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Abstract

Impulsivity is a common feature of bipolar disorder (BD) with ramifications for functional 

impairment and premature mortality. This PRISMA-guided systematic review aims to integrate 

findings on the neurocircuitry associated with impulsivity in BD. We searched for functional 

neuroimaging studies that examined rapid-response impulsivity and choice impulsivity using the 

Go/No-Go Task, Stop-Signal Task, and Delay Discounting Task. Findings from 33 studies were 

synthesized with an emphasis on the effect of mood state of the sample and affective salience 

of the task. Results suggest trait-like brain activation abnormalities in regions implicated in 

impulsivity that persist across mood states. During rapid-response inhibition, BD exhibit under-

activation of key frontal, insular, parietal, cingulate, and thalamic regions, but over-activation of 

these regions when the task involves emotional stimuli. Delay discounting tasks with functional 

neuroimaging in BD are lacking, but hyperactivity of orbitofrontal and striatal regions associated 

with reward hypersensitivity may be related to difficulty delaying gratification. We propose a 

working model of neurocircuitry dysfunction underlying behavioral impulsivity in BD. Clinical 

implications and future directions are discussed.
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1. Introduction

1.1. Background

Bipolar disorder (BD) is a serious psychiatric illness involving extreme shifts in mood 

that affects 45.5 million individuals worldwide (James et al., 2018). The hallmark 

characteristic of BD is mania, which comprises symptoms including elated or irritable 

mood, inflated self-esteem, decreased need for sleep, rapid speech, racing thoughts, 

distractibility, increased goal-directed activity, and risky behaviors (American Psychiatric 

Association, 2013). Typically, individuals with BD also experience significant periods 

in depressive states involving low mood, anhedonia, problems with appetite, sleeping, 

thinking, and psychomotor activity, loss of energy, inappropriate feelings of guilt, feelings 

of worthlessness, and suicidal ideation. Manic episodes with mixed features can also be 

present, during which manic and depressive symptoms co-occur. BD is associated with 

significant cognitive impairment, functional difficulties, and increased mortality (Lomholt et 

al., 2019).

Impulsive behavior is a clinical feature of BD and a symptom of mania (American 

Psychiatric Association, 2013). Impulsivity refers to a general predisposition toward rapid, 

unplanned reactions to internal or external stimuli with little or no regard for consequences 

(Moeller et al., 2001). Impulsivity arises from deficits in inhibitory processes co-occurring 

with strong impulses and modulated by dispositional and situational factors (Bari and 

Robbins, 2013; Hofmann et al., 2009). Although impulsivity is a transdiagnostic construct, 

it has significant implications for maladaptive behaviors in BD that contribute to poor 

functioning and premature mortality in this population, such as problematic gambling, 

excessive spending, risky sexual behaviors, and substance abuse (Varo et al., 2019). 

Crucially, impulsivity has been associated with suicidal behaviors in BD (Swann et al., 

2005), which carries one of the highest risks for suicide among psychiatric disorders 

(Baldessarini and Tondo, 2020).

Impulsivity as measured via self-report questionnaires such as the Barratt Impulsivity Scale 

(BIS-11; Patton et al., 1995) and the Urgency, Premeditation, Perseverance, Sensation 

Seeking, Positive Urgency, Impulsive Behavior Scale (UPPS-P; Cyders et al., 2007; 

Whiteside and Lynam, 2001) indicate that high impulsivity is a relatively stable trait in 

BD across illness phase and mood state (Saddichha and Schuetz, 2014; Strakowski et al., 

2010; Swann et al., 2003). Complementary to self-report measures are laboratory behavioral 

tasks that can provide insight regarding how self-report impulsivity translates to behavioral 

reactions within situational contexts, or “in-the-moment” behaviors. These tasks permit 

experimental manipulation and more precise measurement to better understand contextual 

factors associated with impulsive behavior in BD. When combined with neuroimaging 

techniques such as blood oxygenation level dependent (BOLD) functional magnetic 
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resonance imaging (fMRI) and functional near-infrared spectroscopy (fNIRS), brain activity 

can be mapped to inform neural mechanisms underlying impulsivity.

1.2. Rapid-response impulsivity

Rapid-response impulsivity is the tendency to engage in quick, unplanned actions with 

concomitant difficulty inhibiting motor responses that are pre-potent or already initiated 

(Hamilton et al., 2015a; Moeller et al., 2001). Two types of rapid-response impulsivity are 

refraining from action initiation and stopping an ongoing action (Hamilton et al., 2015a), 

which have important conceptual and neurobiological distinctions (Cieslik et al., 2015; 

Hamilton et al., 2015a). Refraining from action initiation involves suppressing a pre-potent 

response that has not yet been initiated such as responding to one type of stimulus, but 

inhibiting a response to another stimulus. In contrast, stopping an ongoing action requires 

an individual to respond to a stimulus, but in some situations to stop an already initiated 

response once a (stop) signal is presented. The important distinction is that in refraining 

from action initiation the signal to inhibit a response is given as part of the stimulus 

property with no delay, which captures action restraint, whereas in stopping an ongoing 

action, the signal to inhibit is given after the action has already begun, which captures action 

cancellation.

A prototypical task that measures refraining from action initiation is the Go/No-Go Task 

(GNG). The standard GNG involves a Go condition that requires individuals to respond 

(e.g., press a button) quickly for all stimuli of a certain type (the “Go” stimulus) and a 

No-Go condition that requires individuals to inhibit a response during presentation of a 

different stimulus (the “No-Go” stimulus). Although the exact ratio of Go to No-Go stimuli 

differs across study designs, the majority of the stimuli require a Go response, thus creating 

a pre-potent tendency to respond that must be inhibited when a No-Go stimulus is presented. 

Non-affective versions of the GNG use neutral stimuli such as letters or shapes while 

modified affective (or “emotional”) GNG versions use emotional words or faces to examine 

biases for affective stimuli. The primary outcome measure of impulsivity in the GNG is the 

number or rate of commission errors (i.e., false alarms) when responses are incorrectly made 

to No-Go stimuli.

The prototypical task to assess the ability to stop an ongoing action is the Stop-Signal Task 

(SST). The SST requires an individual to respond (e.g., press a button) quickly to a stimulus, 

but on some trials, a stop signal (e.g., a tone) is presented after the stimulus requiring the 

individual to stop the already initiated response. The standard SST adjusts the delay at which 

the stop signal is presented (i.e., the stop signal delay [SSD]) such that inhibition reaches 

a success rate of 50% on stop trials. The primary outcome measure of the SST is the stop 

signal reaction time (SSRT), calculated as the mean go signal reaction time minus the stop 

signal delay, which represents the “race” between responding to the initial stimulus and 

successfully inhibiting (i.e., stopping) the motor response when required if the stop signal is 

subsequently presented. Longer SSRT and lower accuracy rate on stop trials are believed to 

reflect greater impulsivity.

A meta-analysis of neuroimaging studies identified the inferior frontal gyrus extending 

into the right anterior insula as brain regions involved in both refraining from action 
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initiation and stopping an ongoing action (Cieslik et al., 2015). Beyond these shared 

regions, research has shown that additional primary brain regions recruited by the two 

types of rapid-response impulsivity are distinct. Specifically, refraining from action initiation 

likely encompasses a right-lateralized network comprising the inferior frontal gyrus, insula, 

dorsolateral prefrontal cortex and parietal regions to facilitate stimulus-response associations 

(Miller and Cohen, 2001; Zheng et al., 2008). In contrast, stopping an ongoing action 

likely recruits the inferior frontal gyrus, insula, pre-supplementary motor area, midcingulate 

cortex, subthalamic nucleus, and thalamus (Aron et al., 2014; Cieslik et al., 2015).

