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Impulsivity, increasingly perceived as a transdiagnostic characteristic, significantly influences diverse psychiatric conditions and
emanates beyond the boundaries defined by traditional classification systems. Transdiagnostic research has shed light on the
complex clinical manifestations of impulsivity, and the underpinning neural circuitry. The pressing challenge now is to translate this
enhanced understanding into precise and potent interventions tailored to these different aspects of impulsivity. Recent
advancements in neuromodulation, specifically targeting brain circuits, have provided encouraging evidence for improvements in
clinical symptoms, and neural circuitry across various psychiatric conditions, signposting a transformative phase in crafting
interventions that tackle impulsivity from a transdiagnostic perspective. However, the field continues to ascertain a universally
embraced framework that effectively amalgamates these discoveries into a unified clinical methodology. The Research Domain
Criteria (RDoC) delivers a neuroscientifically informed framework that aims to reconcile the neurobiological underpinnings with
clinical symptoms, thereby facilitating targeted neuromodulation strategies. In this context, we propose a pioneering RDoC-
compliant framework that strategically targets the neural circuits implicated in clinical impulsivity symptoms, applicable across
diagnostic categories. Furthermore, we introduce a set of meticulously selected tools for each stage within this framework, thus

reinforcing its applicability and aiding future investigative pursuits in this area.
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INTRODUCTION

Impulsivity, historically conceptualised as a predisposition toward
immediate, undeliberated responses to stimuli without regard for
consequences, has evolved beyond traditional unidimensional
models through the transdiagnostic lens of modern psychiatry
[1-3]. This multidimensional construct, encompassing trait-level
neurocognitive vulnerabilities and state-dependent behavioural
disinhibition, operates across conventional diagnostic boundaries
delineated in DSM-5 and ICD-11. Its role as a transdiagnostic nexus
spans neurodevelopmental disorders (e.g., attention-deficit/hyper-
activity disorder [ADHD] [4]), addictive behaviours (e.g., substance
use [5-7], gambling [8]), and self-regulatory pathologies (e.g., non-
suicidal self-injury [9], eating disorders [10]). Epidemiological data
(e.g., the National Impulsivity Survey, N=34,653 U.. adults)
indicate a population prevalence of 17.2% for clinically significant
impulsivity [11]. Moreover, impulsivity severity demonstrates
dose-dependent associations with psychopathological complexity,
including its role in mediating the transition from suicidal ideation
to attempt [12]. These findings collectively position impulsivity not
as an epiphenomenal symptom, but as a pathogenic nexus
interfacing neurocognitive circuits (ventral striatal reward proces-
sing, prefrontal inhibitory control) and maladaptive behavioral

repertoires. Hence, there is a growing proposition for assessments
and interventions targeting impulsivity across transdiagnostic
dimensions of psychopathology [3, 13-16].

The endeavour of transdiagnostic research into impulsivity is
galvanised by the recognition that a multitude of psychiatric
maladies manifest a constellation of consistent symptoms [17] and
share neurocognitive underpinnings [18, 19]. Advocacy for a
reconceptualisation in the diagnostic, therapeutic, and preventa-
tive paradigms of mental disorders has surged, predicated upon
the identification of shared undercurrents and determinants
[20, 21]. A focus on the transdiagnostic attributes of impulsivity
promises the inception of more integrated and comprehensive
treatment modalities, portending substantive clinical advance-
ments and profound insights into the psychiatric domain.
However, as will be elaborated subsequently, the prevailing
research milieu of impulsivity is characterised by an assemblage of
discrete models centred on specific facets of assessment and
intervention, presenting considerable challenges in the clinical
application of transdiagnostic interventions [22].

This review evaluates the present state of transdiagnostic
interventions that target impulsivity, canvassing a spectrum of
methodologies from clinical symptom assessment and neural
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circuitry analysis to nascent neuromodulation techniques. We
scrutinise the challenges of heterogeneity within impulsivity, the
collaborative potential of the Research Domain Criteria (RDoC)
framework, and the imperative for cohesive transdiagnostic
treatment models. Moreover, the exploration of propitious
directions points towards the evolution from transdiagnostic
assessments to interventions, predicated on neuromodulation
therapies that reconcile psychopathological manifestations with
their neurological correlates. Herein, we aspire to forge a research
trajectory that reconciles the diverse splinters of impulsivity,
shaping a unified investigative approach.

CURRENT STATUS OF TRANSDIAGNOSTIC IMPULSIVITY
RESEARCH

The imperative for a systematic framework to guide transdiag-
nostic research is underscored by the inherently interdisciplinary
nature of this field, which demands integration of empirical
evidence and theoretical insights across psychiatry, neuroscience,
and psychology [22]. Frameworks aligned with the Research
Domain Criteria (RDoC) illustrate this integrative approach:
Rezapour et al.s [20] categorised preventative interventions for
substance use disorders using RDoC dimensions, while Yiicel
Oldenhof et al.'s [23] established a neuropsychological assessment
protocol for addiction phenotypes. Concurrently, Deng et al. [24]
advanced device-based neuromodulation strategies targeting
clinical symptoms-specific neurocircuitry, reflecting a broader
pursuit of mechanistic unification. Despite these efforts, the
literature remains fragmented, with no consensus on a cohesive
framework for impulsivity interventions across diagnostic
boundaries.

