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Neuroanatomy reflects individual variability in impulsivity
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Individual differences in neural circuits underlying emotional regulation, motivation, and decision-making are implicated in many
psychiatric illnesses. Interindividual variability in these circuits may manifest, at least in part, as individual differences in impulsivity.
Impulsivity reflects a tendency towards rapid, unplanned reactions to internal or external stimuli without considering potential
negative consequences, coupled with difficulty inhibiting responses. Here, we use multivariate machine learning approaches (brain-
based predictive models) to explore the neural bases of impulsivity. We consider multiple impulsivity measures, neuroanatomical
features (cortical thickness, surface area, and gray matter volume, as well as non-cortical gray matter volume), and sexes (females
and males) in a large sample of youth from the Adolescent Brain Cognitive Development (ABCD) Study at baseline (n= 8630), two-
year follow-up (n= 5998), four-year follow-up (n= 4844), and six-year follow-up (n= 3100). Using brain-based predictive models,
we demonstrate that regional variations in cortical thickness, surface area, and gray matter volume significantly predict self-
reported impulsivity measures, with associations varying across impulsivity dimensions and developmental timepoints. Impulsivity
broadly maps onto default mode, limbic, ventral attention, and visual networks, as well as cerebellar and brain stem structures.
While many relationships are stable across sexes and developmental time points, others exhibit sex effects and dynamic changes.
These results suggest that neuroanatomy is linked to self-reported impulsivity in youth and highlight the complexity of these
relationships across measures, features, sexes, and time points. This work also emphasizes the importance of adopting a
multivariate and sex-specific approach in neuroimaging and behavioral research.
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INTRODUCTION
Impairments in emotional regulation, motivation, and decision-
making are prevalent across a range of psychiatric illnesses [1] and
often emerge during early adolescence [2, 3]. These impairments
contribute to the heterogeneity observed within psychiatric illnesses
and may initially appear as more fundamental alterations in
processes and behaviors such as impulsivity [4, 5]. Impulsivity reflects
“a predisposition toward rapid, unplanned reactions to internal or
external stimuli without regard to the negative consequences of
these reactions to the impulsive individual or to others [6].” Changes
in impulsivity are a normal part of development, but heightened
levels of impulsivity may indicate increased risk for psychiatric illness
[7–9]. Since adolescence is a period of significant brain plasticity,
understanding brain-behavior relationships during this developmen-
tal window will be critical for future clinical research.

Although often treated as a single construct, impulsivity
encompasses a variety of distinct but related functions that
promote impulsive behavior [10]. These include an individual’s (in)
ability to consider the consequences of a behavior (lack of
premeditation), tendency to disengage from tasks due to boredom
or difficulty before completion (lack of perseverance), responses to
emotional states (positive and negative urgency), and motivation to
experience rewarding sensations (sensation seeking) [9]. Impulsivity
can also be considered a product of two systems that promote
impaired self-regulation: the behavioral inhibition and approach
systems (BIS/BAS) [11]. The BIS prevents actions that may lead to a
negative outcome [12], while the BAS encapsulates sensitivity to,
and motivation for, reward/punishment, as well as escape from
punishment, therefore encouraging incentive-motivated behavior
[12]. These conceptualizations highlight the variability in how
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impulsivity is defined and measured, posing a challenge for
research, and underscoring the need for greater conceptual clarity
[6, 10]. Consequently, a crucial consideration is the extent to which
different components of impulsivity may be driven by shared versus
distinct neural features.
Foundational circuit-based research has established key neural

substrates of impulsivity, particularly highlighting the role of
corticolimbic and corticostriatal circuits [8, 13–16]. The cortico-
limbic system contributes to processing emotional salience and
regulating emotional responses [17], while the corticostriatal
system is involved in motivated behavior, reward processing,
learning, and habit formation [18]. These systems mature
throughout development [19] and this is accompanied by
significant changes in synaptic connectivity and myelination
[20–22]. This development is asynchronous. Limbic and striatal
structures mature earlier than cortical structures, including the
prefrontal cortex, resulting in heightened impulsivity during this
period of ‘mismatch’ [21, 23, 24]. Behaviorally, emotional
regulation, motivation, and impulse control evolve throughout
development with rapid changes in early life followed by gradual
changes during adolescence [25–29]. This is paralleled by changes
in their neural substrates beyond corticolimbic and corticostriatal
circuits, such as the insula and cingulate cortex [7, 29, 30]. Thus far,
hypothesis-driven studies have provided crucial mechanistic
insights into how specific brain regions and circuits contribute
to impulsive behavior [31–35]. However, the extent to which
distributed neuroanatomical features across the brain jointly
predict individual differences in multidimensional impulsivity
during development remains unclear.
Brain-based predictive models use machine learning to analyze