1.3. Choice impulsivity

In contrast to rapid-response impulsivity, choice impulsivity refers to an inability to delay 

immediate gratification in favor of larger rewards occurring in the future. In this model 

the subjective value of a reward (e.g., money) is reduced (i.e., discounted) in proportion 

to the length of delay in receiving the reward. Choice impulsivity is frequently assessed 

through delay discounting tasks (DDT) that require the individual to choose between larger, 

delayed rewards and smaller, immediate rewards. Successive questions are asked until the 

individual eventually chooses an immediate reward instead of the delayed reward, arriving 

at an “indifference point” when the immediate and delayed rewards have equal subjective 

value (Reynolds and Schiffbauer, 2004). Using different delay paradigms, these subjective 

values can be computed for participants to generate a curve (or other metrics) to quantify 

discounting rate. Delay discounting ostensibly captures the extent to which rewards lose 

value over time, with steeper delays hypothesized to reflect an impulsive preference for 

immediate rewards.

Frontoparietal and limbic systems have been shown to underlie choice impulsivity as 

measured from delay discounting tasks (McClure, 2004). A meta-analysis of fMRI studies 

revealed that lower activity in inferior frontal gyrus, ventral striatum, and anterior cingulate 

cortex/-medial prefrontal cortex are associated with selection and valuation processes that 

may contribute to steeper delay discounting (Schüller et al., 2019). In contrast, cognitive 

control required for delaying larger rewards has been linked to greater lateral/ventral 

prefrontal activity (McClure, 2004; Miller and Cohen, 2001). Connectivity among these 

regions may also contribute to regulation of delay discounting processes, as evidenced 

by a study finding that stronger functional coupling between the nucleus accumbens and 

orbitofrontal cortex was associated with a greater ability to focus away from immediate 

temptations (Luerssen et al., 2015). Therefore, an imbalance in crosstalk between the ventral 

striatum (including the nucleus accumbens) and prefrontal cortex and/or their connectivity 

may contribute to choice impulsivity.

1.4. Rationale and objective of this review

A growing body of self-report, behavioral, and neuroimaging studies have sought to better 

understand impulsivity in BD. While reviews have been conducted in BD on self-report 

measures of impulsivity and behavioral performance on inhibition tasks (Ramírez-Martín 

et al., 2020; Saddichha and Schuetz, 2014), there is no published review to our knowledge 

of neuroimaging studies that used inhibition tasks to examine the neural correlates of 

impulsivity in BD. The objective of this systematic review was to examine findings 
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from functional neuroimaging studies using tasks to investigate behavioral and cognitive 

impulsivity in BD. We review and discuss findings within an integrated framework that 

includes different types of impulsivity, neural mechanisms, and contextual factors such 

as mood state. From our findings, a working model of the neural circuitry underlying 

behavioral impulsivity in BD is described and its clinical significance is discussed. We also 

identify limitations of current research and offer suggestions for future directions.

2. Methods

A systematic review was conducted in accordance with the Preferred Reporting Items 

for Systematic Reviews and Meta-Analysis (PRISMA; Page et al., 2021). Inclusion 

criteria were published studies that: 1) included individuals with bipolar disorder and a 

control comparison group, 2) used a version of the Go/No-Go, Stop-Signal, or Delay 

Discounting Task during fMRI or fNIRS, and 3) examined differences in regional brain 

activation between groups. No limits were applied to the publication year. Embase, Pubmed/

MEDLINE, and PsycINFO were last searched on September 7, 2022. The full lists of 

search terms for each database are available in the Supplementary Materials. Two reviewers 

(authors CCC and PRS) independently screened all titles and abstracts for inclusion, and 

disagreements were resolved through discussion. CCC and PRS then independently assessed 

the full article for inclusion and again resolved disagreements through consensus.

Outcome measures were differences between groups in regional activation during task 

performance. Studies varied in imaging analysis methodology (e.g., contrasts), but we 

included any differences between the bipolar patient group and a comparison group (e.g., 

healthy controls, another psychiatric condition). For studies that involved an intervention 

trial, we examined the results reported for baseline differences. Risk of bias was assessed 

using a modified version of the Newcastle-Ottawa Scale adapted for case control studies 

(Wells et al., 2013; see modified scale in Supplementary Materials). Data were synthesized 

by grouping versions of each task used and the mood state of the BD sample. Because of the 

multidimensional nature of impulsivity and inconsistent definitions used in studies of BD, 

we adopted terms, definitions, and measures recommended by the International Society for 

Research on Impulsivity (Hamilton et al., 2015a, 2015b) as a framework for integrating the 

literature.

3. Results

3.1. Study Characteristics

The search returned a total of 1052 records across the three databases. After removal of 

duplicates, title and abstract screening, and full-text assessment, 33 studies were included in 

this review (see Fig. 1 for PRISMA flow diagram). A total of 22 studies used a variation of 

the Go/No-Go paradigm to examine neural correlates of refraining from action initiation. Of 

the 22 studies, 17 used a non-affective version of the GNG and 5 used an affective GNG. 

Of the 17 that used a non-affective GNG, 10 examined a BD sample with predominantly 

euthymic mood (Ajilore et al., 2015; Joshi et al., 2016; Kaladjian et al., 2009b; Metcalfe et 

al., 2016; Quidé et al., 2018; Singh et al., 2010; Townsend et al., 2012, 2013; Welander-Vatn 

et al., 2013; Welander-Vatn et al., 2009), 6 examined BD during a mood episode (Altshuler 
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et al., 2005; Diler et al., 2013, 2014; Fleck et al., 2011; Mazzola-Pomietto et al., 2009; 

Penfold et al., 2015), and one study (Kaladjian et al., 2009a) tested BD patients while in a 

mood episode and re-tested them during remission. Of the 5 that used an affective GNG, 2 

examined a BD sample during predominantly euthymic mood (Wessa et al., 2007; Xiao et 

al., 2021b), 2 examined BD during a mood episode (Elliott et al., 2004; Xiao et al., 2021a), 

and 1 compared euthymic, depressed, and manic BD patients (Hummer et al., 2013).

A total of 11 studies used the Stop Signal Task or a variation to examine neural correlates 

of stopping an ongoing action. Of those, 6 used a SST to examine a BD sample with 

predominantly euthymic mood (Cao, 2022; Deveney et al., 2012b, 2012a; Leibenluft, 2007; 

Tsujii et al., 2018; Weathers et al., 2012) and 4 examined BD during a mood episode 

(Cerullo et al., 2009; Passarotti et al., 2010; Pavuluri et al., 2010; Strakowski et al., 2008), 

and one examined BD during depression and a subset were re-assessed after remission (Kopf 

et al., 2019). Our search did not return any study using the Delay Discounting Task with 

concurrent fMRI or FNIRS to examine neural correlates of choice impulsivity. Individual 

characteristics of the included studies using the GNG and the SST are summarized in 

Table 1 and Table 2, respectively. Results of the risk of bias assessment are presented in 

Supplementary Table 1. Of the 33 included studies, 30 (91%) were given high scores (7–9) 

and three (9%) were given moderate scores (4–6).