Comparative studies reveal heterogeneity in impulsivity mani-
festations across disorders, across disorders. While psychoneur-
obiological mechanisms (e.g., prefrontal-striatal dysregulation) are
well-characterised, proposed assessments and interventions
remain siloed within narrow diagnostic contexts. Current meth-
odologies predominantly rely on subjective self-report tools
measuring trait-level constructs (e.g., impulsiveness, risk-taking)
and behavioural tendencies (e.g., delay-discounting), which exhibit
transdiagnostic relevance in substance use, personality, and
neurodevelopmental disorders [3, 14]. Objective behavioural tasks,
such as Go/No-Go paradigms indexing adolescent addiction
susceptibility, are increasingly validated as transdiagnostic markers
[25]. Notably, discrepancies emerge when combining subjective
reports with objective measures: self-assessed impulsivity often
diverges from performance on inhibitory control tasks (e.g., stop-
signal reaction times) [1]. However, emerging evidence indicates
that a combination of complementary objective measures, such as
behavioral assays, heart rate variability analysis, and fMRI - derived
brain connectivity metrics, might jointly elucidate the dispersed
pattern characteristic of multidimensional impulsivity [26]. This
paves the way for forthcoming research endeavors to construct
reliable impulsivity assessment tools applicable to diverse popula-
tions. Emerging interventions show context-dependent efficacy.
Acceptance commitment therapy and mindfulness-based dialec-
tical behaviour therapy reduce impulsivity in addictive disorders
[27]1, whereas pharmacological agents like topiramate demonstrate
inconsistent therapeutic profiles across diagnostic groups [16].
Despite progress in transdiagnostic evaluation [2, 13, 28, 29], the
field lacks a unifying framework synthesising clinical phenotypes,
neurocircuitry dysfunction, and therapeutic mechanisms. Existing
research presents a fragmented evidence base, hampering clinical
translation. To address this gap, a holistic approach - interlinking
behavioural, neural, and intervention data - is essential for
developing transcranial impulsivity management strategies
grounded in mechanistic coherence.

A systematic synthesis of extant evidence across three pivotal
domains - transdiagnostic dimensionality of psychological
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impulsivity (trait-state manifestations), neurobiological pathways
(cortico-striatal-thalamic circuitry dysregulation), and intervention
strategies (neuromodulation-behavioural synergies) - will facilitate
the development of an integrative transdiagnostic framework.
This framework aims to unify phenotypic heterogeneity, neural
circuitopathies, and therapeutic mechanisms, thereby advancing
precision psychiatry for impulsivity-related psychopathology.

TRANSDIAGNOSTIC DIMENSIONALITY OF PSYCHOLOGICAL
IMPULSIVITY

Impulsivity manifests in myriad forms, ranging from stable
impulsive traits to transient responses and reward-driven choices
observable across species. Accumulating evidence highlights the
transdiagnostic co-morbidity of impulsivity across various mental
disorders (see details in refs. [17, 19]). Briefly stated, impulsivity
characterises  attention-deficit/hyperactivity ~disorder through
impaired behavioural inhibition and compromised delayed grati-
fication [4], while within eating disorders, heightened food-related
impulsivity propels binge-eating behaviours [10]. Functioning as
both predisposing and maintenance element in addiction,
impulsivity perpetuates substance-seeking behaviours along with
consumption [5-7], extending to behavioural addictions including
gambling and internet-related dependencies [8, 30]. This construct
also correlates with non-suicidal self-injury, demonstrating parallels
to the impulsivity observed in addictions, frequently originating
from antecedents like childhood trauma [9, 31].

The construct of impulsivity exhibits both extensive and
heterogeneous manifestations [19, 32-34]. Systematic deconstruc-
tion of its multi-dimensional components offers potential to reveal
underlying psychopathological heterogeneity across diagnostic
boundaries. Current empirical evidence supports dimensions that
bifurcate psychological impulsivity into two primary domains: trait
impulsivity and state impulsivity.

Trait impulsivity, conceptualised as a stable personality dimen-
sion, demonstrates transdiagnostic prevalence across mental
disorders and has garnered substantial clinical relevance
[2, 35, 36]. Functioning as a susceptibility marker for external
stimuli, it maintains significant associations with severe psycho-
logical disorders [3, 28, 37]; emerging network methodologies
further identify potential impulsivity subtypes within personality
constructs [38]. The emotional impulsivity construct, representing
affect-driven responses, is typically quantified through the
urgency metrics in the UPPS-P model [39], underscoring its
pathogenic role in conditions like substance dependence and
binge eating [37, 39]. While critical, conventional trait impulsivity
assessments primarily relying on self-report questionnaires
demonstrate limited capacity to capture the dynamic nature and
complexity of this construct [2, 14].

Conversely, state impulsivity, modulated by environmental
contexts, interacts dynamically with disease progression and
remission trajectories, serving as a severity marker [36, 40]. Clinical
manifestations include premature actions and suboptimal
decision-making [41], differentiated into impulsive choices versus
motor impulsivity - the former assessed through delay discounting
paradigms [42], and the latter measured via motor inhibition tasks
evaluating response inhibition [43].

