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Nomenclature for mental disorder was updated in 2013 with the publication of the fifth edition of the Diagnostic and Statistical Manual (DSM-5). In DSM-5, substance use disorders are
framed as more dimensional. First, the distinction between abuse and dependence is replaced
by substance use. Second, the addictions section now covers both substances and behavioral
addictions. This contemporary move toward dimensionality and transdiagnosis in the addictions and other disorders embrace accumulating cognitive-affective neurobiological evidence
that is reflected in the United States’ National Institutes of Health Research Domain Criteria
(NIH RDoC). The RDoC calls for the further development of transdiagnostic approaches to
psychopathy and includes five domains to improve research. Additionally, the RDoC suggests
that these domains can be measured in terms of specific units of analysis. In line with these
suggestions, recent publications have stimulated updated neurobiological conceptualizations of
two transdiagnostic concepts, namely impulsivity and compulsivity and their interactions that
are applicable to addictive disorders. However, there has not yet been a review to examine the
constructs of impulsivity and compulsivity in relation to addiction in light of the research-oriented RDoC. By doing so it may become clearer as to whether impulsivity and compulsivity
function antagonistically, complementarily or in some other way at the behavioral, cognitive,
and neural level and how this relationship underpins addiction. Thus, here we consider research
into impulsivity and compulsivity in light of the transdiagnostic RDoC to help better understand these concepts and their application to evidence-based clinical intervention for addiction.
© 2017.
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1. Introduction
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The United States’ National Institutes of Health (NIH) Research Domain Criteria (RDoC; Insel et al., 2010)—a research
framework related to the updated criteria of the fifth version of the Diagnostic and Statistical Manual (DSM-5: American
Psychiatric Association, 2013)—is moving researchers toward a transdiagnostic approach to examining mental disorders (Insel
and Lieberman, 2013). For example, the five domains set out to guide research in the RDoC (see Table 1) straddle DSM
diagnostic boundaries for mental disorder and include: (a) negative valence systems (NVSs), (b) positive valence systems
(PVSs), (c) cognitive systems, (d) social processes, and (e) arousal/regulatory systems. These domains attempt to frame common

Corresponding author: Tel.: + 27-21-404-5427; Fax: 27-21-448-8158
Email address: drsamanthabrooks@gmail.com (S.J. Brooks)
https://doi.org/10.1016/bs.pbr.2017.08.002
0079-6123/© 2017.

2

Progress in Brain Research xxx (2017) xxx-xxx

Table 1
Five RDoc Research Domains in Relation to Impulsivity and Compulsivity
Impulsivity

Compulsivity

Negative valence
systems

Fear-learning; Pavlovian Instrumental
Transfer (PIT); interoceptive and
exteroceptive stimulation; impulsive
responses to negative valence; panic disorder
and “knee-jerk” reactions to trauma/fear/
threat/stress; neuroinflammation and
prediseased states; early life adversity as a
risk factor for hyperarousal; and early life
deprivation (e.g., institutionalized children, or
children who experience early life trauma/
loss; immigration; bereavement)
Appetite mechanisms; preexisting tendencies;
mesolimbic dopamine activation; incentive
salience; initial responsiveness to reward
attainment; neural hotspots for pleasure in
ventral striatum (nucleus accumbens);
novelty seeking; amygdala and insula neural
activation for initial responsivity to reward;
deficits in prepulse inhibition; and SEEKING
system

Repeat exposure to fear/trauma/loss; animal models and optogenetic
approaches implicating the amygdala-hippocampal and fronto-striatal
networks in repetitive behaviors that follow initial impulsive fear/trauma;
maladaptive motor responses; maladaptive coping strategies for anxiety;
risk assessment and hypervigilance to reduce negative affect; selfmedication behaviors; frustrative nonreward; and repetitive attempts to
experience reward

Social processes

CO

Arousal/regulatory
systems

D

Attention deficits involving dopaminergic
and noradrenergic prefrontal cortex systems;
psychostimulants and noradrenergic reuptake
blockers improve impulsivity on Stop-Signal
Tasks; dorsal “where” and ventral “what”
visual streams are driven by arousal systems
that contribute to cue-induced responsivity;
enhanced adherence in functional
connectivity brain imaging studies between
hippocampus and motor regions that may
support impulsive responses to stimuli
Affiliation (positive social interaction with
others, or lack of in line with impulsivity) and
attachment (early privation/deprivation may
contribute to development of heightened
arousal and negative affect); lack of
significant social bonds in early life; animacy
and action; and precopulatory, prenatal, or
early postnatal epigenetic effects on the
development of arousal neural systems
Arousal, circadian rhythms, sleep and
wakefulness; a continuum of sensitivity of an
organism to internal and external stimulation;
modulated by physiological characteristics of
stimuli; physiological responses (e.g., heart
rate, skin conductance, and pupil dilation)
that can be measured; and regulated by
homeostatic drives

Reward seeking, consummatory behaviors, and habit learning; memory
and stimulus characteristics; incentive valence; effort valuation;
expectancy/reward prediction error; action selection/preference-based
decision making (e.g., delay discounting); cost–benefit analysis, risk
assessment; sustained/longer-term responsiveness to reward attainment;
ventral striatum (nucleus accumbens); liking and wanting; learning of
value of reward and responses to reward driven by striatal neural responses
and top-down prefrontal cortex executive functioning including the
anterior cingulate (conflict monitoring and error detection); elicited
behaviors that transiently lead to satisfaction followed by renewed tension
(opponent process)
Working memory and deficits in inhibitory control; reversal learning/
extinction deficits; visual stream activation associated with cognitive
biases in line with learning and arousal states; anterior insular cortex
activation may drive compulsive responses to cues deemed salient;
declarative memory (episodic and semantic); and Tourette's syndrome
motor and vocal tics
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Positive valence
systems
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Research Domain

Social (e.g., facial) communication and reinforcement; perceptual
understanding of the self; understanding mental states; stress/tension relief;
development of bonding to peers or to substitute addictive practices (e.g.,
OCRD routines, eating disorder behaviors, using substances); inability to
effectively self-regulate in social situations; and heightened exteroception

Cues that become related to threat and disorder (e.g., drug paraphernalia);
facilitating interaction with the environment (e.g., maladaptive);
compulsivity as a behavioral continuum or state that can be measured; and
may be associated with increased motor or cognitive responsivity

UN

processes that if dysfunctional may lead to psychiatric conditions. Additionally, the RDoC suggests that the measurement of
these domains, for a comprehensive analysis of underlying mental disorder processes (see Table 2), could include specific units
of analysis: (a) genes (e.g., brain-derived neurotropic factor), (b) molecules (e.g., dopamine), (c) cells (e.g., distinct amygdala
nuclei), (d) neural circuits (e.g., fronto-striatal), (e) physiology (e.g., hypothalamus–pituitary–adrenal axis), (f) behavior (e.g., response inhibition), (g) self-reports (e.g., Barratt Impulsivity Questionnaire), and (h) paradigms (e.g., N-back working memory
task). Using measurements under these domains can highlight commonalities between traditional mental disorder diagnoses, the
overlap between the aims of the RDoC and DSM-5, which may ultimately aid a better understanding of the neural mechanisms
underlying addiction.
Addiction disorders have at their foundation impulsivity and compulsivity (Everitt and Robbins, 2016), and so examining
these concepts in light of the RDoC might help to better understand these two processes and how they interact and contribute to
addiction. Broadly, there are commonalities between substance use disorders (SUDs), including the use of stimulants, alcohol,
nicotine—and behavioral addictions including gambling, internet use, shopping, and eating, in terms of elements of automatized,
dysregulated cognitions, and behaviors. More specifically, in those with a diagnosis of attention deficit hyperactivity disorder
(ADHD)—which is a risk factor for developing SUD and/or behavioral addictions (Molina and Pelham, 2014)—impulsive and
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(Neuronal)
cells and
nuclei

Neural
circuits

Physiology

Noradrenergic transporter gene (response inhibition); glutamatergic
striatal kainate receptor genes (repetitive behaviors)

Basal forebrain nuclei, dorsal raphe nuclei, amygdala,
hypothalamus; catecholaminergic cells in the locus
coeruleus, and ventral tegmental area (arousal);
GABAergic cells, glia, granule, pyramidal cells,
interneurons in the hippocampus and prefrontal cortex
(acute and sustained fear, anxiety, and salience);
basolateral, cortical, medial, central and intercalated cell
clusters of the amygdala; hypothalamic cells containing
the μ-opioid receptor that innervate the prefrontal cortex
(appetitive driver); glutamatergic NMDA pyramidal
cells—found within layers III–V of the prefrontal cortex
(lack of impulse control)
Fronto-striatal neural network involving the right inferior
frontal gyrus (RIFG) and subcortical (including
subthalamic basal ganglia) corresponds to motor
impulsivity; hyperactivation of left IFG/insula and left
putamen as well as significantly reduced P3 amplitudes
(less response inhibition); hyperactivity in fronto-striatallimbic pathways (impaired decision making); increased
activation of the anterior cingulate cortex (ACC) and
dorsolateral prefrontal cortex (DLPFC) for choice
impulsivity (delay discounting); smaller DLPFC and
inferior parietal lobe volumes, but larger dorsal cingulate
and precuneus volumes (reflection impulsivity); bilateral
activation of intraparietal sulcus and left temporo-parietal
junction (inhibition of a prepotent response)
Physiology related to arousal mechanisms: HPA axis and
related functioning of neuroendocrines such as ACTH and
CRF (heightened arousal); increased startle reflex (failure
to inhibit prepotent response); higher heart rate in
response to salient images; eye tracking/pupilometry to
demonstrate increased arousal, salience, and attentional
bias for addiction-related cues; increased skin
conductance responses (SCRs) for implicit emotional
responses to salient stimuli (hypersensitive sympathetic
nervous system response); increased testosterone; low
basal cortisol levels interact with testosterone and is
associated with risky decision making
Inadequate thought; tendency to act with less forethought
than most individuals with equal knowledge and ability; a
predisposition toward rapid, unplanned reactions to
internal or external stimuli; lack of regard for negative
consequences; fluctuating behavior that is present in
certain contexts and at certain times, but not in others
(state effects); a predisposition that a person will be
inclined toward impulsive responses (trait effects); a
persistent pattern of inattention (cognitive impulsivity)
and hyperactivity (motor impulsivity); disadvantageous
decision making; choice impulsivity (temporal—or
delay—discounting); and reflection impulsivity