3.2. Refraining from action initiation

Table 1 summarizes studies using the GNG to examine neural correlates of refraining from 

action initiation in BD. Most analyzed the No-Go condition/trials minus Go condition/trials 

contrast, which captures brain activity related to response inhibition in contrast to other 

cognitive and motor processes associated with the task. However, other studies compared 

No-Go with rest or different affective and nonaffective conditions to one another.

3.2.1. Nonaffective Go/No-Go in BD—Studies using nonaffective GNG comparing 

No-Go and Go conditions or trials have reported an overall pattern of less activation among 

euthymic adults with BD compared to healthy controls in key brain regions associated with 

refraining from action initiation, including the inferior frontal gyrus (Ajilore et al., 2015; 

Joshi et al., 2016; Townsend et al., 2012, 2013), insula (Joshi et al., 2016), dorsolateral 

prefrontal cortex (Townsend et al., 2013), and parietal cortex (Joshi et al., 2016; Townsend 

et al., 2013). Studies have also reported reduced activation in other areas including the 

amygdala (Kaladjian et al., 2009a, 2009b), putamen (Kaladjian et al., 2009a; Townsend 

et al., 2012), and cingulate (Joshi et al., 2016). These findings were observed despite 

comparable task performance between individuals with BD and healthy controls and do 

not appear to be appreciably altered by psychotropic medications (Townsend et al., 2012). 

Studies in children have produced mixed findings. One study also found underactivation 

of the inferior frontal gyrus and putamen, but only when comparing correct No-Go trials 

minus Go trials (Metcalfe et al., 2016). When comparing incorrect No-Go trials minus Go 

trials, they found increased activation in the inferior frontal gyrus, dorsolateral prefrontal 

cortex, and cingulate. Another study in children with BD during euthymia examining the 

No-Go minus Go contrast found increased dorsolateral prefrontal cortex activation (Singh et 

al., 2010). Other studies that compared the No-Go condition with rest or neutral conditions 
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reported no activation differences in full brain analysis (Welander-Vatn et al., 2013) and 

region of interest analysis (Quidé et al., 2018; Welander-Vatn et al., 2013; Welander-Vatn et 

al., 2009).

Several fMRI studies investigated the relationship between mood state in BD and brain 

activation during performance of a non-affective GNG. These results suggest that individuals 

with BD experiencing mania also have less activation compared to healthy controls in 

prefrontal regions, including the lateral and orbitofrontal cortices, as well as the putamen 

(Altshuler et al., 2005; Kaladjian et al., 2009a; Mazzola-Pomietto et al., 2009). Similarly, 

depressed individuals with a diagnosis of BD-II had less activation compared with healthy 

controls in the inferior frontal gyrus as well as middle frontal gyrus, superior frontal 

gyrus, insula, and precentral gyrus (Penfold et al., 2015). In contrast, two studies found 

greater activation in depressed BD: one in bilateral ventrolateral prefrontal cortex during 

Go and No-Go conditions (Diler et al., 2013) and another in anterior cingulate during 

No-Go condition (Diler et al., 2014), but neither study investigated No-Go and Go contrasts. 

Individuals with BD in a mixed mood episode were found in a preliminary study to have 

increased activity in the frontal lobe and amygdala compared with healthy controls and BD 

in a depressive episode (Fleck et al., 2011).

3.2.2. Affective Go/No-Go in BD—Studies have also used affective GNG tasks to 

determine whether emotional stimuli might influence refraining from action initiation in 

BD. In euthymic BD, investigation of the No-Go minus Go contrast revealed greater 

activation in the inferior frontal gyrus, insula, and orbitofrontal cortex (Hummer et al., 

2013). Comparison of emotional versus nonemotional distractors revealed greater activity 

in prefrontal cortex, cingulate cortex, parietal cortex and insula (Wessa et al., 2007; Xiao 

et al., 2021b, 2021a). Examination of mood state effects indicates that individuals with BD 

during mania and depression also exhibit abnormalities similar to those seen in euthymic 

BD individuals during the affective GNG (Elliott et al., 2004; Hummer et al., 2013). When 

comparing groups of individuals with BD in different mood episodes, both depressed and 

manic BD had lower insula activity compared with euthymic BD when having to inhibit to 

happy faces and greater activity in the putamen when having to inhibit to sad faces (Hummer 

et al., 2013). A recent study in children found greater left superior frontal gyrus activation 

in a group of children with BD in during a manic episode mania compared to a group 

of children with BD during euthymia when inhibiting emotional versus neutral distractors 

(Xiao et al., 2021a).

3.2.3. Summary of Go-No/Go in BD—Taken together, findings suggest that in BD 

the ability to refrain from action initiation involving non-affective stimuli is associated 

with under-activation of key brain regions implicated in this process, and for affective 

stimuli these regions may be over-activated. These results are generally consistent across 

mood states in BD compared with healthy controls. A few studies assessing mood state 

in BD reported greater activation during mania compared with depression in the thalamus, 

cerebellum, and right inferior frontal cortex in the non-affective GNG (Fleck et al., 2011). 

In one study, greater activity in the left superior frontal gyrus in mania compared with 

euthymia was found when inhibiting to emotional versus neutral distractors (Xiao et al., 
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2021b) and lower insula activity was found in depression and mania when compared with 

euthymia when inhibiting to happy faces (Hummer et al., 2013). Overall, these findings 

are consistent with theoretical and empirical evidence of abnormal functional connectivity 

between frontal and limbic regions intrinsically and during emotional processing and 

regulation (Magioncalda and Martino, 2021; Maletic and Raison, 2014; Phillips and 

Swartz, 2014). Higher activation when inhibiting responses to affective stimuli in BD could 

potentially represent a compensatory mechanism in an attempt to successfully perform these 

tasks.

3.3. Stopping an ongoing action

Although an important and distinct component of rapid-response impulsivity, there are 

substantially fewer studies investigating the ability to stop an ongoing action in BD 

compared to refraining from action initiation. Similar to studies of refraining from action 

initiation, neuroimaging studies of stopping an ongoing action using the SST in BD 

have reported brain activation abnormalities even in the absence of performance deficits 

(Table 2). In predominantly euthymic BD samples, studies reported lower activation in the 

ventrolateral prefrontal cortex (Tsujii et al., 2018; Weathers et al., 2012), prefrontal cortex 

more broadly (Kopf et al., 2019), and nucleus accumbens (Deveney et al., 2012b, 2012a; 

Leibenluft, 2007; Weathers et al., 2012) compared with healthy controls, with less activation 

in the right inferior frontal gyrus being related to longer SSRT (Tsujii et al., 2018). On 

failed inhibitory trials compared with go trials, children with BD demonstrated less right 

ventral prefrontal and bilateral striatal cortex activation compared to controls (Leibenluft, 

2007). There are mixed findings regarding the ACC; one study found higher ACC activity 

(Weathers et al., 2012) while another found lower activity in that region (Deveney et al., 

2012b). Finally, a recent study did not find differences in activation across all voxels in the 

brain when comparing BD (and other disorders) with healthy controls (Cao, 2022).