Current, theoretical deconstruction of impulsivity’s multifaceted
nature has significantly enhanced conceptual understanding, yet
clinical translation frequently results in oversimplification of this
complexity. Scholarly consensus remains elusive regarding the
separation  or integration of impulsivity  dimensions
[2, 13, 36, 39, 44, 45], with some scholars advocating against
impulsivity as a unified psychological construct due to its
heterogeneous clinical manifestations and intricate interactions
with psychological and cognitive dimensions [46]. This conceptual
ambiguity persists due to the absence of unified clinical
assessment protocols.
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Although impulsivity is increasingly recognised as a multi-
faceted construct, the field lacks consensus on operational
definition and dimensional independence. The influential three-
domain model proposed by MacKillop et al.’s [44] — encompassing
action/response/motor  impulsivity, delay discounting-based
choice impulsivity, and trait impulsivity - has gained empirical
validation across psychiatric populations [37, 47, 48]. However, this
categorisation faces methodological challenges, particularly the
neurofunctional overlap between impulsive action and choice
metrics [19]. Furthermore, the observed discordance between
task-based state impulsivity measures and self-reported trait
impulsivity [49, 50] may reflect underlying neural heterogeneity
[51, 52], necessitating refinement of assessment paradigms such
as sequential gambling tasks [53] and reconceptualisation of
neural correlates for impulsivity sub-dimensions to establish
reliable psychoneurophenotypes [19, 51].

Integrating these perspectives, we propose MacKillop’s model
[44] as theoretical foundation for transdiagnostic assessment
strategies (Fig. 1). This integrative model, incorporating both trait-
state distinctions and cognitive-motor differentiations, provides a
promising dimensional assessment approach, particularly for
investigating neurobiological substrates of distinct impulsivity
dimensions. Recent empirical advances demonstrate the feasibility
of cross-diagnostic models integrating psychological and neural
measures. For instance, emerging research identifies three
neurobehaviourally distinct structural domains - stimulus-driven
behavior, executive function, and negative affect - through
phenotypic analysis of healthy and addicted populations, subse-
quently delineating subtypes with unique neurobehavioral
profiles that may underlie addiction persistence [54].

TRANSDIAGNOSTIC NEUROBIOLOGICAL PATHWAYS OF
IMPULSIVITY

Ongoing animal and human neuroimaging studies endeavour to
elucidate the complex neurobiology of impulsivity, with the
ultimate goal of crafting nuanced therapeutic strategies. Key
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Fig. 1 Transdiagnostic dimensionality of psychological impulsiv-
ity for crafting transdiagnostic assessment strategies. This
structure integrating both trait and state impulsivity insights and
partitioning cognitive choices from motor actions, merits prelimin-
ary endorsement as a foundational dimension-based assessment
orientation, especially directed towards further exploration of each
dimension’s neurotraits.
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discoveries have pinpointed how impulsive conduct is governed
by an intricate network encompassing the prefrontal cortex and
its downstream effectors within the basal ganglia [19, 55].
Experimental inactivation of these neural components yields
significant behavioural alterations, substantiating their role in
impulsivity control [56, 57]. Within the prefrontal cortex, circuits
within areas such as the infralimbic cortex [58], orbitofrontal
cortex [59], and anterior cingulate cortex [60] have emerged as
pivotal in driving and modulating impulsive actions, supported by
gene expression profiles. The manipulation of excitatory or
inhibitory pathways in these regions produces significant modula-
tions in impulsive behaviours [56, 61], with targeted inhibition of
prefrontal projections to the subthalamic nucleus attenuating
impulsivity [56].

The basal ganglia’s role in impulsivity is underscored by its
composition of interlinked nuclei that mediate behavioural
inhibition [62]. Here, the direct and indirect pathways modulate
activity within the substantia nigra pars reticulata and the globus
pallidus externus, which in turn influences the subthalamic
nucleus [63]. Moreover, the hyperdirect pathway facilitates rapid
response inhibition within the basal ganglia, crucial for impulsivity
regulation [64].

The NAc, a basal ganglia integral, orchestrates impulsive
behaviours, integrating projections from regions such as the
prefrontal cortex, insula, ventral hippocampus, and amygdala [65].
Dopaminergic signalling coupled with inhibitory mechanisms
within the NAc is central to impulsivity modulation [66-68]. Within
the ventral tegmental area, dopaminergic inputs to the NAc play a
pivotal role, especially in mechanisms related to delay discounting
—a process finely tuned in the ventral striatum [69]. Distinct
regions within the NAc are shown to mediate disparate facets of
impulsivity such as premature responses and delay discounting,
but not inhibition of initiated responses [19].

Additional structures coordinating motor control, like the
ventromedial thalamus [65], anterior lateral motor cortex [70],
and the cerebellum [71], may also be implicated in impulsive
behaviours. The ventromedial thalamus’s interconnection with the
anterior lateral motor cortex, for instance, forms part of the
thalamocortical pathway and may influence impulsivity through
dendritic integration in motor cortex pyramidal neurons, as recent
studies suggest [72-74].

The insula’s role, often underestimated, is critical in informed
decision-making under uncertainty, integrating internal bodily
states to influence conscious decisions. Its pertinence in addiction-
related impulsivity is significant, where it contributes to craving
and relapse decisions [75].

Comprehensive discourse is emerging about the meso-and
macro-scale of human neural circuitry, especially regarding
insights into patients’ self-reported impulsivity and behavioural
presentations, which herald future groundbreaking intervention
strategies [76]. The observation that disruptions to the network
properties of the human brain are a common denominator across
brain disorders suggests the presence of shared network
mechanisms, pivotal for developing neuromodulation strategies
[77]. Interventions aimed at these dysregulated networks offer a
formidable approach to modulating behavioural and cognitive
functions affected by impulsivity [24, 78-80]. This not only
necessitates aligning neurological findings with clinical interven-
tions [45] but is also crucial for the ongoing endeavour to pinpoint
biomarkers indicative of intervention responses [76]. Using
neurophysiological correlates of impulsivity, the RDoC framework
may foster biomarkers predictive of intervention efficacy, enhan-
cing diagnostic acuity, and personalised therapeutic paths
[19, 20, 81]. Despite the potential variation in manifest impulsivity
and the diverse brain circuits linked with impulsivity factors [2, 82],
the interrelations to impulsive-related mental disorders predomi-
nantly revolve around these implicated brain circuits [17, 83].
Therefore, this comprehensive understanding not only sets the
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stage for identifying potential biomarkers but also propels the
development of precision medicine strategies that can transcend
diagnostic boundaries, thereby advancing clinical practice.