Selfreports
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Behavior

T-allele serotonin and noradrenalin (ADHD);
Cannabinoid and mu receptor type 1 (addiction);
Cholinergic genes (CHRNA5–CHRNA3–CHRNB4),
DRD2, and ANNK1 (nicotine/alcohol)
Monoamines: dopamine, noradrenaline, and serotonin
(linked also to hyperarousal and negative affect)

Dopamine, glutamate, and opioids (linked to hyperstimulation of
corticostriatal reward circuits); corticotropin-releasing factor and
dynorphin (opponent process negative reinforcement, and HPA axis)
Calbindin, calretinin, parvalbumin, pyramidal, and somatostatin cells
(variation in cognitive control); cortical and limbic inhibitory and
excitatory interneurons (perception and memory); medium spiny
neurons in nucleus accumbens and dopaminergic cells in striatum
(reward and motivation); ventral tegmental area circuitry D1–D5
dopaminergic cells

Cortico-thalamic-striatal-cortico (CTSC) loop as related to OCRD;
dorsal anterior cingulate activation coupled with activation of the
amygdala and DLPFC (cognitive inflexibility/rigidity); activation of
fronto-striatal circuitry (repetitive behavior in addictions); increased
activation of the left prefrontal cortex and right cerebellar cortex
(attentional bias); a switch in activation from predominantly ventral
striatal (nucleus accumbens) in line with controlled drug use to dorsal
striatal conditioned responses that are habitual and correspond to
deficits in the prefrontal cortex executive control system
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Table 2
Eight RDoC Units of Analysis and Some Links to Impulsivity and Compulsivity

Barratt Impulsiveness Scale (BIS-11); Eyesenck
Impulsiveness Scale (EIS); Dickman Impulsivity
Inventory (DII); UPPS Impulsive Behavior Scale;
Lifetime History of Impulsive Behaviors (LHIB-Q53);
and Impulsive/premeditated aggression scale (IPAS)

Physiology related to adaptation and attentional bias: greater SCRs
during acquisition of fear response to a conditioned aversive stimulus
that continued during the extinction phase (OCD); greater frequency
and duration of fixations on OCD stimuli using eye tracking measures
(hyperactive attention switching and visual bias)

Deficits in attention, perception, and repetition of motor or cognitive
responses; a repetitive, irresistible urge to perform a behavior;
experience of loss of voluntary control over intense urge; diminished
ability to delay or inhibit thoughts or behaviors; tendency to perform
repetitive acts in a habitual or stereotyped manner; inappropriate
behavior to the situation that persists despite a lack of goal orientation
and adverse consequences; performing an act or thought persistently
and repetitively with consideration and deliberation; compulsive
behaviors may be employed as a maladaptive method of neutralizing
activation of negative valence systems conjunction with fear, anxiety,
perceived threat; for the individual to gain a rewarding sense of
(maladaptive) control; contingency-related cognitive inflexibility;
task/attentional set-shifting; attentional bias/disengagement; and habit
learning
Padua Inventory (PI); Behavioral Inhibition/Behavioral Activation
System Questionnaire (BIS/BAS); and Yale-Brown
Obsessive–Compulsive Scale (YBOCS)
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Table 2 (Continued)

Paradigms

Impulsivity

Compulsivity

Go/No-Go (GNG) and Stop-Signal Reaction Time
(SSRT)—for measuring inhibition of prepotent responses;
Cambridge Gambling Task (CGT), the Iowa Gambling
Task (IGT) or the Balloon Analogue Risk Test
(BART)—for measuring decision making impulsivity;
Delay Discounting Task (DDT)—for measuring choice
impulsivity; Cambridge Neuropsychological Test
Automated Battery (CANTAB) Information Sampling
Task (IST)—for measuring reflection impulsivity (the
tendency to “jump to conclusions”)

Tasks employing variable reinforcement learning or contingency
management schemes such as voucher incentives for controlling urges
(e.g., to take drugs)—to measure levels of compulsivity and cognitive
flexibility; variable reinforcement learning paradigms to examine
habit formation and extinction; Wisconsin Card Sorting Task—to
measure set shifting/perseverative behaviors; Stroop Task—to
measure attentional bias/distractibility; visual dot-probe task—to
measure attentional bias; eye-tracking/pupillometry—to measure
attentional bias/arousal sensitivity
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Units of
Analysis
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compulsive cognitions and behaviors are key. Similarly, obsessive–compulsive and related disorders (OCRDs) such as hoarding
disorder, skin-picking disorder, trichotillomania, eating disorders (EDs) while not typically regarded as addictions are sometimes
comorbid with them (Pallanti et al., 2011), with compulsive cognitions and behaviors a central feature (Gruner and Pittenger,
2017). Within the diagnoses of these disorders impulsive–compulsive symptoms generally tend to occur and are to some extent
associated with excessive dependence on routines and repetitive behavior (Starcevic, 2016), high sensitivity to environmental
stimuli, also known as cue reactivity (Dalley et al., 2011) and cognitive biases toward specific stimuli (Wiers et al., 2013). For
example, for a DSM-5 diagnosis of SUD, there is impaired self-control, social impairment, and deficits in executive functioning
pertaining to risky decision making, which, as described below are facets of impulsivity and compulsivity.
Furthermore, central to a DSM-5 diagnosis of ADHD is frequent inattention and/or hyperactivity–impulsivity. Moreover, in
OCRD compulsivity is a major factor, with obsessive preoccupation with specific stimuli and repetitive behaviors (e.g., hoarding, checking, counting, and cleaning) being central. EDs, which are found within the DSM-5 OCRD grouping, such as anorexia
nervosa and bulimia nervosa, reflect elements of impulsive exercising (to prevent weight gain), compulsive restriction of appetite
and binge eating with obsessive–compulsive preoccupations, hyperactivity, and attentional bias toward food- and body-related
stimuli (Brooks et al., 2011, 2012).
Within the RDoC domains a neurobiological spectrum nomenclature is adopted to conceptualize maladaptive systems rather
than to classify the criteria for specific disorders, which may ultimately improve our understanding of impulsivity and compulsivity in addictions. The RDoC research domains include positive and negative valence (e.g., approach/appetitive motivations
and threat sensitivity), cognition (e.g., inflexibility and cognitive bias), social processes (e.g., emotion recognition and theory of
mind), and arousal regulation (e.g., interoceptive and exteroceptive sensitivity). Thus, an examination of the multidimensional
neurobiological construct of impulsivity and compulsivity, in light of the RDoC domains and suggested units of measurement is
reviewed here in an attempt to better define these two separate concepts and how they interact. However, before examining the
RDoC recommendations for research that might help to better conceptualize impulsivity and compulsivity, some broad definitions
are given as a foundation (Fig. 1).
1.1. Broad Definitions of Impulsivity/Compulsivity

UN

CO

Previously, impulsivity and compulsivity were regarded as dissociable states underpinned by distinct neural mechanisms
within the fronto-striatal network for sensation/risk seeking and aversion avoidance, respectively (Dalley et al., 2011; Fineberg
et al., 2014). However, neurobiological research since the advent of neuroimaging, has led to updated conceptualizations of impulsivity and compulsivity that broadly share common substrates within the fronto-striatal circuitry for high levels of automaticity, impaired cognitive inhibition, lack of self-control, and maladaptive self-regulation. Discrete differences in regional activation
within this broad network may shed further light on the neural mechanisms of interaction between impulsivity and compulsivity
that present as fluctuating symptoms for many mental disorders. For example, in SUD there appears to be a change from controlled drug use to habitual compulsivity over time (particularly in those with trait susceptibility for impulsivity), which is linked
to Pavlovian-Instrumental Transfer (PIT) and a switch from ventral to dorsal striatum activation (Brewer and Potenza, 2008;
Everitt and Robbins, 2016; Robbins et al., 2012). Furthermore, fluctuations in impulsive and compulsive symptoms can occur
within the individual that underpin comorbidity with other related psychiatric diagnoses (e.g., ADHD and OCRD), which also
suggests variations in neuropathology across common brain circuits such as the fronto-striatal network, and possibly differences
in genetic elements (e.g., single-nucleotide polymorphisms [SNP] and epigenetic effects). Therefore, it is pertinent to consider
definitions of impulsivity and compulsivity that provides separate conceptualizations and whether interaction between them can
be largely regarded as state (a behavior present only in certain contexts) or trait (a predisposition).
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Fig. 1. Impulsivity, compulsivity, and psychiatric disorders in line with recent findings using the research domain criteria (RDoC) framework.

1.2. Impulsivity
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According to the International Society for Research on Impulsivity (ISRI: http://www.impulsivity.org/), impulsivity has variously been described as “behavior without adequate thought, the tendency to act with less forethought than do most individuals of equal ability and knowledge, or a predisposition toward rapid, unplanned reactions to internal or external stimuli without
regard to the negative consequences of these reactions.” These definitions, however, do not determine whether impulsivity is
largely a state (e.g., fluctuating behavior that is present in certain contexts and at certain times, but not in others) or trait (e.g.,
a predisposition that a person will be inclined toward impulsive responses). Regardless of whether impulsivity is state or trait, it
appears highly comorbid with a range of psychiatric disorders, suggesting therefore that a definition of impulsivity should consider the broad biological underpinnings that link diverse psychiatric groups to rapidity of response and lack of planning (Moeller
et al., 2001). Currently, the DSM-5 includes within its rubric some specific impulse control disorders, for example, kleptomania
(the inability to resist the impulse to steal items not necessarily needed), pyromania (the inability to resist the impulse to start
fires), and intermittent explosive disorder (the inability to control sudden, impulsive episodes of anger). Alongside these formal
impulse control disorder diagnoses, the DSM-5 also considers impulsivity to be a central feature in its definition of other disorders, for example, ADHD. ADHD, which is comorbid with, and a risk factor for the development of some addictions, such
as SUD (Klassen et al., 2012) is defined in part by “a persistent pattern of inattention and/or hyperactivity–impulsivity that is
more frequently displayed and more severe than is typically observed in individuals at a comparable level of development.”
This definition suggests that impulsivity is part of a normal range of functioning, but it is the frequency in which it occurs that
underlies the disorder. With this in mind, impulsivity is regarded as a multifactorial construct, which may involve inattention
(cognitive impulsivity) and hyperactivity (behavioral/motor impulsivity). Similarly, recent distinctions have been made between
choice impulsivity, that is, the choice for immediate over delayed rewards; and rapid response impulsivity, that is, the tendency
to act without forethought, and out of context with immediate demands (Hamilton et al., 2015a, b). Recently, more specific constructs of impulsivity have been hypothesized, namely (i) motor impulsivity; (ii) disadvantageous decision making; (iii) choice
impulsivity; and (iv) reflection impulsivity (for a detailed review, see Fineberg et al., 2014). For example, motor impulsivity is
associated with an inability to inhibit a response, particularly when it is deemed inappropriate or misplaced; disadvantageous
decision making is associated with risky behavior and the inability to avoid aversion and loss; choice impulsivity refers to the
inability to delay a reward—also known as temporal discounting—and involves choosing an immediate, instead of a future re
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ward; and reflection impulsivity means to respond without adequate cognitive deliberation on the potential outcome of one's action.
1.3. Compulsivity
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1.4. Interaction Between Impulsivity/Compulsivity

