groups consistently show dysfunction in ven-
tral prefrontal and cingulate regions, indicating difficulty 
with regulating limbic overactivity. Both task-related and 
resting state connectivity studies have detected disrupted 
functional integration of ventral prefrontal and limbic 
regions across ages. Limbic hyperactivity is somewhat 
more prevalent in PBD, perhaps reflecting the immature 
state of the prefrontal cortex. 

However, BD patients in general, and PBD in par-
ticular, also over-activate limbic regions when com-
pleting cognitive tasks, especially those with irrelevant 
emotional information. Even on purely cognitive tasks, 
PBD showed distinct deactivations in dorsal cognitive 
regions, whereas ABD did not show these deactivations 
as consistently. In contrast, ABD recruited additional 
brain areas relative to HC, but whether this represents 
compensatory neural activity reflecting cognitive strat-
egy use, maturation effects, medication effects, or some 
combination thereof remains unknown. 

Future neuroimaging studies in both ABD and PBD 
should utilize paradigms run in the other age group and 
should utilize novel connectivity techniques to probe the 
distributed integration of neural regions. Cross-sectional 
studies including both age groups should be conducted 
to directly investigate the developmental underpinnings 
of this disorder. Each study comparing ABD and PBD 
could also include adult and child HC to contrast with 
each other, in addition to the individual ABD and PBD 
populations, to measure role of maturational factors in 
BD. Finally, longitudinal neuroimaging studies following 
PBD into adulthood would provide valuable prognostic 
information and guide the development of interventions.
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ABD = adult bipolar disorder
ACC = anterior cingulate cortex
ADhD = attention deficit/hyperactivity disorder
BD = bipolar disorder
CPT = continuous performance task
DLPFC = dorsolateral prefrontal cortex
fMRI = functional magnetic resonance imaging
hC = healthy control
ICA = independent component analysis
IFg = inferior frontal gyrus
MFg = middle frontal gyrus
MPFC = medial prefrontal cortex
OFC = orbitofrontal cortex
PBD = pediatric bipolar disorder
PCC = posterior cingulate cortex
SEM = standard error of the mean
STg = superior temporal gyrus
VLPFC = ventrolateral prefrontal cortex

Appendix: Alphabetical List of Abbreviations  
(all except SEM defined upon first use):