TRANSDIAGNOSTIC INTERVENTION STRATEGIES FOR
IMPULSIVITY

The array of interventions targeting impulsivity encompasses
pharmacotherapies [84, 85] and behavioural therapies [86], with
cognitive-behavioural therapy occupying a prominent role [87].
Whereas pharmacotherapy modulates neurotransmitter dynamics,
behavioural therapies focus on enhancing self-regulation capacities
and decision-making competence. Nevertheless, their efficacy
remains constrained to specific populations [86], attributable to
inadequate targeting of neurobiological mechanisms underlying
impulsivity, thereby limiting transdiagnostic applicability.

Significant progress in transdiagnostic psychiatric interventions
has emerged from neuromodulation techniques. Non-invasive
brain stimulation (NIBS) methods [24, 76, 78, 88] particularly
transcranial magnetic stimulation (TMS) [89], represent an
innovative frontier for addressing core neural substrates of
transdiagnostic symptoms, including anhedonia, impulsivity, and
cognitive deficits [90]. Notably, NIBS-mediated modulation of
reward-related endophenotypes has demonstrated promising
efficacy in alleviating anhedonia across psychiatric disorders [91],
suggesting potential for unifying heterogeneous psychiatric
conditions under cohesive therapeutic frameworks. Emerging
evidence indicates low-frequency TMS effectively reduces state
impulsivity [92], highlighting its target-specific and sustained
therapeutic benefits.

Advanced neuromodulation therapies such as TMS, transcranial
electrical stimulation, deep brain stimulation (DBS), and focused
ultrasound are increasingly designed to modulate discrete neural
circuits [78, 80, 93-95], offering transdiagnostic therapeutic
potential through alignment between individual impulsivity
profiles and intervention strategies [96]. Although current research
has not yet achieved transformative paradigm shifts in transdiag-
nostic care, preliminary findings from novel interventions provide
cautiously optimistic prospects. The future trajectory of these
interventions depends on integrative incorporation of neuroima-
ging insights, patient-centred adaptations, and synergy with
established therapies. While neuromodulation offers new avenues
for addressing neurobiological aspects of impulsivity, the chal-
lenge of identifying universal neural targets persists, stemming
from impulsivity’s phenotypic heterogeneity and inter-individual
neuroanatomical variability [97].

Moving forward, systematic methodological frameworks are
required to translate these innovative concepts into clinically
viable interventions capable of transdiagnostically managing
impulsivity. This paradigm shift may enable neuromodulation to
complement conventional therapies, ultimately yielding persona-
lised treatment modalities that harmonise neurobiological preci-
sion with clinical pragmatism.

ALIGNING TRANSDIAGNOSTIC NEUROMODULATION OF
IMPULSIVITY WITH THE RDOC FRAMEWORK

The need for coherent transdiagnostic intervention models
Traditionally, categorising mental disorders has struggled to
capture the complexity of conditions like impulsivity [22, 98]. For
example, a data-driven study identified two subtypes of patients
with high anxiety but distinct impulsivity levels [99], highlighting
the need for transdiagnostic intervention targets over disorder-
specific approaches. Evidence suggests that targeting specific
neural circuits implicated in impulsivity could enable such
interventions. For instance, Parkes et al. linked transdiagnostic
variations in impulsivity to the effective connectivity of the
cortico-striato-thalamo-cortical loop [100], while Lantrip et al.
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demonstrated that TMS enhances prefrontal and subcortical/
limbic network functionality, likely promoting neuroplasticity and
alleviating symptoms of PTSD and anxiety, including cognitive
dysfunctions [101]. The RDoC framework, pioneered by the
National Institute of Mental Health (NIMH), redefines mental
disorders by focusing on observable behaviours and neurobiolo-
gical attributes [20, 21]. It bypasses traditional diagnostic
categories, emphasising fundamental dimensions or ‘constructs’
spanning multiple disorders. Impulsivity research aligns with
RDoC'’s transdiagnostic mechanistic constructs [18, 19, 23], map-
ping impulsivity onto these constructs across genetic, molecular,
behavioural, and self-reported levels.

There's a burgeoning agreement on the need for a framework
that vaults over the confines of traditional diagnoses [93, 96].
Advocates of a transdiagnostic intervention approach in psychia-
try propose a system transcending current categorical diagnoses,
enhancing treatment effectiveness. Anchored in the RDoC frame-
work, this approach harmonises symptomatology with neurobio-
logical underpinnings and intervention strategies, encapsulating a
nuanced perspective on mental disorders through biobehavioural
lenses. Such an ethos equips researchers and clinicians to parse
impulsivity's multifarious aspects across different conditions,
stimulating the genesis of precision-oriented, transdiagnostic
therapeutic strategies. Thus, the RDoC framework’s promise of
spawning robust diagnoses and evidence-driven interventions for
impulsivity is intertwined with the trait's symptomatic and
neurobiological variances. It streamlines the discovery of pivotal
neural circuits and physiological processes integral to impulsive
behaviours, charting a course for standardised neuromodulation
interventions.