D

By contrast compulsivity is less well defined and as such less researched than the construct impulsivity, although it appears
to be similarly associated with deficits in attention, perception, and repetition of motor or cognitive responses (Fineberg et al.,
2014). It has been defined as the repetitive, irresistible urge to perform a behavior, the experience of loss of voluntary control over
this intense urge, the diminished ability to delay or inhibit thoughts or behaviors, and the tendency to perform repetitive acts in a
habitual or stereotyped manner (Chamberlain et al., 2006). Compulsivity can be seen as a cross-disorder trait leading to behavior
that is inappropriate to the situation and that persists despite a lack of goal orientation, resulting in adverse consequences (Dalley
et al., 2011). Whereas impulsivity is associated, to some extent, with reflexive, automatized acts that are deficient in forethought,
compulsivity by contrast involves performing an act or thought persistently and repetitively with consideration and deliberation in
spite of adverse consequences. Compulsive, perpetual, and ritualized behaviors and cognitions are likely employed in an attempt
to neutralize NVSs that are activated in conjunction with these thoughts (e.g., fear, anxiety, and perceived threat) and for the individual to gain a rewarding sense of control (e.g., symptoms of hoarding, checking, cleaning in obsessive–compulsive disorder
[OCD], compulsive appetite restraint and exercise regimens in those with EDs, compulsive substance use, and gambling).
Constructs of compulsivity include (i) contingency-related cognitive inflexibility; (ii) task/attentional set shifting; (iii) attentional bias/disengagement; and (iv) habit learning (for a detailed review, see Fineberg et al., 2014). Contingency-related cognitive
inflexibility is also known as heightened perseverance, particularly in anticipation of a previously experienced reward; task/attentional set shifting requires the ability to switch rules/attention as stimuli change; attentional bias/disengagement is associated with
heightened attention directed toward disorder-related stimuli (saliency); and habit learning is the automatic repetition of behaviors
and cognitions that are associated with a reward (which can be maladaptive).
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Impulsivity and compulsivity as described earlier commonly involve a sense of “lack of control” and share neuropsychological
mechanisms underlying dysfunctional inhibition of thoughts and behaviors (Stein and Hollander, 1995). Some argue that impulsivity and compulsivity are at opposing ends of the same spectrum—a form of diathesis model (Stein et al., 1994, 1996). This
model suggests that compulsivity is a hypothetical construct that is a related modification of impulsivity, and as such compulsivity is considered to be a maladaptive perseveration of behavior, which, in contrast to impulsivity, does not typically adhere to a
range of normal behavior (Robbins et al., 2012). Researchers and clinicians note that initial problems in the impulsive fronto-striatal neural circuitry in those with a mental disorder diagnosis may lead to problems in the compulsive fronto-striatal neural circuitry and vice versa (e.g., Voon and Dalley, 2016). For example, PIT theory (Everitt and Robbins, 2016) posits a neurobiological
switch—in those with impulsive and novelty-seeking vulnerabilities—from deliberative controlled drug use, associated with the
ventral striatum (nucleus accumbens), to habitual drug use associated with the dorsal striatum (Everitt and Robbins, 2016). This
supports an “impulsive–compulsive diathesis” model (Fineberg et al., 2014). Moreover, interplay between the functions of impulsivity and compulsivity that characterize various psychiatric disorders further supports the link, as opposed to separation of
these constructs. In other words, compulsivity may be linked to the reduction of arousal and termination of behaviors, cognitions,
and affect, whereas impulsivity corresponds to initiating them, with the differences observed in terms of varying activation of
corticostriatal loops (Dalley et al., 2011). There is mounting neuroimaging and neurocognitive evidence to suggest that impulsivity significantly contributes to relapse in psychiatric disorder, whereas the role of compulsivity is less clear, with its persistent
function likely aimed at reducing negative affect that might otherwise obscure the detection of more serious mental or physical
illness (Everitt et al., 2008; Fineberg et al., 2014; Robbins et al., 2012). In this vein, accumulating evidence appears to suggest
that the initiation of mental disorder begins with excessive arousal that is linked to impulsivity, with compulsivity regarded as a
maladaptive coping strategy for such arousal, which in turn is linked to poor treatment efficacy (Blanco et al., 2009; Grant et al.,
2010). However, whether impulsivity and compulsivity act concomitantly, sequentially, antagonistically, complementarily, or a
combination of these at the neural level is not yet clear (Voon and Dalley, 2016)—and so considering impulsivity and compulsivity in light of the RDoC might help to better understand the two processes and how they interact.