Individuals with BD experiencing mania demonstrate less activation in the thalamus 

(Strakowski et al., 2008), pre- and post-central gyri (Cerullo et al., 2009), inferior frontal 

gyrus and dorsolateral prefrontal cortex (Passarotti et al., 2010; Pavuluri et al., 2010) 

concurrent with higher activation in Brodmann Area 10 (Strakowski et al., 2008), temporal 

regions (Cerullo et al., 2009; Passarotti et al., 2010), parietal cortex (Passarotti et al., 2010), 

and right ventral premotor cortex and striatum (Pavuluri et al., 2010). Mixed findings have 

again been reported in the cingulate, with one study finding less activity in anterior and 

posterior cingulate (Strakowski et al., 2008), another study finding less activity in pregenual 

ACC, but higher activity in posterior cingulate (Passarotti et al., 2010), and a third study 

finding higher activity in the motor cingulate (Pavuluri et al., 2010). Thus, stopping an 

ongoing action in BD during mania may involve compensatory activation in frontopolar and 

posterior cingulate regions. The one study that examined BD patients while in a depressed 

state reported no differences from HC, but found that during successful inhibition, depressed 

BD had higher left prefrontal cortex activity compared to their remitted state (Kopf et al., 

2019).
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3.4. Choice impulsivity

Our search did not return any fMRI or FNIRS studies in BD that used a task-based DDT, 

which limits our understanding of the neurocircuitry of choice impulsivity in BD. Studies 

of reward processing in BD may provide some insight, and suggest abnormal activation 

in frontal and limbic regions during euthymic and mood states; however, findings are 

mixed with regard to whether activation is abnormally higher or lower (e.g., Dutra et al., 

2015; Mason et al., 2014). There is a complex relationship between reward processing 

and frontostriatal network activity in BD that may be influenced by differential functional 

connectivity among frontal and striatal regions. For example, in BD there is lower functional 

connectivity between the ventral striatum and anterior prefrontal cortex during anticipation 

of reward (Schreiter et al., 2016) and less suppression of reward-related activation in the 

ventral striatum when having to reject immediate rewards in favor of a long-term goal (Trost 

et al., 2014). However, these studies only provide preliminary insights and do not represent 

choice impulsivity in BD given there is no decision-making between immediate smaller 

rewards and later larger rewards.

3.5. Neural correlates of impulsivity in BD risk and over the course of BD

Comparison of individuals at risk for BD, youth with BD, and adults with BD can inform 

the trajectory of impulsivity and the underlying brain mechanisms over the course of BD. 

One study directly compared unaffected youth at familial risk for BD, euthymic youth with 

BD, and healthy controls using a Stop Signal Task and fMRI (Deveney et al., 2012a). While 

groups did not differ on behavioral performance, at-risk youth had higher activation in the 

putamen compared to HC and BD. Another study also examined youth at risk for BD (Kim 

et al., 2012), although they used a task that required subjects to change their pre-potent 

response to another response if a stimulus appeared, which taps into cognitive flexibility, in 

addition to inhibition. While the task did not meet criteria for formal inclusion in this review, 

their findings also indicate increased brain activation during inhibition in individuals at risk 

for BD, particularly in the right inferior parietal lobe, right ventrolateral prefrontal cortex, 

and striatal areas compared with HC. These findings suggest risk for BD is associated 

with brain activation abnormalities underlying inhibition, possibly reflecting compensatory 

activity or a marker of impairment prior to BD onset.

One study directly compared child BD with adult BD (Weathers et al., 2012) by examining 

children and adults with BD as well as children and adult HCs during a Stop Signal Task. 

The majority of patient samples were in a euthymic mood state. During inhibition, child BD 

showed the least activity in anterior cingulate cortex while adult BD showed greater activity 

in this region than adult HC. There was also less left ventral prefrontal cortex activity in BD 

compared with HCs across age groups suggesting an abnormality that is consistent over the 

course of BD. These results suggest that cortical dysfunction is present already in childhood 

BD and that there may be some changes in neural dysfunction in the anterior cingulate 

cortex over the course of illness.

Taken together, these data suggest that risk for BD is associated with more activation 

in inferior frontal gyrus/ventrolateral prefrontal cortex, parietal lobe, and striatum during 

inhibition, which may reflect compensatory activity and/or otherwise be a risk marker. 
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Abnormalities in the anterior cingulate cortex and ventral prefrontal cortex appear to already 

be present in childhood BD. It should be acknowledged, however, that longitudinal studies 

are needed to better characterize neural abnormalities associated with inhibition in BD that 

follow at-risk youth who subsequently develop BD.

3.6. Effects of BD subtype and medication

Some evidence suggests that BD subtypes have different alterations in brain function (Liu et 

al., 2022; Thomas et al., 2019), but few studies in the present review investigated differences 

in BD subtype. One study examined BD-II and did not find any difference in dorsal anterior 

cingulate cortex or pre-supplementary motor area (Welander-Vatn et al., 2009) using ROI 

analysis. However, Penfold et al. (2015) did find less activation in frontal and temporal 

lobes using whole brain analysis in BD-II patients on a nonaffective GNG task, which was 

similar to findings in BD-I. Several studies with samples that included both BD-I and BD-II 

participants performed subgroup analyses comparing the two subtypes and none found any 

differences in brain activation associated with inhibition between the two subtypes (Diler 

et al., 2014, 2013; Hummer et al., 2013; Wessa et al., 2007). These findings are consistent 

with a review reporting no evidence of differences between BD-I and BD-II in fMRI 

studies (McGrath et al., 2004). However, the sample sizes for subtype analyses were small 

and future studies should use more adequately powered samples to properly address this 

question.

The effect of medication is an important issue given there is evidence that medications 

alter brain activation in individuals with BD. An early study found that while unmedicated 

patients exhibited neural activation abnormalities during response inhibition compared to 

HC, the medicated patients did not (Leibenluft, 2007). However, this finding has not been 

replicated in later studies that sought to address this potential confound in various ways. 

Some studies directly compared a subset of medicated versus unmedicated patients and 

found no difference in neural activation (Townsend et al., 2012; Welander-Vatn et al., 2009). 

Other studies compared only a subset of unmedicated BD patients (Altshuler et al., 2005; 

Townsend et al., 2012) or only a subset of medicated BD patients (Weathers et al., 2012) 

with HC, and found similar findings as with the overall BD group. Finally, some studies 

included only unmedicated patients (Cerullo et al., 2009; Hummer et al., 2013; Passarotti et 

al., 2010, 2010; Penfold et al., 2015) to minimized confounds associated with medications. 

These studies showed abnormalities largely consistent with medicated or mixed samples that 

used the same task.

Some studies compared subgroups taking different types of medication and found no 

difference between those medicated with mood stabilizers, anticonvulsants, antipsychotics, 

or antidepressants (Kaladjian et al., 2009b; Mazzola-Pomietto et al., 2009; Wessa et al., 

2007). Each study found that the individual subgroups showed similar abnormalities that 

were evident when the medication groups were combined. Two studies did find differences 

based on medication exposure, but none that overlapped with findings of differential 

activation from HC (Singh et al., 2010; Strakowski et al., 2008). Finally, one of the 

studies in this review specifically examined the effect of psychotropic treatment (initially 

antipsychotics followed by lamotrigine) on neural activation during inhibition and found that 
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medication attenuated the abnormal decrease in prefrontal regions (Pavuluri et al., 2010), 

demonstrating a normalizing effect of medications.