Impulsivity’s heterogeneous portrayals across psychopatholo-
gies, its intricate intertwining with other symptoms, and variable
treatment responses present considerable barriers to a unified
treatment approach. Transdiagnostic assessments for impulsivity
have seen refinements, with self-reports and behavioural mea-
sures offering insights into this variegated construct, fundamental
to curating bespoke interventions. For instance, the work of
Pearlstein et al. [13] serves as a conduit between transdiagnostic
evaluations and ensuing interventions. Their focus on the inter-
play of emotion and impulsivity forges a pathway for tailor-made
interventions targeting emotional inciters of impulsive conduct.
These developments signal a shift from a blanket approach
towards meticulous strategies marrying detailed psychological
assessments with corresponding therapies, thus augmenting
intervention efficacy for impulsivity-related disorders. Despite its
recognised pertinence, interventions for impulsivity lack consen-
sus, stalling transdiagnostic research ventures.

Navigating the journey from comprehension to effective
transdiagnostic intervention in impulsivity is laden with obstacles.
The alignment of assessment tools with intervention tactics is
pivotal, as highlighted by Hook et al. [28]. The metamorphosis from
theoretical research to actionable clinical remedies necessitates the
continuous refinement of both diagnostic instruments and
therapeutic methods, enabling a more profound grasp of
impulsivity's myriad expressions and paving the way for treatments
that cater to individual needs across the mental health spectrum.

Synthesising brain circuitry of impulsivity with clinical
symptoms and transdiagnostic neuromodulation
Exploring impulsivity within transdiagnostic psychiatry demands
integrating neural circuitry insights with clinical manifestations
[29, 45, 92, 102], a shift poised to redefine therapeutic paradigms.
Central to this approach is the use of neuromodulation
technologies to develop precise, patient-centric interventions
[76, 78, 96].

Impulsive behaviour is primarily governed by interactions
within the cortical-striatal-thalamic-cortical circuitry, particularly
the frontostriatal circuits [19, 34]. Neuroimaging techniques, such
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as MRI, have been instrumental in identifying neuromodulation
targets by mapping structural and functional abnormalities
associated with impulsivity. These circuits are implicated in
various conditions, including ADHD [103], heroin dependence
[104], and cocaine addiction [105], where structural and functional
disruptions correlate with heightened impulsivity. Aligning with
the RDoC framework [19, 34, 55], these findings highlight the
potential for transdiagnostic interventions. However, neuroima-
ging correlations alone do not guarantee clinical efficacy,
necessitating further exploration of intervention strategies across
mental disorders [106].

Lesion network mapping provides a powerful approach to
identifying intervention targets by revealing consistent neural
signatures linked to impulsive behaviours. Integrating techniques
such as TMS with lesion studies further validates these targets
across brain circuits [107]. The complementary use of these
modalities allows for fine-tuned circuit modulation [108]. Notably,
disruptions induced by neuromodulation can yield significant
behavioural changes, underscoring its role in impulsivity regula-
tion [56, 57]. For instance, weight gain following subthalamic
nucleus DBS has been associated with increased reward sensitivity
and impulsivity [109]. Neuromodulation’s capacity to induce
neuroplastic changes within these circuits highlights its potential
to bridge clinical symptoms with modifiable neural pathways
[78, 88]. However, establishing the feasibility of such approaches
across disorders requires robust clinical evidence [78].

Mapping individual brain circuit topographies remains a
complex endeavour. Efforts are underway to optimise brain
mapping techniques for precise target identification, with a
growing emphasis on enhancing predictive value for clinical
outcomes [110]. Pre-intervention MRI, which assesses connectivity
correlations with symptom changes, stands at the forefront of
evaluating neuromodulation efficacy [111]. Additionally, functional
MRI (fMRI) and diffusion tensor imaging (DTI) offer detailed
insights into relevant brain regions and circuits, informing tailored
neuromodulation strategies.

Looking ahead, integrating neuroimaging with neuromodula-
tion holds promise for developing targeted treatments across
various mental health conditions [78, 88]. By delineating and
modulating the neural underpinnings of impulsivity, emerging
interventions stand to benefit from the latest advancements in
neuroimaging and neuromodulatory technologies.

Refining neuromodulation for transdiagnostic impulsivity
through the RDoC framework

The integration of the RDoC framework into transdiagnostic
neuromodulation marks a transformative shift in psychiatric
interventions [24]. This paradigm prioritises neurobiological
foundations over traditional symptom-based classifications, focus-
ing on the neural substrates underlying various mental health
conditions. The RDoC's intricate and multidimensional structure
provides a robust foundation for this approach, fostering deeper
biological insights into mental disorders. Future research is
expected to expand the RDoC framework by incorporating
broader neurological and behavioural phenomena, thereby
enhancing its utility for regulating impulsivity across diagnostic
categories.