UN

2. NIH RDoC Units of Analysis and Research Domains and Their Relationship to the Interaction Between Impulsivity and
Compulsivity
Having provided a brief overview of the constructs impulsivity and compulsivity, we next move on to examine these
concepts in more detail with guidance from the RDoC units of analysis and research domains (https://www.nimh.nih.gov/
research-priorities/rdoc/). In doing so this might help to improve research design for future studies whose data can be better applied to new clinical interventions for a range of psychiatric disorders. We end the paper by examining RDoC's five
research
domains
in
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detail with regard to how they might illuminate the interaction between impulsivity and compulsivity, but first we review RDoC's
suggested units of analysis.
2.1. NIH RDoC Units of Analysis
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2.1.1. Genes
Genome-wide association studies (GWAS) measure thousands of genes across groups and are currently the most powerful
form of measurement for variability and genetic susceptibility linkage to specific concepts such as impulsivity and compulsivity in
various psychiatric disorders (see https://www.genome.gov/20019523/). GWAS typically examine the strongest linkage between
genes and behavior across thousands of genes, whereas candidate gene approaches focus on the analysis of specific genes that are
thought to play a biological role in a given phenotype. Currently the RDoC lists over 100 known genes that research has linked
to various psychiatric disorders (https://www.nimh.nih.gov/research-priorities/rdoc/units/genes/index.shtml), and more broadly,
as described below, to impulsivity and compulsivity. There is now increased focus on using epigenetic and gene expression data
to understand the genetic architecture of mental disorders. Most commonly studied epigenetic effects are modifications of four
histones (H2a, H2b, H3, and H4) present in chromatin (Gelato and Fischle, 2008) and DNA methylation (Smith and Meissner,
2013) (for extensive review of these two processes, see Cadet et al., 2016). However, while it is not yet known which epigenetic
effects are associated with impulsivity and compulsivity, there is a growing literature on the epigenetics of SUD (McQuown and
Wood, 2010).
Studies have demonstrated that impulsivity is a moderately heritable trait among families (Coccaro et al., 1993). In terms
of genetic linkage studies of impulsivity as a phenotype, genetic susceptibility for a diagnosis of ADHD (comorbid with addictive disorders) has mainly been examined. For example, a recent study demonstrated a strong association between measures of
impulsivity (e.g., reaction time), the T-allele of the serotonin receptor gene (HTR2A: SNP rs7984966), and the T-allele of the
noradrenalin transporter gene (SLC6A2: SNP rs3785157) (Pinto et al., 2016). In terms of impulsivity related to addiction and
relapse, studies have highlighted the genes encoding for cannabinoid brain receptor type 1, and the mu-opioid receptor type 1 that
colocalizes in the same presynaptic nerve terminals and signal through a common receptor-mediated G protein pathway particularly in the corticolimbic reward pathway, are implicated (López-Moreno et al., 2010). Furthermore, a recent review that covers a
decade of research using GWAS and candidate gene approaches (Bühler et al., 2015), indicates that genes in the cholinergic cluster CHRNA5–CHRNA3–CHRNB4, and in the DRD2 and ANNK1 genes are the most robust variants associated with addiction
phenotypes, particularly those relating to alcohol and nicotine use. Whereas for cannabis and cocaine addiction fewer studies and
replications have been reported, suggesting that while more studies need to be conducted, it could also be that there are different
neurobiological mechanisms for impulsive traits, but also states that underlie different addictive disorders and transient behaviors.
Genetic susceptibility for compulsivity in addiction is more difficult to pinpoint given that the construct is less well defined
than impulsivity in neuroscientific literature. However, examining the genetic linkage to compulsivity in OCD and related disorders may provide direction for discovering genetic links that underlie addictions. Compulsivity in OCD and related disorders
(including, according to the DSM-5: traditional OCD, body dysmorphic disorder [BDD], hoarding, skin-picking, and trichotillomania) refers to repetitive, unwanted, and functionally impairing overt or covert behaviors without adaptive function, performed
in a habitual or stereotyped fashion, either according to rigid rules or as a means of avoiding perceived negative consequences
(Fineberg et al., 2014). Structural variation in large-scale brain systems related to motor inhibitory control, including the cortico-thalamic-striatal-cortico (CTSC) circuitry may mediate a component of the genetic risk for compulsivity and arguably represents a neurocognitive endophenotype of response inhibition difficulties. Successful response inhibition has been related to the
function of the frontal gyrus inhibitory network and the noradrenergic transporter gene SNP (rs36024) (Whelan et al., 2012).
Furthermore, there is compelling evidence that specific mutations in glutamatergic striatal kainate receptor genes are linked to
perseverative and repetitive behaviors common to compulsivity (Delorme et al., 2004; Mattheisen et al., 2015; Sampaio et al.,
2010) and may well be a candidate biomarker for therapeutic monitoring (Lerma and Marques, 2013; Yuan et al., 2015). For example, most recently, knockout mice with all five subunits of the kainate receptor knocked out, demonstrated striatal-dependent
preservative behavior and motor function, specifically, self-injurious overgrooming and, consistent with striatal dysfunction, elevations in digging behavior, and perseveration in a Y-maze choice test, as well as hind limb-clasping phenotype, impairments
in the accelerating rotarod, and alterations in gait (Xu et al., 2017). Combined, studies of kainate receptors draw our attention to
their importance in the development of striatal circuits (e.g., CTSC network) and the effect of kainate genes on disrupting striatal-dependent behaviors, such that receptor loss, or neuronal compensation of receptor loss during development, may contribute
to compulsivity.
2.1.2. Molecules
As described earlier under the genetic units of analysis, dopamine, noradrenalin, serotonin, glutamate, and opioids are the
most commonly implicated neurotransmitters when considering the constructs impulsivity and compulsivity, implicating function within the corticostriatal neural circuits. In terms of impulsivity, the monoamines dopamine, noradrenaline, and serotonin
are strong candidates, with serotonin being the neurotransmitter most commonly associated with impulsivity and comorbid negative mood, aggression, and suicide (Bevilacqua and Goldman, 2013). The use of stimulants (e.g., methylphenidate) and most
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recently the noradrenergic reuptake inhibitor atomoxetine (which appears to modulate serotonin and dopamine function within
the inferior prefrontal cortex) to treat ADHD (associated with failure to inhibit responses/control attention), implicates dopamine
and noradrenaline as prime candidate molecules that underlie the development of impulsivity (for review, see Robbins, 2017).
Whereas the lack of involvement of serotonin systems alongside greater activation of noradrenergic systems during, for example,
stop-signal tasks after atomoxetine seems to further implicate the role of noradrenergic function in impulsivity (Robbins, 2017).
It must be noted, however, that atomoxetine is sometimes regarded as a weak, second-tier treatment for ADHD, especially in
relation to other dopamine agonists (psychostimulants) such as dexamphetamine and lisdexamfetamine, which may prove more
effective for the treatment of ADHD and SUD (Heal et al., 2013).
In terms of compulsivity, which appears to be associated with overstimulation of the reward-related fronto-striatal neural circuits and stress-related circuitry underlying repetitive and perseverative behavior and cognition, the neurotransmitters dopamine,
glutamate, and opioids, which modulate incentive salience and function of the ventral striatum, appear to be the most prominent
molecules (Koob, 2017; Koob and Volkow, 2016). Furthermore, the other side of compulsivity involves the opponent process
of negative reinforcement—in other words the relief of anxiety, stress, pain, tension, and antireward—and the neural molecules
corticotropin-releasing factor and dynorphin (Koob, 2017). From this perspective, it could be that brain functioning aligned with
impulsivity may be related to the over stimulated release of neurotransmitters such as serotonin, dopamine, and noradrenaline in
the reward/motivation networks (e.g., pertaining to impulsive drug-taking, binge-eating, shopping, aggressive acts, etc.), which
overlap with the release of hypothalamic–pituitary–adrenal axis hormones that are concomitant with negative affect and subsequent compulsivity within a range of fight/flight responses.
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2.1.3. Cells
While the RDoC suggests a large list of cells for analysis related to psychiatric disorder (often via animal models), in the
context of brain function it is important to be specific when referring to brain cells (e.g., neuronal, glial, and serotonergic/noradrenergic). Similarly, for a defined brain region such as the hippocampus, there are various types of neuronal cells that have
different functional contributions (e.g., granule, pyramidal, glial, and interneurons). With this in mind, perhaps the most relevant
to the study of impulsivity and compulsivity, according, but not limited to the descriptions of genes and molecules earlier, are as
follows. For arousal mechanisms, cells include those in the basal forebrain nuclei, dorsal raphe nuclei, amygdala, hypothalamus,
locus coeruleus, and ventral tegmental area. In terms of variance in cognitive control, the cells calbindin, calretinin, parvalbumin,
pyramidal, and somatostatin are implicated. For perception and memory processes, cortical and limbic inhibitory and excitatory
interneurons might play a major part. Dopaminergic neurons, medium spiny neurons, and substantia nigra cells are associated
with reward and motivation processes. Finally, GABAergic cells, glia, granule, pyramidal interneuron cells in the hippocampus
pituitary, and prefrontal cells are likely involved in acute and sustained fear, threat, and anxiety often present during impulsive
and compulsive states. Some of these cells will be described below in relation to the processes of impulsivity and compulsivity.
In relation to impulsivity, cells underlying arousal mechanisms in the brain could be most applicable. For example, in chronic
alcoholism, which is associated with high rates of violence, disinhibition and aggression, and reduced serotonin functioning, there
appears to be a significant link to basal forebrain nuclei loss (Johansson et al., 1999). Another serotonergic hub—the dorsal raphe
nuclei—is also implicated in impulsivity, particularly in terms of inflammation in this region, as a recent study showed a link
to stress-induced locomotion and responsivity in rats akin to mania and impulsivity (Howerton et al., 2014). Amygdala neurons
are arranged in specific nuclei, including the basolateral, cortical, medial, central and intercalated cell clusters, and the basolateral nuclei are particularly relevant to impulsivity and addictive behaviors, with direct connections to the hippocampus, nucleus
accumbens, and prefrontal cortex (Stamatakis et al., 2014). Hypothalamic cells containing the MOR that innervate the prefrontal
cortex are specifically associated with the “appetitive driver” circuit that likely contributes to inhibitory control deficits akin to