Overall, studies in this review suggest that there may be general effects of medication 

exposure on brain activation and normalizing effects on brain activity related to impulsivity 

in BD. Therefore, medication is unlikely to account for the present findings. Furthermore, 

the finding that most of the patients in the studies are medicated and nonetheless exhibit 

abnormal activation during inhibition suggests that the abnormality is robust enough to be 

detected despite the attenuating effect of medication. This is consistent with reviews that 

have generally found that medication effects on neuroimaging studies in BD, when present, 

tend to ameliorate abnormal neuroimaging measures and do not explain the main findings in 

the bipolar fMRI literature (Hafeman et al., 2012; Phillips et al., 2008).

4. Summary and integration with existing models of BD and impulsivity

Impulsive traits in BD can manifest behaviorally as difficulty refraining from action 

initiation, stopping an ongoing action, and delaying gratification, all of which have 

important conceptual and neurobiological distinctions. Refraining from action initiation has 

been most commonly assessed in BD using the GNG. Although most studies using fMRI 

did not find impaired behavioral performance, functional neuroimaging studies suggest 

there are abnormalities in brain activation characterized by under-activation of frontopolar, 

inferior frontal, parietal, insular, and basal ganglia regions, but over-activation of this 

circuitry when a GNG task involves emotional stimuli. This pattern is evident among BD 

individuals while euthymic, depressed, manic or in a mixed mood state. These regions partly 

comprise the central executive (or lateral frontoparietal) network, which is thought to direct 

attention to relevant stimuli, weigh choices depending on context, and maintain relevant 

information, thus requiring working memory and sustained attention (Seeley et al., 2007). 

There is also evidence of a mood-congruent affective bias in which depressed BD patients 

exhibit the greatest brain activation when refraining from responding to sad faces compared 

with inhibiting responses to happy faces. These results suggest a trait-like abnormality in 

neurocircuitry activation that is differentially affected by the presence of emotional stimuli.

Stopping an ongoing action has been most commonly assessed using the SST in BD. 

Although a distinct and important aspect of rapid-response impulsivity, there are much 

fewer studies of stopping an ongoing action than refraining from action initiation in BD. 

There are mixed results regarding whether individuals with BD exhibit greater difficulty 

with stopping an ongoing action, with some studies reporting no difference between BD 

and healthy controls and others reporting greater difficulty, even during euthymia (Table 

2). Regardless of behavioral performance, neuroimaging data converge to implicate less 

activation in BD than healthy controls in brain regions typically associated with stopping 

an ongoing action, including ventrolateral, striatal, cingulate, and thalamic regions, which 

is evident even during euthymia. Therefore, as in refraining from action initiation, there 

appears to be trait-like neurocircuitry abnormalities in BD when trying to stop an ongoing 

action.
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Of note is the consistent finding of comparable behavioral task performance between BD 

and HC despite abnormal brain activation between groups. There are several reasons for 

the lack of difference in behavioral performance on tasks used during MRI scanning. When 

designing these tasks for use in clinical groups, they cannot be overly difficult or else 

risk having the patients perform very poorly or become too frustrated, thus potentially 

confounding the BOLD signal. Furthermore, functional neuroimaging studies typically do 

not include patients who are severely impaired, for whom we might normally see the 

greatest differences in performance compared with healthy controls. These subjects may 

move excessively, have difficulty understanding the task instructions, or perform too poorly 

to reliably interpret their BOLD signal. Also, some tasks are specifically designed to 

individually tailor the task difficulty so that performance reaches the same specified level 

on a subject-by-subject basis. For example, the stimulus presentation timing on the SST 

is often individually tailored so that accuracy is always 50%. A goal of many research 

teams is to create neuroimaging tasks that lead to roughly equivalent performance across 

groups so that any between-group differences in BOLD cannot be simply attributed to 

performance deficits. Rather, any functional brain differences observed despite comparable 

task performance suggests a difference in the underlying neural mechanism of the disorder 

itself.

Although some behavioral studies suggest individuals with BD have steeper delay 

discounting (see Amlung et al., 2019), our search did not yield any studies that used 

a delay discounting task during functional neuroimaging in BD. The ability to delay 

gratification relies on a complex neural network that include orbitofrontal regions implicated 

in cognitive control, the nucleus accumbens of the ventral striatum associated with reward 

processing, and modulation of these areas via the connecting accumbofrontal white matter 

tract (Karlsgodt et al., 2015). Despite the lack of search results, studies that examined 

reward processing during fMRI suggest that in BD there is hyperactivation in orbitofrontal 

cortex and the nucleus accumbens, and less functional connectivity between ventral striatal 

and prefrontal regions during reward anticipation and receipt. Disruption of this reward 

processing network characterized by enhanced sensitivity to rewards and an inability to 

modulate prefrontal executive control systems for reward valuation may contribute to choice 

impulsivity in BD.

The neural circuits involved in rapid-response impulsivity and choice impulsivity have 

significant overlap with those proposed to be disrupted in BD, namely the dorsal and 

orbitofrontal cortices, inferior frontal gyrus, insular cortex, basal ganglia, thalamus, and 

cingulate. These brain regions are known to be involved in the regulation of emotion 

and cognition, and are featured prominently in theoretical and empirical neurobiological 

models of BD (Magioncalda and Martino, 2021; Phillips and Swartz, 2014). An important 

mechanistic feature of these models is an emphasis on abnormalities in neural networks 

and their connecting white matter tracts (Mahon et al., 2010) in contrast to individual 

brain regions. The prefrontal cortex is essential for cognitive control and modulation of 

thoughts, emotions, and behavior (Miller and Cohen, 2001; Ott and Nieder, 2019) including 

the inhibition of automatic behavior when it is discordant with task goals. This type of 

higher order regulation requires a wide array of functions including representation of goals, 

maintenance of task rules, and communication with other brain structures (Gratton et al., 
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2018; Miller and Cohen, 2001). Disrupted prefrontal cortical modulation of subcortical and 

limbic structures involved in automatic affective and cognitive processes may contribute to 

behavioral impulsivity in BD. A working model of neural circuits involved in different forms 

of behavioral impulsivity is provided in Fig. 1.

An important caveat of these models is that the specific mechanism by which the prefrontal 

cortex mediates inhibition, particularly the role of the inferior frontal gyrus in rapid-response 

inhibition, is hotly debated. Although there is some evidence for an inhibitory module in the 

inferior frontal gyrus that initiates stopping behavior (Aron et al., 2003), other data attribute 

more general roles to this region involving attention, encoding task rules, or monitoring (Xu 

et al., 2017). Brain regions implicated in refraining from action initiation appear underactive 

in BD compared to healthy controls consistent with a model of lower prefrontal modulation 

of subcortical structures resulting in less inhibitory control. In stopping an ongoing action, 

however, the relative role of the inferior frontal gyrus, subthalamic nucleus, and pre-SMA 

may be less clear. It has been proposed that the inferior frontal gyrus itself is a brake that 

triggers the pre-SMA perhaps via the subthalamic nucleus of the basal ganglia (Aron et 

al., 2014), while others argue that the inferior frontal gyrus signals the pre-SMA to initiate 

the stopping (Xu et al., 2017) Using dynamic causal modeling, Rae and colleagues (2015) 

estimated effective connectivity between these regions during a SST and found that the best 

performing model was one in which the inferior frontal gyrus modulated (via excitation) 

the excitatory influence of the pre-SMA on the subthalamic nucleus, thus amplifying 

the inhibitory influence of the subthalamic nucleus on the motor cortex. Under-activation 

of prefrontal cortical regions in BD assessed while refraining from action initiation and 

stopping an ongoing action coupled with overactivity of this region in choice impulsivity, 

points to dysfunction in the cognitive control facet of the top-down modulatory network.