To address impulsivity transdiagnostically, there is a pressing need
to synthesise dispersed evidence and establish a comprehensive
intervention framework. Building such a framework, informed by the
RDoC's multidimensional matrix, presents unique challenges,
particularly in developing a dimensional assessment model that
captures the diverse manifestations of impulsivity (Fig. 1). Advancing
our understanding of impulsivity’s clinical presentations and neural
mechanisms is crucial for improving transdiagnostic assessments.
However, integrating these insights with state-of-the-art neuromo-
dulation strategies poses both challenges and opportunities. The
continued evolution of RDoC-aligned approaches for impulsivity
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interventions invites ongoing debate and potential breakthroughs.
Moreover, translating this knowledge into clinical practice requires
concerted efforts to synthesise the full spectrum of impulsivity
manifestations and to distinguish variations within the same
pathology. A framework that combines clinical, behavioural,
cognitive, and connectivity-based assessments of impulsivity is
fundamental for achieving this goal.

Here, we propose a transdiagnostic intervention framework,
termed the “Transdiagnostic Neuromodulation for Impulsivity”
(TNMI) framework, to address impulsivity in mental health
disorders (Fig. 2). Aligned with RDoC principles, this framework
integrates clinical symptom evaluation with neuromodulation
therapies, aiming to revolutionise mental health interventions on
a transdiagnostic scale. The TNMI framework acknowledges the
complexity of impulsivity within mental disorders and their
associated neural patterns. By tailoring strategies to modulate
specific brain circuits, it aspires to provide an alternative to
disorder-specific therapies. This framework anticipates the devel-
opment of novel, effective, and precisely targeted neuromodula-
tory treatments, supported by existing evidence on the
multidimensional nature and neural correlates of impulsivity.

Evidence-based implementation strategies of the TNMI
framework

The TNMI framework introduces a structured approach for
transdiagnostic neuromodulation targeting impulsivity-related
symptoms and neural circuits (Fig. 2). While the framework’s
components are still being refined and lack a unified protocol, we
can illustrate its application with a practical example. As previously
discussed, the frontostriatal circuitry is a promising neuromodula-
tion target. Using the TNMI framework, TMS could be applied to
focal prefrontal targets in disorders characterised by high
impulsivity, such as eating disorders, substance use disorders,
and gambling disorder. By modulating prefrontal regions, the
intervention could influence the entire frontostriatal circuitry
through functional or structural connectivity, potentially reducing
impulsivity across these conditions.

Notably, to achieve effective transdiagnostic neuromodulation
of impulsivity, the framework conceptually encompasses several
key steps: delineating a transdiagnostic assessment of clinical
impulsivity, targeting brain nodes implicated across diagnostic
spectra, and modulating these nodes via neuromodulation. In
future implementations, the choice of specific methods remains
flexible. We will provide evidence-based options for each
component as candidate methods.

Assessing clinical impulsivity symptoms of transdiagnostic
neuromodulation

As a compound trait manifesting innately or environmentally,
measuring impulsivity necessitates a blend of subjective and
objective methodologies due to their modest intercorrelation [98].
Trait impulsivity is often gauged through self-reports like the
Barratt Impulsiveness Scale (BIS-11) [28], the UPPS-P Impulsivity
Scale [112], and the Eysenck Impulsiveness Questionnaire [113].
These instruments provide insights into the multifarious nature of
impulsivity but are hampered by their subjectivity and inadequate
correlation with empirical assessments.

In measuring impulsive choices, one must account for temporal
discounting, ambiguity in judgement, and decision velocity.
Temporal discounting pinpoints the preference for prompt,
smaller rewards over significant but delayed gratification. When
evaluating risk-based impulsivity, smaller certain rewards are often
favoured over larger yet uncertain outcomes. Quickfire decision-
making, the third component, signifies a propensity for hurried,
often ill-considered choices. Clinically, tasks such as the Kirby
Delay-Discounting Task [114], the Experiential Discounting Task
[115], the lowa Gambling Task [116], the Cambridge Gambling
Task (CANTAB battery) [117, 118] and the Balloon Analogue Risk
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Fig. 2 A future practical “TNMI” framework: a transdiagnostic neuromodulation framework for targeting impulsivity to address
impulsivity in mental disorders. The figure provides examples, including addiction, attention-deficit/hyperactivity disorder (ADHD), and
eating disorders (ED), to illustrate the performance of impulsivity, the structure of impulsivity, and the identification of brain circuits. The
framework aims to advance precision medicine in the neuromodulation for mental disorders by recognising the multidimensional nature of
impulsivity. This includes impulsive choice, impulsive action, and impulsive traits and their neural correlates. The framework incorporates
findings from brain circuit research and uses techniques such as magnetic resonance imaging (MRI) and electroencephalography (EEG) to
study impulsive brain circuits. The diagram illustrates transcranial magnetic stimulation (TMS) as a neuromodulation technique, with potential
applications in modulating impulsive brain circuits. Please note that the figure has been adapted from the ref. [24], with permission from

Annual Reviews, Inc. (License ID: 1446321-2).

Test [119] are employed for diagnostic purposes in mental health
conditions.

Motor impulsivity’s evaluation includes tasks assessing SSRT and
premature responses. It is important to recognise that these
measures disparate facets of impulsivity, each underpinned by
distinct neural circuits. The SSRT task is a notable instrument to
quantify motor impulsivity, gauging response inhibition through
variable stop signals [120]. Additionally, the Go/NoGo paradigm
assesses impulsive action/inhibition, demanding participants
discriminate between rewarding stimuli and those meriting
restraint [43]. Tasks such as these, probing anticipatory responses,
provide a window into the waiting dimension of impulsive actions
[121]. The inclusion of the Go/NoGo, SSRT, and waiting tasks
allows researchers to capture different facets of the impulsive
state and examine the diversity in the participants’ decision-
making processes. While these tasks provide valuable insights into
motor impulsivity and enhance the overall understanding of
impulsive behaviour, it's important to note their limitations. The
concept of impulsivity is far from homogeneous, and these
different measures may not correlate well with each other or with
questionnaire methods [46]. This lack of correlation has led us to
fractionate the construct of impulsivity, allowing for a more
nuanced exploration of its distinctive elements.