impulsivity (Baldo, 2016). The locus coeruleus is a major noradrenergic cell hub, and as described earlier this molecule is highly
implicated in impulsivity. In line with this, a recent transgenic mouse study showed that NMDA-dependent noradrenergic cell
loss in the locus coeruleus was linked to irregularity in activity of the noradrenergic cells combined with spontaneous burst firing
which, on a behavioral level, was associated with increased impulsivity in the go/no-go task and facilitated attention shifts in the
attentional set-shifting task (Cieślak et al., 2017).
For compulsivity, the ventral tegmental area—a dopaminergic cell nucleus within the mesolimbic reward pathway—is often
implicated in the process of drug-induced compulsive seeking behavior underlying addiction, which is often typified on a neural
level as a shift from trait impulsivity to compulsivity (Everitt, 2014), particularly given that there are well-known dopaminergic projections to the ventral striatum underlying the subjective experiences of wanting and liking. For example, recent studies
have implicated D1–D5 dopamine receptors as having specific functions in the shift into an addiction trajectory. For example,
D1–D3 receptors, predominantly found on dopaminergic neurons in the prefrontal cortex and striatum (Charuchinda et al., 1987;
Lidow et al., 1991), are implicated in memory processes that shift attention and memory away from future—and toward immediate reward (Abi-Dargham, 2003; Vijayraghavan et al., 2016). D2/D3 receptors by contrast are predominantly found in the basal
ganglia (e.g., striatum and midbrain connections) and have been linked to episodic memory (e.g., underlying compulsive triggers)
and drug craving (Morales et al., 2015; Nyberg et al., 2016), and upregulation of D2 receptors in the basal ganglia is observed
following working memory training in young adults that help to improve cognitive control of compulsive behavior (Söderqvist
et al., 2014). Similarly, availability of D2/D3 receptors can predict efficacy of contingency management treatment for cocaine
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dependence (Martinez et al., 2011), and also efficacy of talk therapy treatment for methamphetamine dependence (Wang et al.,
2012). Furthermore, activation of D4 receptors in the medial prefrontal cortex is linked to biasing of decision making under aversive conditions (Floresco and Magyar, 2006). Finally, reduced D5 receptors in the prefrontal cortex are associated with downregulation of NMDA receptors in the hippocampus and diminished long-term memory (Moraga-Amaro et al., 2016).
In line with this, glutamatergic NMDA pyramidal cells—found within layers III–V of the prefrontal cortex—are particularly
involved in the lack of control of impulsivity and the emergence of compulsivity. For example, while glutamate mediates the
excitability of dopaminergic cells, glutamatergic cells also work independently, and underlie context-specific aspects of behavioral determinants of addiction (e.g., control over behavior by conditioned stimuli) (Tzschentke and Schmidt, 2003). With the
link between glutamate and compulsivity in particular in mind, the European Union-funded Translational Adolescent and Childhood Therapeutic Interventions in Compulsive Syndromes (TACTICS) project has recently proposed research into glutamatergic
medication, specifically memantine, an NMDA receptor antagonist, to treat compulsive symptoms in children and in adolescents
(Häge et al., 2016). This fits well with the notion that OCRD, which are often comorbid with compulsive symptoms and addictive disorders, is associated with heightened glutamate transmission. For example, a recent review reports that glutamate-related
pathways are major deficient systems in patients with OCD, with the GRIN2A, GRIN2B, and GRIA2 genes the most central glutamatergic nodes in the OCDR network (Bozorgmehr et al., 2017). As such, other glutamate receptor antagonists (e.g., ketamine)
have the potential to be effective treatments for those with OCD and mood disorders (Bloch et al., 2012; Niciu et al., 2015).
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2.1.4. Neural circuits
In view of the specific constructs of impulsivity, compulsivity, and the various genetic and cellular systems involved,
brain-imaging studies, for example, using functional magnetic resonance imaging (fMRI), have demonstrated the importance of
specific neural circuitry. Constructs of impulsivity have been identified and described earlier, namely (i) motor impulsivity; (ii)
disadvantageous decision making; (iii) choice impulsivity; and (iv) reflection impulsivity (for a detailed review, see Fineberg et
al., 2014). For example, response inhibition, dysfunction of which is associated with motor impulsivity, incorporates a fronto-striatal neural network involving the right inferior frontal gyrus and subcortical (including subthalamic basal ganglia) connections
(Aron and Poldrack, 2005; Rubia et al., 2013). More recently, combining electroencephalography (EEG) with fMRI to increase
measure sensitivity for interindividual differences and using a Go/No Go response inhibition task, has revealed that motor impulsivity (or less response inhibition) is associated with hyperactivation of left IFG/insula and left putamen as well as significantly
reduced P3 amplitudes, which may suggest a compensatory measure for those with impulse control disorders (Schmüser et al.,
2016). Disadvantageous decision making as measured by the Iowa Gambling Task has been used with fMRI to measure clinical
populations with impulse control disorder (e.g., SUD). For example, people with SUD have hyperactivity in fronto-striatal-limbic pathways compared to controls; supporting the view that aberrances within these circuits underlies impaired decision making
(Yamamoto et al., 2014). Choice impulsivity, as measured by delay (or temporal) discounting, has been shown by fMRI to activate the anterior cingulate cortex (ACC) and dorsolateral prefrontal cortex (DLPFC) (Wesley and Bickel, 2014). Finally, reflection impulsivity, or the degree to which an individual accumulates evidence prior to making a decision, has been linked to smaller
DLPFC and inferior parietal lobe volumes, but larger dorsal cingulate and precuneus volumes (areas associated with affect regulation) in binge drinkers who are prone to reflection impulsivity (Banca et al., 2016). Similarly, reflection impulsivity involves a
lack of cognitive inhibition of prepotent (often incorrect or inappropriate) responses, and mental set shifting to reframe the problem, and has been shown, with transcranial magnetic stimulation, to be related to reduced DLPFC activation (Oldrati et al., 2016).
Most recently, the ability to inhibit a prepotent response is associated with bilateral activation of intraparietal sulcus and left temporo-parietal junction, and so this research may provide specific biomarkers for improved reflection impulsivity (Kolodny et al.,
2017).
The neural correlates of compulsivity are less well known, given that the construct is less well defined as compared to impulsivity. Nonetheless, if we again take the more specific constructs of compulsivity as recently defined and described earlier, one
can briefly examine brain imaging studies that specifically map onto these constructs, namely (i) contingency-related cognitive
inflexibility (prediction error); (ii) task/attentional set shifting; (iii) attentional bias/disengagement; and (iv) habit learning (for a
detailed review, see Fineberg et al., 2014). The most prominent neural circuitry identified in relation to compulsivity observed in
OCD and related disorders is the CTSC loop, and dysfunction within this circuit appears to (a) be most susceptible to the cognitions and behaviors associated with compulsivity and (b) most altered by psychological intervention (Brooks and Stein, 2015).
Using the specific terms, cognitive inflexibility/rigidity as seen in psychiatric disorders that are typically comorbid with OCRD,
such as EDs and addictions, has been associated with dorsal anterior cingulate activation coupled with activation of the amygdala (Geisler et al., 2017) and DLPFC (particularly left) in those with alcohol use disorder (Beylergil et al., 2017). Set-shifting
difficulties are related to cognitive inflexibility in terms of deficits in altering attention, and have been associated with compulsive, repetitive, persistent behavior, which appears to consistently activate fronto-striatal circuitry in those prone to substance
abuse (London et al., 2015). Attentional bias refers to heightened saliency for specific stimuli (often visual and “disorder-related”
in the case of addictive and other psychiatric disorders) and appears to utilize dopaminergic processes to drive compulsive behavior, in line with increased activation of the left prefrontal cortex and right cerebellar cortex (Ersche et al., 2010). Finally, as
Everitt and colleagues have extensively reviewed, habit formation and compulsivity are often related to a switch from predomi
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nantly ventral striatal (nucleus accumbens) neural activation in line with controlled drug use, for example, to dorsal striatal conditioned responses that are habitual and correspond to deficits in the prefrontal cortex executive control system (Everitt, 2014).
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2.1.5. Physiology
Physiology as a unit of analysis in the NIH RDoC refers to specific functions within the body (including the brain) and for
the purposes of this review mechanisms related to addiction are important for the examination of impulsivity and compulsivity.
We have chosen some of the listed RDoC units under physiology (that have not already been discussed earlier) for further exploration, namely: adrenocorticotrophic hormone (ACTH) and corticotrophin releasing factor (CRF), both of which are members
of the HPA axis and are implicated in arousal and stress-induced sympathetic/parasympathetic activation; adaption/habituation;
context startle; eye tracking, pupillometry, skin conductance responses (SCRs), heart rate, and sex-related differences in arousal.
When considering impulsivity, the HPA axis, and related functioning of neuroendocrines such as ACTH and CRF are significantly implicated in heightened arousal and are particularly elevated in those with behavioral addictions such as pathological
gambling (Geisel et al., 2015). Similarly, hypersexual disorder is suggested in the DSM-5 to be a disorder akin to behavioral addiction, especially given that both have similar dysregulated HPA axis function, which in men, may be related to epigenetic effects
(Jokinen et al., 2017). Physiological measures such as an increased startle reflex is a sound measure of impulsivity and the ability
to inhibit a prepotent response is often shown to be lacking in those with various addictions (e.g., Monti et al., 2000). In terms of
heart rate, a trait defined as impulsive irresponsible in those with psychopathy is associated with higher heart rate in response to
violent scenes (Fanti et al., 2017). Eye tracking is also a useful, physiological measure of attentional bias, and in cocaine-dependent people is a useful assay for demonstrating the salience of drug-related cues, which might underlie impulsive responses (Dias
et al., 2015). Similarly, SCRs are a useful, physiological measure of implicit emotion/salience; particularly under conditions of
risky decision making (e.g., the Iowa Gambling Task, see below), and people with behavioral addiction (e.g., problematic internet use, pathological buying) elicit stronger SCRs to risky choices, emblematic of a hypersensitive sympathetic nervous system
response (Nikolaidou et al., 2016; Trotzke et al., 2014). Finally, sex differences in impulsivity have been extensively documented
and may suggest that endocrinergic levels are important for the measurement of differing levels of impulsivity. For example, alcohol expectancy and misuse underlie alcohol use disorder with differences observed between men and women—in that impulsivity