Given substantial mood fluctuations characteristic of BD and the close relationship between 

cognition, emotion, and their underlying brain systems, the role of emotion may be 

particularly important for understanding the pathophysiology of behavioral impulsivity in 

BD. The model of deficient prefrontal modulation of limbic regions is proposed to result 

in hyperactivation of fronto-limbic regions leading to the affective symptoms seen in 

BD (Magioncalda and Martino, 2021; Phillips and Swartz, 2014), consistent with higher 

activation in the frontoparietal network during refraining from action initiation in an 

affective context. Individuals with BD are hypersensitive to emotional stimuli (Henry et 

al., 2012) and it is possible that a greater increase in frontal and insular regions during 

affective GNG performance reflects greater recruitment of control mechanisms to inhibit 

hypersensitive emotional responses to achieve task goals. This model is also consistent with 

circuits involved in choice impulsivity in which there is over-activation of fronto-limbic 

regions including the ventral prefrontal cortex and nucleus accumbens. Potentially increased 

reward sensitivity in BD is likely associated with the choice to seek reward as soon 

as possible on delay discounting tasks. At present it is unclear how affective contexts 

may influence neural activity on stopping an ongoing action and although emotional SST 

paradigms have been developed (Yang et al., 2021), they have not been used in studies of 

BD. The over-activation across key regions in choice impulsivity is similar to that observed 

during affective GNG tasks in BD, suggesting a common mechanism in rewarding or 

emotionally salient contexts.
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The pattern of aberrant neural circuit activation observed during behavioral impulsivity 

tasks in BD are generally similar across manic and depressive mood states. These findings 

are consistent with the presence of self-reported trait impulsivity in BD that predisposes 

individuals to impulsive behavior regardless of mood state. It should be acknowledged, 

however, that few studies have examined the specific association of mixed episodes 

with functional imaging paradigms, although there is some preliminary evidence for 

hyperactivation in fronto-limbic brain regions during a mixed-mood state in contrast to 

manic and depressive states (Fleck et al., 2011).

5. Comparison of impulsivity in BD and other psychiatric disorders

A critical question is whether the underlying neural basis of impulsivity in BD can 

be differentiated from those of other psychiatric disorders in which impulsivity is 

also a hallmark feature, such as borderline personality disorder (PD), attention-deficit/

hyperactivity disorder (ADHD), and substance use disorders (SUD). However, this question 

is complicated by the high rates of comorbidity between BD and both ADHD and SUD, 

as well as the diagnostic overlap between BD and borderline PD. Nonetheless, findings 

in borderline PD, ADHD, and SUD compared with BD may have important implications 

for determining unique neural signatures of BD associated with impulsivity to inform the 

pathophysiology and treatment of BD.

Some studies in borderline PD during nonaffective rapid-response impulsivity tasks found 

no difference in brain activation from healthy controls (Jacob et al., 2013; Mortensen 

et al., 2010), while others found less activation in orbital (Silbersweig et al., 2007) and 

ventrolateral frontal regions (Ruocco et al., 2021). Jacobs and colleagues (2013) found 

that after induction of anger, BPD patients had lower activation of the left inferior frontal 

gyrus and greater activation of sub-thalamic nucleus. During affective rapid-response 

impulsivity tasks, individuals with borderline PD exhibit activation that is higher in 

some lateral frontal, parietal, basal ganglia, and medial temporal regions (Silbersweig 

et al., 2007; Soloff et al., 2015; van Zutphen et al., 2020) and in ventral medial and 

orbitofrontal cortex (Silbersweig et al., 2007; Soloff et al., 2015). Overall, evidence suggests 

that dysfunction in neurocircuitry implicated in rapid-response impulsivity may be more 

ubiquitous across contexts and mood states in BD than in borderline PD. Furthermore, BD 

is characterized by overactivation of ventral and dorsal lateral prefrontal cortex, anterior 

cingulate cortex, and parietal regions while borderline PD show heightened activity in the 

lateral orbitofrontal cortex, ventrolateral and dorsolateral prefrontal cortex, basal ganglia, 

hippocampus, amygdala, and parietal regions coupled with lower activity in some areas of 

the medial orbitofrontal cortex and anterior cingulate cortex. There are no studies, to our 

knowledge that have compared BD and borderline PD directly on these measures, which 

would be an important topic in future research.

Results from studies that directly compared BD with ADHD have been mixed. Cerullo et 

al. (2009) found that ADHD had greater activation in the superior temporal gyrus, insula, 

and posterior cingulate compared with BD. Deveney et al. (2012) also found that ADHD 

youth had a trend toward higher activation in the ACC compared with BD youth. In contrast, 

Passarotti et al. (2010) generally found that ADHD patients exhibited less activation than 
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BD patients in prefrontal regions (i.e., inferior, middle, and superior frontal gyri), middle 

temporal cortex, and posterior cingulate cortex. In a study that included individuals with 

BD alone, ADHD alone, comorbid BD/ADHD, and healthy control samples, Townsend 

and colleagues (2013) found that BD adults exhibit lower activation while comorbid BD/

ADHD had enhanced activation relative to controls in executive circuitry. Although visual 

inspection of their data suggests that BD had greater activation than ADHD (see (Townsend 

et al., 2013), Fig. 1), a firm conclusion cannot be drawn because there was no direct 

statistical comparison between these two groups. A potentially important neurobiological 

distinction between BD and ADHD can be made in the inferior frontal cortex. This 

region appears to be hyperactive in ADHD compared with healthy controls during response 

inhibition in non-emotional contexts (Lei et al., 2015). In contrast, in BD, inferior frontal 

cortex appears to be underactive during response inhibition and overactive only during 

response inhibition when the task involves emotionally-charged information.

Studies in SUD have examined groups of nicotine users (Lesage et al., 2020), alcohol 

dependent patients (Czapla et al., 2017), abstinent heroin users (Fu et al., 2008), stimulant 

dependent individuals (Morein-Zamir et al., 2013), and American Indians with any 

substance use disorder (White et al., 2022). These fMRI studies have largely used neutral 

stimuli in rapid-response inhibition tasks and consistently report less activation of brain 

regions involved in inhibition, including the inferior frontal gyrus (Fu et al., 2008; Morein-

Zamir et al., 2013; White et al., 2022), dorsolateral prefrontal cortex (White et al., 2022), 

insula (Czapla et al., 2017; Fu et al., 2008), medial prefrontal cortex (Fu et al., 2008), 

parietal regions (Czapla et al., 2017; Fu et al., 2008), and anterior cingulate cortex (Fu et al., 

2008; Morein-Zamir et al., 2013). One study in alcohol dependent patients also used pictures 

of different alcoholic beverages and found that for contrasts involving alcohol-related 

stimuli, these patients showed significantly increased activation in left anterior cingulate 

cortex and left medial frontal and medial orbital cortex (Czapla et al., 2017). These results 

are similar to findings in BD of decreased activation in inhibition with neutral stimuli, 

but higher activation with stimuli that are salient for individuals with BD (i.e., emotional 

stimuli). Findings suggest common neural correlates associated with impulsivity in BD and 

SUD, although there are no studies that directly compare these disorders. Fig. 2.