Identifying brain targets of transdiagnostic neuromodulation
Harnessing neuroimaging techniques, researchers have mapped
specific neural pathways linked to impulsivity [2, 45]. Trait
impulsivity is orchestrated via an intricate web of brain circuits,
with discernible correlations between grey and white matter
volumes and assessment scores. Specific regions within the
dorsolateral prefrontal cortex, like the left anterior cingulate gyrus,
left medial frontal gyrus, and left middle frontal gyrus, correlate
positively with overall impulsivity scores [122]. However, findings
conflict concerning the association between cortical thickness in
particular brain regions and impulsivity scores [123]. Cocaine-
dependence research has evidenced reduced grey matter volume
in certain frontal gyri [124], and high impulsivity scores have been
linked with diminished resting-state connectivity in specific brain
areas among those individuals [125].

State impulsivity, typified by immediate impulse-driven
responses, is modulated by structures such as the PFC,
orbitofrontal cortex, anterior insula, ACC, striatum, and frontal
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gyri [126]. Research in both human and rodent models has
demarcated the brain circuits underlying state impulsivity, with
motor and choice subtypes inscribed in unique limbic cortico-
basal-ganglia pathways [19], embracing structures pivotal in
choice impulsivity like the NAc, basolateral amygdala, hippocam-
pus, insula, and orbitofrontal cortex [127-130].

Given these nuances, advancing transdiagnostic strategies
require targeting the nodes within the impulsive brain circuit,
integrating insights from neurocircuitry into clinical practices, and
thereby innovating the landscape of mental health interventions.

Targeting transdiagnostic impulsivity by neuromodulation
techniques

In the TNMI framework, the selection of an appropriate
neuromodulation technique is guided by the intervention nodes
identified in the previous step. For detailed descriptions of the
principles, operational methods, applicable scope, advantages,
and limitations of various neuromodulation techniques, we refer
readers to dedicated review articles, as numerous comprehensive
reviews on this topic are available [78, 131, 132]. In brief, key
factors for optimal targeting include spatial localisation, temporal
frequency, and nuanced energy modulation. These principles
apply to both invasive and non-invasive neuromodulation
techniques, such as TMS and DBS, ensuring precise and effective
modulation of impulsivity-related neural circuits.

Spatial accuracy is ensured by calibrating stimulation devices
to directly interact with the intended neural regions, utilising
devices specific to each neuromodulation technique. Intracranial
electrodes are found in DBS, stimulation coils in TMS, probes for
fUS, and scalp electrodes for tES. Localisation methods such as
those outlined by Fitzgerald et. al. [133] offer heightened
precision to reach the prefrontal cortex or basal ganglia. Given
individual anatomical diversity, tailor-made neuroimaging-
guided placement is essential for specificity [132]. Temporal
considerations involve the frequency with which stimulation is
administered. Brain circuitry rhythms are intrinsic to cognitive
processes, and altering these rhythms can significantly impact
network dynamics. Adjusting the stimulation frequency can
modulate neural activity, consequently altering behavioural and
cognitive patterns. Energetic considerations balance intensity to
ensure sufficient stimulus without inducing adverse effects.
Analogous to a pharmacological dose-response relationship,
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Fig. 3 Impulsive brain circuits and targeted neuromodulation. The prefrontal cortex (PFC) and basal ganglia are outlined as the basic
neurological circuits underlying impulsivity. Within the PFC, specific regions have been identified for their critical role in impulsivity. These
regions include the infralimbic cortex, the orbitofrontal cortex (OFC), and the anterior cingulate cortex (ACC). At the same time, the nucleus
accumbens (NAc), located in the basal ganglia, makes a significant contribution to impulsivity by acting as a central hub. A number of
neuromodulation techniques can be used to modulate neural activity in specific regions associated with impulsivity. Magnetic
electroconvulsive therapy (MECT), magnetic convulsive therapy (MCT), deep transcranial magnetic stimulation (dTMS), and high-intensity
transcranial alternating current stimulation (Hi-tACS) can target the whole brain. Transcranial magnetic stimulation (TMS) and transcranial
electrical stimulation (tES) can target superficial cortical regions such as the prefrontal cortex and orbitofrontal cortex (OFC). Temporal
interference (TI), focused ultrasound (FUS), and deep brain stimulation (DBS) can be used to modulate deep nuclei such as the anterior
cingulate cortex (ACC) and nucleus accumbens (NAc) in the basal ganglia. These different neuromodulation techniques offer potential
therapeutic interventions for impulsivity by selectively modulating neural activity in specific regions associated with impulsive behaviour.
Please note that subfigures (a-b) are reprinted with permission from ref. [139] (corresponding to original Fig. 3). Copyright 2017 by the
American Association for the Advancement of Science (AAAS). Permission conveyed through Copyright Clearance Center (License ID:

1446338-1). The human architecture of the NAc was obtained from the Brainnetome Atlas [140].

neuromodulation necessitates intensity titration tailored to
individual patients. Energy modulation focuses on calibrating
the stimulus intensity. Balancing intensity avoids adverse effects
while ensuring the stimulus is potent enough to modulate
neural activity effectively. Personalising the stimulus intensity,
akin to dose-response paradigms in pharmacology, is pivotal for
individual treatment adequacy [132, 134].