as an additional factor alongside alcohol expectancy best predicts alcohol use in men (Ide et al., 2017). Moreover, while initiation
of substance use is comparable in men and women, men tend to use higher quantities of drugs than women, although women tend
to increase their intake much quicker than men (Kuhn, 2015). Furthermore, while testosterone enhances impulsivity and sensation seeking in both males and females, there are several protective factors in females that lower levels of impulsivity, including
greater capacity for self-regulation and lower peak levels of testosterone related to impulsivity/sensation seeking (Kuhn, 2015).
In addition, basal levels of cortisol may determine to what extent levels of testosterone in males and females lead to impulsive
behavior. For example, in one study using the Balloon Analogue Risk Task (a measure of impulsive decision making, see below),
low but not high basal cortisol levels interacted with testosterone and predicted risky decision making (Mehta et al., 2015).
When considering the extensive list of RDoC physiological measures of compulsivity in contrast to those of impulsivity, it
might be that measures associated with adaptation and attentional bias—rather than measures of arousal—underpin perseverative behaviors and cognitions. In this vein, while some of the physiological measures have already been discussed earlier (e.g.,
blood oxygen level dependency and fMRI), here we will focus on those measures not already examined in light of compulsivity,
namely event-related potentials in the brain, adaption/habituation; eye tracking; and pupillometry. A recent study showed that
error-related negativity in neural functioning of patients with OCD, particularly in the DLPFC and fusiform gyrus, was significantly higher compared to healthy controls, especially in relation to symptom-provoking images (Liu et al., 2017; Roh et al.,
2017), which could underlie compulsive symptoms. Similarly, habituation (e.g., fear conditioning/extinction) in pediatric OCD
patients is related to greater SCRs compared to controls, with OCD patients demonstrating greater SCRs during acquisition of
fear response to a conditioned aversive stimulus that continued during the extinction phase, whereby the controls successfully reduced their SCR (Geller et al., 2017). Eye-tracking paradigms have been extensively studied to examine compulsive/hyperactive
attention switching in OCD and related disorders, in relation to disorder-provoking stimuli. For example, Bradley and colleagues
have recently shown that patients with OCD demonstrate greater frequency and duration of fixations on OCD stimuli (compared
to aversive or neutral), reflecting the maintenance of attentional bias, and severity of compulsive symptoms (Bradley et al., 2016).
Similar patterns of visual bias using eye-tracking equipment have been demonstrated in cocaine-dependent individuals looking at
cocaine stimuli (Dias et al., 2015) and people with BDD, when attending to emotional words during the Emotional Stroop Task
(Toh et al., 2017a) and looking at their own face (Toh et al., 2017b). In summary, selection of RDoC physiological measures we
examine here suggest that attention deficits and saliency processes, rather than arousal mechanisms, underpin the development,
and maintenance of compulsivity.
2.1.6. Behavior
For details of specific impulsive and compulsive behaviors, please see Sections 1.2 and 1.3. For details of studies pertaining
to the specific subjective and objective measures of these behaviors, see below for self-reports and paradigms, respectively.
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2.1.7. Self-Reports
Various questionnaires have been validated to enable self-report measures of impulsive and compulsive behaviors and cognitions as described earlier. Questionnaire measures of impulsivity include (a) Barratt Impulsiveness Scale (BIS, Patton et al., 1995);
(b) Eysenck Impulsiveness Scale (EIS, Eysenck and Eysenck, 1978); (c) Dickman Impulsivity Inventory (DII, Dickman, 1990);
(d) UPPS Impulsive Behavior Scale (Whiteside and Lynam, 2001); (e) Lifetime History of Impulsive Behaviors (LHIB-Q53,
Coccaro and Schmidt-Kaplan, 2012); and (f) Impulsive/Premeditated Aggression Scale (IPAS, Stanford et al., 2003). The BIS is
a 30-item questionnaire measuring trait impulsivity, under the following factors: attentional (attention and cognitive instability),
motor (motor and perseverance), and nonplanning (self-control and cognitive complexity) and is the most widely cited instrument
for the assessment of impulsiveness (for review, see Stanford et al., 2009). The IVE is also designed to measure trait impulsivity but across three factors: impulsivity, venturesomeness, and empathy with 63 items and unlike the relatively shorter BIS, also
examines risk preferences. The DII again measures trait impulsivity, but is the shortest measure using only 23 items and 2 subscales: dysfunctional impulsivity—the tendency to act with relatively little forethought and functional impulsivity—the tendency
to act with relatively little forethought when this is optimal. Unlike previous measures, the DII recognizes that on some occasions
impulsivity can be deemed a healthy response, a notion suggested to distinguish impulsivity from compulsivity, in that the latter
does not typically adhere to the range of normal behavior (Robbins et al., 2012). The UPPS is a 59-item questionnaire examining the five subscales: urgency, premeditation, perseverance, sensation seeking, and positive urgency of impulse behavior, and
unlike the previous scales that focus on adult traits, it is also designed for use with adolescents. The LHIB was initially designed
as a clinical interview procedure for assessing the incidence of impulsive behaviors, particularly in terms of clinically significant
distress and/or impairment, but was redefined as a questionnaire measure in the 53-item LHIB-Q53. Additionally, the LHIB-Q20
short version can be used to assess a person's history of impulsive behavior if a study design has restrictions on time available for
data collection.
Questionnaire measures of compulsivity are fewer by comparison to impulsivity, which might reflect the relatively less clear
definition of the former, and includes (a) the Padua Inventory (PI, Sternberger and Burns, 1990), (b) the Behavioral Inhibition/Behavioral Activation System Questionnaire (BIS/BAS, Carver and White, 1994), and (c) the Yale-Brown Obsessive–Compulsive
Scale (YBOCS, Goodman et al., 1989). The PI contains 60 items that are typically associated with obsessional and compulsive
behavior, enabling the measurement of symptoms in normal and clinical subjects. The BIS/BAS questionnaire is taken from the
biopsychological theory of personality of Jeffrey Gray. In this theory, the BIS is associated with avoidance of and sensitivity
toward punishment/aversion, whereas the BAS is associated with reward and approach-state motivation. Gray's theory relates to
compulsivity in that perseverative behavior and cognitions associated with the BIS are suggested to lower anxiety, whereas BAS
is linked to reinforcement sensitivity, that is, the ability of certain stimuli to elicit the anticipation and subsequent receipt of reward
and is thus regarded as a system that is more arousing, rewarding, and impulsive. The BIS/BAS questionnaire consists of 20 items
that measure sensitivity to these two concepts. Finally, the 20-item YBOCS measures severity of obsessions and compulsions
separately, 10 items for each, scored 0–4, with a total score of 0–7 regarded as subclinical, 8–15 is mild, 16–23 is moderate, 24–31
is severe, and 32–40 is regarded as extreme. Questions on the YBOCS examine the amount of time spent thinking and acting on
obsessions and compulsions, how much impairment or distress is caused, and how much resistance and control the participant
has over their thoughts or behavior. A children's version of 70 items also exists (CY-BOCS). However, other questionnaires are
urgently needed to measure the broad range of symptoms within the OCRDs.
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2.1.8. Paradigms
In terms of objective measures of impulsivity, laboratory tests of motor impulsivity include the Go/No-Go (GNG) and
Stop-Signal Reaction Time (SSRT) tasks (Winstanley et al., 2006), which measure the ability to inhibit a prepotent response.
Decision-making impulsivity is often measured by the Cambridge Gambling Task (CGT), the Iowa Gambling Task (IGT), or the
Balloon Analogue Risk Test (BART, Lejuez et al., 2002). Impulsive decision making is suggested to be illustrated during these
tasks when participants: (a) gamble an excessive proportion of accumulated credit; (b) most often choose the option less likely to
yield a win; or (c) frequently reach bankruptcy/failure. Choice impulsivity refers to the preference for an immediate, as opposed
to a delayed reward and is usually measured by the Delay Discounting Task (DDT, Mazur, 1987). Reflection impulsivity is a
term to describe how a limited amount of salient information is acquired from external stimuli before reaching a decision (e.g.,
“jumping to conclusions”), or responding without cognitive deliberation, is often measured by information sampling tasks such
as the Cambridge Neuropsychological Test Automated Battery (CANTAB) Information Sampling Task (IST, Clark et al., 2006).
During the task, participants lose game points depending on how many circles on a screen they must uncover with a mouse click
before deciding on the majority-underlying color of the circles exposed after clicking.
In terms of laboratory tests of compulsivity, contingency-related cognitive flexibility refers to the ability to learn and unlearn
behaviors based on predicting environmental outcomes and reverse learning. A lack of cognitive flexibility may underlie perseveration, such that a person may compulsively behave in a manner that previously elicited reward or reduction of negative
affect but which has itself subsequently become associated with a negative valence (e.g., illicit drug taking, appetite restriction;
compulsive checking, hoarding, and cleaning). Tasks employing variable reinforcement learning or contingency management
schemes are most commonly used to measure levels of compulsivity and cognitive flexibility. For example, incentive-based paradigms using vouchers, cash, or other token economies can determine the level of flexible learning by the ability to substitute a
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previously rewarding behavior with a new reward (Prendergast et al., 2007; Zlomke, 2003). Additionally, set shifting and attentional bias/disengagement are also measured as indicators of levels of compulsivity. Set shifting is related to variable reinforcement learning and cognitive flexibility and is a cognition that enables a person to switch between different, often opposing rules.
Examples of set-shifting tasks include the Wisconsin Card Sorting Task (Berg, 1948), which requires participants to sort cards
according to alternating rules about pattern, shape, and color; and the Stroop Task (Stroop, 1935), which requires participants
to name the ink color of an opposing color word. Attentional bias, or selective attention and disengagement are associated with
cognitive perseverance and rumination, and can be considered forms of cognitive compulsivity, particularly if attentional bias is
employed to the extreme (Fineberg et al., 2014). An example of an attentional bias task is the visual dot-probe task (Mathews and
MacLeod, 2002), and those with mental disorders such as SUD or anxiety disorders may have a higher attentional bias toward
substance-related paraphernalia or anxiety provoking stimuli during this task. Eye tracking and pupillometry equipment is also a
popular measure of attentional bias, in terms of position/frequency of eye gaze and the arousal associated with pupil dilation to
indicate saliency of a stimulus.
2.2. NIH RDoC Research Domains