6. Clinical implications

Impulsivity has strong clinical significance for the phenomenology of BD given its 

association with destructive behaviors and clinical trajectory of worse functional outcome 

and high risk of suicide. Situations requiring action restraint may initially require executive 

control mechanisms involving the dorsolateral prefrontal cortex as part of a top-down 

process. This appears to be reduced over time, however, after consistent stimulus-stop 

associations are gradually learned through changes in basal ganglia connections (Guo et al., 

2018), and accompanied by a shift toward automatic bottom-up processing involving the 

inferior frontal gyrus. In contrast, situations requiring action cancellation likely involve a 

sustained level of top-down processing over the course of the task given that stimulus-stop 

associations are inconsistent, thus requiring ongoing monitoring from prefrontal executive 

control functions to perform needed actions on an ongoing basis (Verbruggen and Logan, 

2008). A deficit in executive control functions in BD may interfere with successful motor 
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inhibition and concomitant difficulty either restraining or cancelling impulsive behavior. The 

successful reduction of motor impulsivity in BD may relate to learning how to downregulate 

overactive bottom-up processing and/or the ability to strengthen top-down functions.

Interventions targeting rapid-response impulsivity could help individuals with BD refrain 

from initiating an impulsive act and if already begun, to stop the ongoing action to 

minimize potentially negative consequences. The use of cognitive remediation to enhance 

consideration of options and increase mental flexibility within cognitive control networks 

involving the prefrontal cortex might reduce both types of motor impulsivity. Inhibitory 

control training using the GNG has been used to reprogram motor responses when 

unhealthy behaviors (e.g., alcohol use, food over-consumption) are paired with responses 

requiring inhibition. For example, one study showed that training heavy drinking students to 

repeatedly stop pre-potent responses toward alcohol-related stimuli was effective in reducing 

weekly alcohol intake (Houben et al., 2011). Although these studies did not examine brain 

activity, successful behavioral interventions in BD have been linked to changes in frontal 

regions that play a role in cognitive control and flexibility considered integral to models of 

rapid-response impulsivity (Favre et al., 2013). In BD, cognitive training that pairs impulsive 

behaviors (e.g., gambling, substance use) with No-Go or stop signals may have the potential 

to improve rapid-response impulsivity by altering the associated underlying neural circuitry.

The ability to successfully perform tasks involving action restraint and cancellation (i.e., 

motor impulsivity) in BD is likely influenced by hypersensitivity to emotionally salient 

information that could impair the required process of forming stimulus-stop associations. 

This is particularly relevant given that inhibitory control is often required in the context 

of emotionally salient information in real world situations. Hyperactivation associated 

with inhibition during an affective GNG task may, in part, represent compensatory 

activity to achieve task performance comparable to controls. This is supported by a study 

demonstrating that treatment with mood stabilizers or antipsychotics normalized brain 

activity toward “healthy” levels by decreasing overactivation during an attention task that 

involved emotional stimuli (Strakowski et al., 2016). Thus, treatments focused on reducing 

bottom-up (over)activity during emotional processing (e.g., in the amygdala) in combination 

with increasing cognitive control involving top-down functions (e.g., dorsolateral prefrontal 

cortex) may reduce the need for compensatory overactivity during response inhibition 

involving emotional content and improve behavioral outcome.

Choice impulsivity may also be an important therapeutic target in the treatment of BD, but 

has been largely neglected in the literature despite evidence that individuals with BD have 

the steepest delay discounting compared to other neuropsychiatric disorders (Amlung et al., 

2019). Although little is known regarding the neurocircuitry underlying choice impulsivity 

in BD, there is evidence that impulsive behavior in response to reward may partly reflect 

hypersensitivity to immediate reward gratification in contrast to the explicit reward, per 

se. This suggests involvement of early attentional mechanisms prior to processing through 

the mesocorticolimbic pathway (Mason et al., 2012). Therefore, enhancing top-down 

prefrontal executive control systems could theoretically constrain reward processing in these 

dopaminergic midbrain reward networks in situations where the preference for an immediate 

reward is prioritized.
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The application of learning-based experimental manipulations to reduce delay discounting 

and impulsive behavior has gained increasing attention in disorders of addiction (Rung and 

Madden, 2018), but applications in BD remain sparse. One potentially fruitful treatment 

of choice impulsivity is the use of episodic future thinking (Atance and O’Neill, 2001), 

which involves imagining feelings and emotions related to the future experiences of an 

event. Among healthy individuals, spontaneous episodic imagery during cue processing 

predicted changes in individuals’ preferences toward future-minded choice behavior (Peters 

and Büchel, 2010). Furthermore, reward delay discounting was modulated by episodic future 

event cues, and this was associated with valuation signals in the anterior cingulate and 

functional coupling between the anterior cingulate and hippocampus/amygdala complex. 

This suggests that reducing choice impulsivity in BD may be altered through the use of 

both positive (Ye et al., 2021) and future (Raucher-Chéné et al., 2021) episodic imagery 

to alter reward-based decision making involving the ACC to reframe choices between 

smaller immediate gains vs. larger delayed rewards. This may facilitate more future-oriented 

choices in BD in contrast to what may appear to feel good or relieve unpleasant emotions 

in-the-moment.

Approaches for noninvasive stimulation such as transcranial magnetic stimulation (TMS) 

and transcranial direct current stimulation (tDCS) may be used to target brain regions 

implicated in the neurobiology of motor and choice impulsivity deficits in healthy and 

psychiatric populations (Teti Mayer et al., 2020). Prior studies indicated that these 

interventions had a small, but positive effect on tasks of action restraint (Go/No-Go Task) 

and action cancellation (stop-signal task) in healthy volunteers (de Boer et al., 2021). 

Similarly, prior studies (Hecht et al., 2013) reported that tDCS of the dorsolateral prefrontal 

frontal cortex was associated with changes in delay discounting. Although repetitive 

transcranial magnetic stimulation (rTMS) is considered a treatment for the management of 

acute mania and bipolar depression (Yatham et al., 2018) in BD, little work has investigated 

the efficacy of targeting impulsive behavior using noninvasive brain stimulation in BD, but 

this approach does show promise (e.g., O’Donnell et al., 2021), and will be an important 

goal of future studies.

Although neurocircuitry dysfunction associated with impulsivity may be at least partly 

independent of mood episodes, increasing evidence suggests that emotion can impact these 

experiences. Individuals with BD consistently self-report elevated levels of positive and 

negative urgency and there is preliminary evidence of increased activation during mixed 

mood episodes in frontal and amygdala regions. Therefore, it may be reasonable to target 

emotion regulation in BD as a means toward reducing impulsivity. Although dialectical 

behavior therapy has efficacy in improving emotion regulation (Goldstein et al., 2015) in 

BD, it may have limited impact on reducing impulsive behavior overall (Zargar et al., 2019). 

There is therefore a need to better understand the impact of acute emotional experience on 

neurocircuitry during in-the-moment impulsive behavior in BD to inform potential treatment 

strategies.

In combination with clinical data, neural activity during state impulsivity tasks could 

potentially inform early disease identification and intervention efforts to mitigate clinical 

symptoms and reduce functional impairment. Although there is significant clinical (e.g., 
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affective instability) and behavioral (e.g., impulsivity) overlap between BD and other 

highly comorbid disorders, a potentially unique neural signal in BD could serve as a 

biological marker to potentially assist in differential diagnosis and guide treatment options. 