The evolution of neuromodulation provides a spectrum of
intervention modalities (Fig. 3). Non-targeted and minimally
invasive techniques, such as modified electroconvulsive therapy
or magnetic seizure therapy, can be foundational in the treatment
spectrum. However, alternative and potentially preferable meth-
ods, such as deep TMS or high-intensity transcranial alternating
current stimulation (tACS), offer reduced side effects and allow for
awake treatment delivery with indicators of efficacy in mental
disorders [135]. Further to the advent of less invasive methods,
technologies such as focused ultrasound and high-frequency
differential/temporal interference stimulation present non-
invasive possibilities for modulating deep neural activity
[136, 137]. These techniques provide the advantage of testability
and optimisation of targets before the contemplation of more
invasive procedures. Ultimately, invasive modalities like DBS,
renowned for their precision and lasting effects, may be reserved
for particularly severe cases [138].

Future research directions

The TNMI framework aligns with the RDoC's transdiagnostic
principles and holds the potential to address impulsivity across
diverse disorders. It could also extend beyond impulsivity to
explore its interactions with other symptoms, such as hallucina-
tions and delusions. According to the RDoC framework, trans-
diagnostic approaches could simultaneously target impulsivity
and its interplay with other symptom domains. However, these
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hypotheses currently rely on theoretical and preliminary evidence,
necessitating empirical studies to validate the effectiveness of this
unified neuromodulation approach.

First, the framework advocates for assessing clinical impulsivity
symptoms through validated subjective or objective methods. It is
crucial to recognise that impulsivity assessments may vary across
different disorders and individuals. According to RDoC principles,
a transdiagnostic approach can target impulsivity in various
diseases and individuals. However, individual and disorder-specific
impulsivity increases the complexity of determining intervention
protocols, such as choosing excitatory versus inhibitory stimula-
tion frequencies or doses. Therefore, research into personalised
transdiagnostic impulsivity modulation methods is essential.

The era of personalised neuropsychiatric care is ushering in
treatments that transcend symptom mitigation, aiming instead to
rehabilitate and strengthen neurocognitive structures. This vision
aligns with the emergence of personalised medicine, where
interventions are intricately tailored to the unique behavioral
impulsivity of each patient [110]. Drawing upon genetics,
neuroimaging, and behavioral studies, these customised treat-
ment strategies are poised to dramatically enhance efficacy and
redefine therapeutic outcomes in impulsivity-related psychiatric
conditions [78]. Technological advances, such as brain-computer
interfaces (BCls), refined neuroimaging, and analytics, promise to
transform the neuromodulation landscape. These developments
are set to enable adaptable, on-demand neuromodulation
therapies responsive to fluctuating neural activity, charting the
course for customised neuropsychiatric care.

To provide a structured roadmap for future research, we
propose a three-tier research question matrix encompassing
mechanistic, methodological, and translational levels. At the
mechanistic level, future research should focus on identifying
the key neural circuits and mechanisms underlying impulsivity
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across disorders. For example, one hypothesis could be that the
strength of prefrontal-striatal functional connectivity is a critical
circuit for transdiagnostic impulsivity interventions and can serve
as a stimulation target for neuromodulation. This aligns with the
RDoC framework’s emphasis on neural circuits and aims to identify
shared mechanisms that can be targeted across disorders. At the
methodological level, studies should evaluate the effectiveness of
transdiagnostic intervention paradigms compared to traditional
disorder-specific approaches. A potential hypothesis is that
transdiagnostic neuromodulation paradigms targeting
impulsivity-specific neural circuits will improve response rates by
>15% compared to traditional methods in heterogeneous patient
populations. Such research would emphasise the importance of
developing and testing targeted intervention paradigms that
account for impulsivity’s dimensional and transdiagnostic nature.
At the translational level, the focus should shift to the clinical
applicability and scalability of transdiagnostic interventions,
particularly in overcoming the high heterogeneity in clinical
response observed in current treatments. For instance, one
hypothesis could be that a transdiagnostic neuromodulation
approach will reduce response variability by at least 20% in
patients with impulsivity-related disorders compared to existing
disorder-specific treatments. These translational efforts are critical
to demonstrating the practical benefits of transdiagnostic
approaches in real-world settings.

CONCLUSION

This academic review has canvassed the multifaceted nature of
neuromodulating impulsivity and its transdiagnostic presence
across psychiatric disorders. We have traversed the landscape
from the rudimentary conceptualisation of impulsivity to the
sophisticated techniques being developed to modulate its
underpinnings. The journey has uncovered the intricate web of
neural circuitry associated with impulsivity and highlighted the
pivotal role that neuromodulation techniques could play in future
interventions. The heterogeneity of impulsivity poses significant
challenges, which we have addressed by considering advance-
ments in neuromodulation technologies and the unification of
research efforts facilitated through the RDoC framework. By
moving towards a model that regards impulsivity as a transdiag-
nostic trait, we can begin to tailor interventions that are as
complex and nuanced as the disorders they aim to ameliorate. As
research paradigms evolve and new technologies emerge, we are
moving toward an age where interventions for impulsivity will be
far more dynamic and precisely aimed at modulating the brain’s
complex circuitry. The hope is that this progress will catalyze more
profound insights and effective interventions, markedly enhan-
cing the quality of life for those affected by impulsivity and related
psychopathologies.
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