D

We have now described some of the outcomes of units of analysis most common in the experimental measurement of impulsivity and compulsivity, within the framework of the RDoC's listing: genes, molecules, cells, neural circuits, physiology, behaviors, self-reports, and paradigms. Next, we examine how these measures may collectively contribute to a better understanding of
impulsivity and compulsivity, the interaction between these constructs and in relation to addiction from the transdiagnostic perspective of the five RDoC domains, namely NVSs, PVSs, cognitive systems, social processes, and arousal/regulatory systems.
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2.2.1 Negative Valence Systems
According to the RDoC, NVSs are neurobiological and behavioral responses to aversive situations or contexts such as fear,
anxiety, sustained threat, loss, and frustrative nonreward. Activation of NVS may be associated with impulsive and compulsive responses as a form of maladaptive self-regulation, but can also be a normal response, and so could be considered to be in
line within the normal range of impulsivity systems (Robbins et al., 2012). First, fear is described as an arousing response to an
acute threat associated with activation of neural systems for defensive motivation behaviors (e.g., fight or flight activation of the
hypothalamic–pituitary–adrenal axis) that protect the organism from perceived danger. Normal fear involves a pattern of adaptive responses to unconditioned or conditioned threat stimuli (exteroceptive and/or interoceptive). Second, anxiety is described
as a potential threat response, incorporating arousal brain systems that encode for ambiguous or low/uncertain threat that may or
may not occur in the future characterized by a hypervigilant response. According to the RDoC, responses to potential threats are
qualitatively different than the threat behaviors characterizing fear/acute threat. Third, sustained threat underlies various trauma
states and aberrant coping behaviors and so is potentially in line with compulsive systems and is classified as an aversive affective response caused by prolonged (weeks and months) exposure to internal and/or external conditions and states or stimuli that
are naturally associated with escape or avoidance behavior. The exposure to threat may be actual or anticipated, and the affect,
cognition, physiological, and behavioral responses tend to persist in the absence of the threat (as mentioned above in habituation/
extinction studies), and can be differentiated from those changes evoked by acute threat. Fourth, loss is described in terms of deprivation of a factor that is motivationally significant/salient to the individual, such as a social or nonsocial reward. For example,
loss could be applied to permanent or sustained loss of shelter, behavioral control, status, loved ones, or relationships, which could
be episodic (e.g., mourning, immigration, and institutionalization) or sustained (e.g., loss of control of behavior during substance
use). Finally, frustrative nonreward concerns elicited responses to withdrawal/prevention of reward, and the inability to obtain or
regain positive rewards following repeated or sustained efforts.
In terms of refining the definitions of impulsivity and compulsivity it is useful to briefly examine each of the RDoC NVS
constructs in turn. First, fear conditioning research—which can be related to stress, early life trauma, and relapse in those with
addictions, has demonstrated over many decades, in both animal and human experiments, that decision making and behavioral
responses to fear are initially impulsive (e.g., a rodent's initial impulsive response to a novel foot shock). Furthermore, in humans
fear learning is based on Pavlovian Instrumental Transfer (PIT, Everitt and Robbins, 2016), demonstrating how learning, after
repeated exposure subsequently shapes compulsive behavior (e.g., a rodent compulsively avoiding the area of the cage where the
foot shock first occurred or compulsively eliciting repetitive grooming or defensive behaviors in attempt to reduce NVS). Animal
models can be related to fear conditioning in adolescence that precedes compulsive behavior in adult life (Hunt et al., 2016). More
recently, optogenetic approaches have parsed the specific neural systems involved in fear learning, implicating the amygdala-hippocampal and striatal systems, and further highlighting that interoceptive and exteroceptive stimuli may exert initial impulsive
responses (amygdala) that are subsequently conditioned to influence memory systems (hippocampal) for negative affect and promote the incidence of compulsive and maladaptive behavior and cognition (striatal/motor cortex) (McCullough et al., 2016).
Second, anxiety is linked to conditioned fear that perhaps begins as an impulsive, stress response that becomes compulsive
behavior underlying a maladaptive coping strategy to reduce negative affect. In other words, cognitive biases and repetitive behaviors may reflect a maladaptive risk assessment and vigilance in an attempt to lower NVS and as such may be compulsively
activated by those who experience anxiety disorders (e.g., the DSM-5 OCRDs). That said, and in line with the diathesis model of
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impulsivity–compulsivity, some anxiety disorders may present with a greater level of initial arousal/impulsivity, such as panic
disorder, where responses to perceived threat are largely “knee-jerk” physiological reactions (e.g., raised heart rate, shaking, and
perspiration) devoid, at least initially, of cognitive control (Jakuszkowiak-Wojten et al., 2015) but that are stereotypically compulsive as the disorder becomes chronic.
Third, in terms of sustained threat and its relation to impulsivity and compulsivity, an example could be the prolonged psychological and neurobiological effects into adulthood of early life adversity, such as attentional bias/avoidance of social cues
(Humphreys et al., 2016), increased neuroinflammation that underlies predisease states (Nusslock and Miller, 2016), alterations
in brain volume (Brooks et al., 2016), and may contribute to the development of self-medication behaviors to lower NVS (e.g.,
compulsive behaviors and cognitions utilized to lower the HPA axis response). Similarly, perception of sustained threat that is
actual or anticipated in adulthood may underlie the experience of posttraumatic stress disorder where both impulsive responses
(e.g., physiological reactions to conditioned stimuli that are reminiscent of the initial trauma) and compulsive responses (e.g.,
avoidance of environments that evoke physiological responses and repetitive behaviors that reduce physiological responses) interact (McGuire et al., 2016).
Fourth, adversity activates NVS via deprivation of a significant social or nonsocial object or situation and is experienced by
many who develop impulsive–compulsive psychiatric disorders. For example, higher levels of impulsivity, executive dysfunction
(e.g., working memory deficits), and ADHD symptoms are observed in institutionalized children who experience psychosocial
deprivation (Tibu et al., 2016). Similarly, higher levels of impulsivity, compulsivity, and related DSM-5 diagnoses are commonly
observed in immigrants who likely experience loss in terms of reduced access to healthcare in the host country, loss of familiar
cultural practices, family, and friends. Common impulsive–compulsive disorders among immigrant populations include gambling
disorder (Lund, 2007), SUD (Kissinger et al., 2013; Sudhinaraset et al., 2016), and ADHD (Lehti et al., 2016).
Finally, according to the RDoC definition, frustrative nonreward may foster aggressive symptoms and is associated with a
withdrawal or prevention of reward despite sustained efforts to try to obtain it. Frustrative nonreward may activate impulsive and/
or compulsive behaviors in line with the magnitude of arousal and with attempts to lower-associated NVS. While frustration is
a normative, adaptive process that increases motivation and physiological arousal (e.g., heart rate), additional externalizing factors may contribute to psychopathy in impulsive–compulsive conduct-disordered children (Gatzke-Kopp et al., 2015). Similarly,
frustrative nonreward in adults is associated with alcohol intoxication, but not always impulsivity in those who also experience
depression (Baars et al., 2013). Interestingly, “near-misses” for those who gamble on slot machines are behaviorally reinforcing
(e.g., fostering compulsivity and approach motivation) in terms of smaller postreinforcement pauses and higher SCRs, in line with
appetitive processes (Dixon et al., 2013).
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2.2.2 Positive Valence Systems
According to the RDoC PVS are motivational responses involving reward seeking, consummatory behavior, and habit learning. This includes the multifaceted construct approach motivation for the regulation of appetitive mechanisms that can be influenced by preexisting tendencies, learning, memory, stimulus characteristics, and deprivation states. Approach motivation refers
to the RDoX subconstructs reward valuation (e.g., incentive salience and valence); effort valuation (e.g., evaluating the cost of
a specific response); expectancy/reward prediction error (e.g., assessing the probability of reward); and action selection/preference-based decision making (e.g., cost–benefit analyses for action choice). The RDoC definition of PVS also involves four other
constructs, namely initial responsiveness to reward attainment; sustained/longer-term responsiveness to reward attainment; reward learning; and habit. In the light of recent reviews of neurobiological evidence, it is perhaps PVS that are most applicable to
impulsivity and compulsivity observed in addictive behaviors (e.g., Everitt and Robbins, 2016) and it is useful to examine these
specific constructs in turn.
In terms of approach motivation, reward valuation/incentive salience is typically associated with ventral striatum and related
limbic circuitry, and of the positive reinforcing experience of wanting and liking. However, the wanting of a reward is generated by a large and distributed brain system, whereas liking, or pleasure itself, is generated by a smaller set of hedonic hot spots
within limbic circuitry (Berridge and Kringelbach, 2015). Hotspots for liking, or pleasure itself in the limbic system, such as the
ventral striatum, reflect the initial controlled drug use phase of addiction, which may eventually transpire into compulsive behaviors for those with a vulnerability for a higher magnitude of impulsivity and novelty seeking (e.g., Everitt and Robbins, 2016).
Furthermore, incentive saliency has been shown to be associated with impulsive action rather than impulsive choice (Zeeb et
al., 2016), which may suggest that the valuation of a reward harnesses more conscious, rather than automatic neural processes,
in order to determine whether a stimulus is wanted and/or liked and subsequently acted upon. In terms of addictive disorders,
such as SUD and gambling, the mesolimbic dopaminergic and serotonergic systems appear to be desensitized, with perturbations in receptor regulation coinciding with a higher incidence of impulsivity (Jentsch et al., 2014). This could mean that an
individual is motivated to acquire more of the drug or experience and its cues, whereas the liking system is dissociated and
remains unchanged or is blunted (Robinson et al., 2016). The other subconstructs of approach motivation, namely valuation/
prediction error/preference-based decision-making underlies the broader term reinforcement learning. Specifically, the ventral
striatum (medial and lateral) and midbrain/thalamus have been associated with reward prediction errors, as well as in the frontal
operculum/insula, particularly for social rewards (Chase et al., 2015). In Pavlovian studies, striatal prediction error signals extend into the amygdala, whereas instrumental tasks have been shown to engage the caudate (Chase et al., 2015). Such neural ac
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tivations associated with reinforcement learning have also been linked to compulsive drive toward and impaired control over behavior in various impulsive/compulsive disorders (Probst and van Eimeren, 2013).
In terms of the PVS subconstruct initial responsiveness to reward attainment, this appears to refer to incentive saliency, impulsivity, and deficits in prepulse inhibition that may influence subsequent levels of compulsivity. Dopaminergic systems are largely
implicated here in the RDoC definition, in relation to the “mechanisms/processes associated with hedonic responses—as reflected
in subjective experiences, behavioral responses, and/or engagement of the neural systems to a positive reinforcer—and culmination of reward seeking.” The mammalian primary process of SEEKING is largely dopaminergic and is well documented as an underlying, automatic neural mechanism in both animals and humans that may aid the development of novel psychiatric treatments,
particularly for addiction (Panksepp, 2017). Incentive saliency corresponds to this and relates to novelty seeking and the perceived
reward expectancy of a stimulus (e.g., substances of abuse), which involves functional connectivity across large-scale salience
networks anchored in the anterior insular (AI) and dorsal ACC (dACC) (Li et al., 2017). Moreover, Li and colleagues observed
reduced functional connectivity from the salience network to visual areas and parts of the default mode network (which may drive
the process of attentional bias) but increased functional connectivity to the central executive network in line with the saliency
elicited by a stimulus (Li et al., 2017). And as novelty seeking increased in this study, participants showed significantly greater
disconnection between right AI and middle cingulate cortex when expecting high-salience pictures as compared to low-salience
pictures, while increased reward dependence also predicted decreased right dACC and caudate connectivity for high-salience expectancy (Li et al., 2017).
Considering the PVS subconstruct sustained/longer-term responsiveness to reward attainment, the RDoC defines this as the
“mechanisms/processes associated with the termination of reward seeking, e.g. satisfaction, satiation, regulation of consummatory behavior.” These mechanisms involve the secretion of dopamine, endocannabinoids, opioids, orexin, serotonin, and satiety hormones within the appetite regulation neural network (e.g., OFC and hypothalamus). Multimodal brain imaging evidence
demonstrates that there are dissociable corticostriatal circuits underlying goal-directed vs cue-elicited habitual food seeking after satiation (van Steenbergen et al., 2017), which may shed clues as to the mechanisms of action in impulsive vs compulsive
drug taking and Pavlovian Instrumental Transfer (Everitt and Robbins, 2016). Furthermore, imbalances of the basic mammalian
peptide systems (e.g., opioids) within the corticostriatal circuit that hijack the normal functioning of the dopaminergic appetitive
system may foster negative affective states (e.g., depression)—opponent processes—that help to maintain compulsivity in most
addictive states (Zellner et al., 2011).
Reward learning is, according to the RDoC definition, “a process by which organisms acquire information about stimuli, actions, and contexts that predict positive outcomes, and by which behavior is modified when a novel reward occurs or outcomes
are better than expected. Reward learning is a type of reinforcement learning, and similar processes may be involved in learning
related to negative reinforcement.” In terms of neural systems, this refers to activation of the dopaminergic mesolimbic pathway,
particularly operant conditioning and reinforcement learning associated with the ventral striatum/nucleus accumbens that is rather
driven by habitual, impulsive behavioral allocators as opposed to deliberative processes (Lamb and Ginsburg, 2017). The Probabilistic Reward Task is a commonly used measure of the ability to flexibly alter decisions in the presence of prediction errors and
changes in reward contingencies. In one recent fMRI study in people with alcohol dependence, impaired behavioral adaptation in
the presence of changing reward contingencies was related to reduced left DLPFC activation, which may be linked to impeded
extinction of the actions that no longer lead to a reward (Beylergil et al., 2017). Thus, aberrant neural processes in dopaminergic