whole-brain multivariate relationships [36], accounting for the
interconnected nature of the brain. This data-driven approach
complements hypothesis-driven research by characterizing
population-level brain-behavior associations without a priori
assumptions about which regions are most relevant. These models
capture how regions jointly contribute to impulsivity rather than
treating each region independently and can identify patterns that
may not emerge from univariate or region-focused analyses.
Importantly, distributed patterns identified through prediction
models do not negate the importance of specific circuits
established through mechanistic research; rather, they can reveal
heterogeneity across impulsivity dimensions and generate empiri-
cal targets for subsequent mechanistic investigation. These models
can also be used with longitudinal data to examine whether these
relationships are consistent throughout development.
Neurodevelopmental processes and behavioral expressions vary

between males and females, raising questions about the extent to
which sex-specific neuroanatomical patterns contribute to observed
differences in impulsivity. There are sex differences in the
developmental trajectories of corticolimbic and corticostriatal
systems [37, 38], although findings are inconsistent across studies.
As an example, on average, females have greater relative volume in
the prefrontal and orbitofrontal regions, while males have greater
volume in ventral temporal and occipital regions [39]. Similarly, sex
differences have been reported in impulsivity, but these results are
also inconsistent [40]. Thus, it is plausible that sex differences exist
across neuroanatomy, impulsivity, and their interrelationships,
highlighting the importance of considering sex differences when
studying impulsivity, particularly in youth. Furthermore, within the
context of large data initiatives, it remains to be determined
whether sex differences in impulsivity are driven by unique
neuroanatomical substrates. This can be addressed by examining
sex-specific relationships between neuroanatomy and impulsivity.
Thickness, surface area, and gray matter volume, reflect

different aspects of neuroanatomy. Thickness (i.e., distance
between the brain’s outer surface and gray-white matter junction)
reflects neuronal density and arrangement [41, 42]. It increases
rapidly during the prenatal period, continues growing after birth,

peaks in early childhood, and then gradually thins [43]. Surface
area (i.e., area of the pial surface) is linked to the organization and
complexity of cortical columns [41, 42] as well as neuronal
proliferation [41, 42] and gyrification [44]. Surface area expands
prenatally and through childhood, peaking in late childhood/early
adolescence, and then gradually declines [43]. Gray matter
volume, encompassing thickness and surface area, reflects the
total amount of cells and synapses [41, 42], and follows a similar
developmental trajectory as surface area [43]. Changes in these
features reflect neurogenesis, synaptogenesis, synaptic pruning,
cell death, and alterations in cell size and density, and are linked to
various psychiatric conditions [41, 42]. These structural measures
demonstrate high test-retest reliability within individuals [45],
particularly when compared to functional measures derived from
functional MRI [46]. While structural measures are not entirely
insensitive to state-related factors [47], they show substantially
less variability across scanning sessions than functional measures
[45], making them better suited for capturing stable individual
differences in brain-behavior relationships. A multimodal, whole-
brain analysis considering these features is necessary to reveal
their unique contributions to impulsivity.
Here, we investigated the neuroanatomical basis of impulsivity,

across different neuroanatomical features and impulsivity mea-
sures, in a large sample of youth from the Adolescent Brain
Cognitive Development (ABCD) Study at four time points. Using a
data-driven, brain-based predictive modeling framework, we
quantify multivariate associations between neuroanatomy and
multiple dimensions of self-reported impulsivity, demonstrating
that distributed cortical and subcortical features predict individual
differences with modest but significant accuracy. While some of
these relationships are shared, others vary across measures of
impulsivity, morphometric features, and developmental time
points. These findings highlight substantial individual variability
in the neural basis of impulsivity in youth. Understanding these
distinct markers of impulsivity is crucial for establishing normative
developmental patterns and exploring how deviations may
underlie psychiatric risk.