We acknowledge that while it is not yet practical to use neuroimaging for differential 

diagnostic assessment, more studies are needed to compare diagnostic groups and/or utilize 

transdiagnostic approaches to better clarify overlapping and distinct neurobiological features 

associated with state impulsivity.

Understanding and targeting the relevant neurocircuitry associated with rapid-response and 

choice impulsivity has the potential to provide multiple ways of mitigating impulsive 

behaviors with negative consequences in BD, such as suicidal behavior and substance use. 

Although many of the approaches described in this section have been well-established in 

the laboratory, they will need further development to be used in real-life situations among 

individuals with BD. In this vein, the investigation of several approaches described herein 

can be easily adapted for use in smart phone applications for ongoing training. The field may 

also benefit from additional studies investigating distinct types of behavioral impulsivity 

over the course of illness.

7. Conclusions and future directions

While impulsivity is a clinical characteristic of BD and individuals with BD self-report 

significant impulsivity, there is increasing research using task-based fMRI to better 

understand the neurobiological underpinnings of impulsivity in BD. Using tasks that tap 

rapid-response impulsivity and choice impulsivity, neuroimaging evidence suggests that 

there are neural activation abnormalities associated with impulsive motor behaviors and 

choice in BD. These abnormalities are characterized by trait-like (i.e., persisting across 

mood phases of the illness) under- and over-activation of brain regions implicated in 

impulsive behavior and the pathophysiology of BD. Evidence suggests that during rapid-

response tasks requiring inhibition, individuals with BD exhibit under-activation of key 

regions involved in rapid-response inhibition including frontal, insular, parietal, cingulate, 

and thalamic regions, but overactivation of these regions when emotional stimuli are 

involved in the task. While there is no study in BD using a delay discounting task 

with fMRI, evidence from the reward processing literature suggests that hyperactivity of 

orbitofrontal and striatal regions associated with reward hypersensitivity may be associated 

with difficulty delaying gratification.

Although we present an integrated model to test hypotheses, there are remaining challenges 

and questions to be addressed by future research. There is little consensus on the domains 

and subdomains of impulsivity relevant to BD that should be assessed by behavioral 

tasks. The most common self-report measures indicate at least three (Patton et al., 1995) 

to four (Whiteside and Lynam, 2001) dimensions of impulsivity and experts from the 

International Society of Research on Impulsivity have provided recommendations for 

assessing both rapid-response (Hamilton et al., 2015a) and choice (Hamilton et al., 2015b) 

impulsivity. However, task-based fMRI studies in BD have only examined rapid-response 

impulsivity. Inclusion of choice impulsivity tasks in fMRI studies of BD will provide a 

greater understanding of neurocircuitry underlying poor decision-making that could lead to 
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maladaptive behavior. Ecological momentary assessment or the use of performance-based 

naturalistic tasks may capture variance in impulsivity and associations with real-world 

behaviors. Such tasks could provide information regarding associations between type of 

impulsivity and destructive behavior to target the most relevant ones.

Within rapid-response impulsivity, research indicates conceptual and empirical differences 

between refraining from action initiation and stopping an ongoing action with each engaging 

overlapping, but distinct neural systems (Cieslik et al., 2015; Hamilton et al., 2015a). 

However, studies in BD refer to response inhibition very broadly when using tasks 

measuring either construct (i.e., GNG and SST). There is a disproportionate number of 

studies examining refraining from action initiation using the GNG and much fewer studies 

examining stopping an ongoing action. The field would benefit from future work that 

directly compares behavioral performance and neural activation during these two types of 

rapid-response impulsivity in BD to determine whether neurocircuitry dysfunction in rapid-

response inhibition is global or specific to certain types of motor inhibition. Furthermore, 

studies involving stopping an ongoing action that include emotional stimuli, such as one 

used recently in borderline PD (Yang et al., 2021), are sorely needed to determine whether 

the effect of emotions is similar across impulsivity tasks.

It should also be acknowledged that individuals with BD are a heterogeneous group 

regarding medication status, illness severity, and comorbidities. Although some studies 

attempt to control for the potential effects of these factors, the small sample sizes (Table 

1 and 2) are likely insufficiently powered for sub-analyses, thus precluding any systematic 

evaluation of their potential influence. In the only fMRI study that compared BD with 

comorbid ADHD, BD without comorbid ADHD, and ADHD on rapid-response impulsivity 

(Townsend et al., 2013), the results provide evidence that having comorbid ADHD in BD 

may be associated with differential patterns of brain activation compared to BD alone while 

refraining from action initiation. Because impulsivity is a transdiagnostic construct future 

studies would benefit from including large sample sizes for transdiagnostic analyses using 

identical tasks and neuroimaging methods. Such studies could help clarify neurobiological 

pathways related to impulsive behavior in BD that might one day be used for differential 

diagnosis and to inform treatment.

Finally, the specific mechanism by which the purported brain networks are disrupted in 

BD remains to be clarified. While the predominant hypothesis is that in BD, prefrontal 

executive control systems are unable to modulate subcortical and limbic structures, it is 

unclear how this disruption occurs. The mechanism is likely to be complex and involve 

interactions among multiple regions within the network (Rae et al., 2015) and possibly other 

closely related circuits. Furthermore, moving beyond the simple examination of activation 

in discrete brain regions to the investigation of effective connectivity (e.g., Ajilore et al., 

2015) and large-scale connectome analysis will provide a more detailed understanding of the 

neural mechanisms underlying behavioral impulsivity in BD.
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Fig. 1. 
PRISMA flow diagram for study selection.
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Fig. 2. 
Proposed model of key regions in disrupted neural circuits contributing to impulsivity in 

bipolar disorder (BD) based on findings from task-based functional magnetic resonance 

imaging studies (see Table 1 and 2). In rapid-response impulsivity, key regions involved in 

refraining from action initiation resemble those of the executive control network and include 

dorsolateral prefrontal cortex, inferior frontal gyrus, posterior parietal cortex, and anterior 

insula. Key regions involved in stopping an ongoing action include the inferior frontal gyrus, 

anterior insula, pre-supplementary motor area, cingulate cortex, subthalamic nucleus, and 

thalamus. The circuit involved in refraining from action initiation is largely underactive 

in BD compared with healthy controls, but becomes overactivated when affective stimuli 

are presented. We postulate this pattern to also be evident for the neurocircuitry involved 

in stopping an ongoing action, although this needs to be verified by studies using 

affective stimuli in tasks of stopping an ongoing action (noted with a question mark). 

Over-activation to affective stimuli may reflect a “compensatory” mechanism in which more 

effort is required to engage brain regions responsible for action inhibition in the context of 

affective stimuli due to hypersensitivity in affective contexts. These functional neuroimaging 

abnormalities are generally present without associated performance deficits and evident 

across mood states. Decisional choice impulsivity in BD is thought to be associated with 

hyperactivation in the frontostriatal reward network involving the medial orbital frontal 

cortex and ventral striatum (including nucleus accumbens) during reward anticipation and 

reward receipt. Over-activation in this network may reflect difficulty in prefrontal control 

systems to modulate reward sensitivity resulting in reward hypersensitivity, which may drive 

BD individuals to seek reward as soon as possible despite the availability of a later larger 

reward. Not all connections among regions are provided and not all regions involved in each 

type of impulsivity is shown.
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