fronto-striatal pathways—particularly involving the OFC, DLPFC, and striatum—may underlie the problem of compulsive SUD,
as well as persistent, compulsive behavior in those prone to other comorbid disorders. Indeed, there is a growing literature on the
involvement of reward pathways in those with OCRD (Bozorgmehr et al., 2017; Fettes et al., 2017).
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2.2.3. Cognitive systems
This RDoC domain refers to six cognitive constructs namely: attention; perception (visual, auditory, olfactory/somatosensory/
multimodal); declarative memory; language; cognitive control (goal selection, response selection, and performance monitoring);
and working memory (active maintenance, flexible updating, limited capacity, and interference control). In terms of attention
deficits in those with high impulsivity, ADHD has been extensively studied and implicates dopaminergic and noradrenergic prefrontal cortex mechanisms (Ma et al., 2016). For example, a recent review by Robbins (2017) highlights that stop-signal reaction
time, as an index of impulsivity, is improved by stimulant drugs and also by the selective noradrenergic reuptake blocker atomoxetine, although as described earlier, one must be mindful that other psychostimulants (e.g., dexamphetamine and lisdexamfetamine) might prove more effective (Heal et al., 2013). The review goes on to summarize functional neuroimaging data underlying
modulation of circuitry including the inferior prefrontal cortex by atomoxetine. Research has shown that atomoxetine improves
stop-signal performance by affecting possibly homologous regions of the rodent prefrontal cortex. In terms of attention deficits
in those with compulsive behaviors, one can refer to attentional biases and deficits in reversal learning/extinction (see above),
whereby once-rewarding behaviors are compulsively repeated in an attempt to reduce the opponent processes of anti- or blunted
reward that give rise to negative affect (Koob, 2017; Morris and Voon, 2016). It is suggested that attention systems involve a
balance between the task positive and default mode resting state networks (Oren et al., 2016).
Perceptual deficits are commonly reported in those with high rates of impulsivity and compulsivity. In terms of visual perception, the dorsal (where) and ventral (what) visual streams that innervate the parietal cortex and the temporal cortex, respectively, are particularly pertinent to addiction and likely contribute to arousal/saliency and cognitive bias/cue-induced reactivity.
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For example, in one fMRI study, excessive parietal cortex activation (part of the dorsal visual stream) was observed in pathological gamblers perceiving gambling-related videos vs natural scenes (Crockford et al., 2005). In terms of compulsivity, while
visual deficits including attentional biases (including eye-tracking measures and response times to visual detection tasks) have
already been documented throughout this review, there is additional neurobiological evidence that the AI cortex could be a
novel neural substrate of maladaptive impulse control mechanisms that correspond to the development of compulsive disorders
(Belin-Rauscent et al., 2016). Perceptual deficits in other domains, such as auditory and olfactory are less explored as a research
field for impulsivity and compulsivity in general, or specifically in addiction.
Declarative memory, according to the next RDoC construct, refers to “the acquisition or encoding, storage and consolidation,
and retrieval of representations of facts and events, providing a critical substrate for relational representations—i.e., for spatial,
temporal, and other contextual relations among items, contributing to representations of events (episodic memory) and the integration and organization of factual knowledge (semantic memory). These representations facilitate the inferential and flexible
extraction of new information from these relationships.” Most recently, resting state fMRI evidence suggests that impulsive decision making in addiction is associated with aberrant learning and memory systems. For example, Zhai and colleagues have shown
that in abstinent heroin-dependent participants there is enhanced coherence between hippocampus—representing the declarative
memory system—and the nondeclarative reward-guided learning memory system, while attenuated intrinsic functional connectivity between hippocampus and top-down control prefrontal cortex was also observed, compared to a healthy group (Zhai et al.,
2014).
In terms of language deficits in those with impulsive/compulsive traits, perhaps the most well-known condition is Tourette's
syndrome—an OCD-related disorder characterized by multiple motor and vocal tics including compulsion to impulsively use socially inappropriate language. Sensory phenomena, defined as unpleasant sensations underlying trait impulsivity, may drive the
compulsive nature of such language tics in those with Tourette's syndrome (Crossley and Cavanna, 2013). Vocal and motor tics
are compulsively driven in Tourette's syndrome and related to fronto/basal ganglia abnormalities, which also correspond to better speed/accuracy performance on a verbal task in children (Dye et al., 2016). In line with this, polysubstance users who also
show deficits in fronto-striatal circuitry have auditory–verbal memory deficits as well as poor inhibitory control of impulsivity,
worse general intelligence, auditory–verbal learning, and decision making compared to those who only use alcohol (Schmidt et
al., 2017).
Finally, cognitive control and working memory are related though distinct cognitions and are shown to be limited in those with
addiction and other appetite/impulse control disorders such as methamphetamine use disorder and EDs (Brooks, 2016). Deficits
in inhibitory control of impulsivity are also a key feature of Tourette's syndrome, and deficits are observed on neuropsychological
task measures, particularly in those with comorbid ADHD (Morand-Beaulieu et al., 2017), which is also a risk for the development of SUD with common neural substrates (Adisetiyo and Gray, 2017). Working memory involves the ability to keep in mind
goals and strategies while avoiding irrelevant, peripheral stimulation and has been extensively studied in various addictions, detrimentally influenced by anxiety sensitivity and stress, and a contributor to maladaptive compulsive coping strategies (Otto et al.,
2016).
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2.2.4. Systems for social processes
This RDoC domain includes four constructs: affiliation and attachment; social communication (reception and production of
facial and nonfacial communication); perception and understanding of the self (agency and self-knowledge); and perception and
understanding of others (animacy, action, and understanding mental states). The RDoC defines affiliation as “engagement in positive social interactions with other individuals,” and attachment as “selective affiliation as a consequence of the development of a
social bond.” Social communication is defined as “a dynamic process that includes both receptive and productive aspects used for
exchange of socially relevant information.” Perception and understanding of the self are defined as “cognitive/emotion processes
and/or representations involved in being aware of, accessing knowledge about, and/or making judgments about the self.” Finally,
perception and understanding of others are defined as “processes and/or representations involved in being aware of, accessing
knowledge about, reasoning about, and/or making judgments about other animate entities, including information about cognitive
or emotional states, traits or abilities.” In terms of impulsivity, early life experiences—as early as precopulatory, prenatal, or early
postnatal—can have significant effects on (epi) genetic predisposition to environmental/social reactivity that can contribute to a
range of psychiatric disorders later in life, as demonstrated in longitudinal animal studies (Driscoll and Barr, 2016). Similarly,
adolescent SUD is associated with stress/tension relief, which may reflect compulsive and maladaptive social strategies (linked
to family history, parenting styles, and attachment) and an inability to effectively manage social pressures in line with an underdeveloped prefrontal cortex and executive functioning network (Blum et al., 2015). Furthermore, heightened exteroception—particularly in terms of the perception of others—may play a critical role in conditioned cue responsivity (synonymous, to an extent,
with compulsivity) in those with addiction (DeWitt et al., 2015). In terms of perception of the self, it has recently been reviewed
that people with addictive disorders have disrupted self-awareness (linked to urge-related responding and failures in self-control),
which could be a useful therapeutic target for addiction, including cognitive bias modification, mindfulness training, and neurocognitive rehabilitation (Copersino, 2017).
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2.2.5. Arousal/modulatory systems
Here the RDoC includes three constructs, namely arousal; circadian rhythms; and sleep/wakefulness. Of these, perhaps the
most relevant when considering impulsivity and compulsivity in relation to addiction and comorbid disorders is the construct
arousal. The RDoC defines arousal as: “a continuum of sensitivity of the organism to stimuli, both external and internal,” and
the literature reviewed here may allude to sensitivity to environmental stimuli (e.g., threat and disorder-related cues) as a neural
mechanism underpinning a switch from impulsivity to compulsivity (Robbins et al., 2012). The RDoC goes on to state seven additional features of arousal, namely that it, (i) facilitates interactions with the environment; (ii) can be evoked by both external/
environmental and/or internal stimulation; (iii) can be modulated by the physiological characteristics and salience of stimuli; (iv)
varies along a continuum that can be measured as a behavioral state; (v) is distinct from motivation and valence (authors’ note:
which may be more associated with compulsivity) but can covary; (vi) may be associated with increased locomotor activity; and
(vii) can be regulated by homeostatic drives. Thus, to conclude this review, which has attempted to understand how impulsivity
and compulsivity interact in addictive disorders, arousal mechanisms will now be briefly considered in line with discussion points
already presented.
It is suggested in this extensive review that impulsivity—a natural response to environmental stimuli (Robbins et al.,
2012)—may be excessive (e.g., due to a predisposition or epigenetic changes linked to early life experience) and may lead to the
subsequent development of maladaptive, compulsive behaviors that are not necessarily part of the normal range of behavior but
that are prevalent in addiction (Dalley et al., 2011; Everitt and Robbins, 2016). This is by no means, as yet, an accepted view of
the time course or nature of the interaction between impulsivity and compulsivity, but is rather a suggestion that the neural mechanisms of (excessive) impulsivity may be the starting point for the development of compulsive (coping) cognitions and behaviors
in those with addictive and comorbid disorders. As such, examining more closely the concept of arousal associated with impulsivity may be helpful to understand the development and maintenance of compulsivity, and also addiction. Most of the RDoC
units of measurement relating to arousal have already been described above with regard to impulsivity and compulsivity. These
include (but are not limited to) the molecules dopamine, glutamate, serotonin, and opioids, for fear/threat and antireward that may
be most linked to aberrant impulsive responses, whereas reward processing may underlie the development and maintenance of
compulsivity as an attempt to manage hypersensitivity to the environment, valence perception, and motivational states. In terms
of cells (clusters of neurons) associated with arousal, the basal forebrain nuclei, central nucleus amygdala, dorsal raphe nucleus
(serotonin), hypothalamus, locus coeruleus (adrenaline), and ventral tegmental area (dopamine) have been identified, all of which
have been discussed earlier in relation to initial hyperresponsivity and the neural mechanisms of impulsivity. In line with this,
neural circuits include those that innervate basal forebrain and cortical circuits, as well as the mesolimbic reward pathway (including the amygdala, hippocampus, and midbrain) and the hypothalamic–pituitary–adrenal (HPA) axis for stress sensitivity perhaps
associated with early life adversity. Regarding physiology, EEG and fMRI studies have already been described that implicate hyperreactive neural systems underlying impulsive and subsequent compulsive coping mechanisms. Furthermore, sex differences,
particularly regarding endocrinergic systems, differences in the regulation or activity of the HPA axis and SCR between men
and women that determine different levels of impulsivity and addiction behaviors (e.g., prolonged drug use in men, initial high
doses of drug use in women) have been reviewed above. The studies already described also implicate higher startle reflexes (e.g.,
eye-blink and pupil dilation) in the measurement of impulsivity, particularly in line with threat or disorder-salient cues, in those
with addictions. Taken together, the RDoC construct arousal helps to understand the neural mechanisms of impulsivity that may
develop into maladaptive coping strategies and compulsive responses underlying addictions and comorbid disorders.
3. Conclusions
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In this extensive review, we have attempted to use the National Institutes of Health Research Domain Criteria (NIH RDoC)
to establish an understanding of the interaction between the transdiagnostic concepts impulsivity and compulsivity to help underpin the development and maintenance of addiction and comorbid disorders. To this aim, we have reviewed literature in line
with the RDoC suggested units of analysis (genes, molecules, cells, circuits, physiology, behaviors, self-reports, and paradigms)
and the research domains (NVSs, PVSs, cognitive systems, social processes, and arousal/regulatory systems). Historically, research first characterized impulsivity, whereas compulsivity as a concept followed much later and has been more difficult for
researchers to define. As research developed, it has been suggested that impulsivity and compulsivity are on the same continuum
of a spectrum/diathesis model, however, this model has not clearly described how these constructs interact. Here, we conclude
that by using the RDoC as a guide, the nature of their interaction, and how this interaction relates to addiction, is closer to being
conceptualized. It is suggested (although more research is needed to test this hypothesis), in line with current neural models of
addiction (e.g., Everitt and Robbins, 2016; Koob, 2017; Koob and Volkow, 2016) that a genetic predisposition for excessive impulsive responses to environmental (and internal) stimulation provides the origin for the development of subsequent compulsive
strategies. This is in line with the notion that impulsive—and not compulsive—responses fall within the normal range of behavior
(Everitt, 2014). Furthermore, early life adversity, stress, and sex differences in endocrine systems may exacerbate a predisposition to heightened impulsivity and the subsequent development of compulsive responses (e.g., to lower negative affect), the
maladaptive preservation of which are rewarding, on some level, to the individual. Compulsivity, however, may become antire
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warding over time, and the reduction of tension and negative affect contributes to the opponent process that maintains compulsive behaviors, particularly in those with addictions and comorbid disorders. Compulsions therefore, may hijack reward systems
so that people with addictions for example are compelled to continue with maladaptive, habitual behaviors, to the detriment of
their well-being. Yet, the good news is that improvements in transdiagnostic neuroscientific research into the interaction between
impulsivity and compulsivity, in line with the RDoC recommendations, may provide better evidence-based treatment for those
struggling with addiction and comorbid disorders.
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