METHODS
Dataset
The ABCD Study is following a large community-based sample of children
and adolescents throughout the course of development [48]. Participants
are assessed on a comprehensive set of neuroimaging, behavioral,
developmental, and psychiatric batteries. We used data from the ABCD
6.0 release. The research protocol for the dataset was reviewed and
approved by a central Institutional Review Board (IRB) at the University of
California, San Diego, and, in some cases, by individual site IRBs. Parents or
guardians provided written informed consent, and children assented
before participation.
We excluded participants with imaging data that was missing, as well as

those not recommended for inclusion or with incidental MRI findings. We
excluded participants with incomplete impulsivity data. Finally, we
excluded related participants such that a single family member was
included in the sample and others were dropped at random. We included
8620 participants at baseline (9–10 years old), 5998 at two-year follow-up
(11–12 years old), 4844 at four-year follow-up (13–14 years old), and 3100
at six-year follow-up (15–16 years old; see Figure S1 for inclusion pipeline).

Neuroimaging
The imaging protocol and parameters for T1-weighted scans are detailed
in previous publications [48, 49]. We used measures of cortical thickness
(mean), surface area (total), and gray matter volume (total) for 68 regions
(34 per hemisphere) from the Desikan-Killiany parcellation and measures
of non-cortical gray matter volume (total) for 19 regions (8 subcortical and
1 cerebellar per hemisphere, and 1 brain stem) from the FreeSurfer
automatic segmentation. Regional area and volume measures, but not
thickness, were proportionally corrected for individual differences in
intracranial volume [50] (see Figures S2-S4 for average measures and sex
differences in the measures).
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Impulsivity
We derived impulsivity measures from the self-report Behavioral Inhibition/
Activation System (BIS/BAS) and the Modified Urgency, (lack of) Planning
(or Premeditation), (lack of) Perseverance, Sensation Seeking, and Positive
Urgency (UPPS-P [51]) Short Version scales, both of which have been
validated in children [12, 52]. We focused on self-report measures because
they capture trait-level impulsivity and show stronger predictive validity for
real-world outcomes than task-based behavioral measures [53–55].

BIS/BAS. The BIS/BAS scale is a 20-item questionnaire used to measure
individual differences in the behavioral inhibition and activation systems
[56–59]. The behavioral inhibition system reflects motivation to avoid
aversive outcomes, and the behavioral activation system reflects motiva-
tion to approach goal-oriented outcomes. There is one BIS-related scale
(inhibition), and three BAS-related scales (reward responsiveness, drive,
and fun seeking). Inhibition reflects sensitivity to punishment and is the
sum of seven items. Reward responsiveness reflects reward anticipation,
reward response, and reward satiation, and is the sum of four items. Drive
reflects persistent pursuit of goals and is the sum of four items. Fun
seeking reflects a desire for new rewards and a willingness to approach a
potentially rewarding event and is the sum of five items. Participants
respond to each item using a four-point Likert scale (ranging from 0–3),
where higher values indicate higher levels of a given trait.

UPPS-P. The UPPS-P Short Version scale is a 20-item questionnaire used
to measure five distinct impulsive personality traits: negative urgency,
positive urgency, lack of planning, lack of perseverance, and sensation
seeking [60–62]. Negative urgency is the tendency to act impulsively to
negative emotions. Positive urgency is the tendency to act impulsively to
positive emotions. Lack of perseverance is the tendency to give up or not
complete tasks. Lack of planning is the tendency to act without
considering the consequences. Sensation seeking is the tendency to
pursue exciting or novel activities. Scores for each trait are based on the
sum of four items each. Participants respond to each item using a four-
point Likert scale (ranging from 1–4) where higher values indicate higher
levels of a given trait.

Predictive modeling
We used a cross-validated brain-based predictive modeling framework [36]
which we have leveraged in prior work [50, 63–67]. This framework avoids
data leakage and minimizes overfitting to capture robust, reliable, and
interpretable associations between imaging-derived measures and phe-
notypic data. For each pair of neuroanatomical features and impulsivity
measures, we developed separate sets of sex-independent (i.e., including
the entire sample) and sex-specific (i.e., in either females or males) linear
ridge regression models at each of the time points to predict impulsivity
based on neuroanatomical features (either thickness, area, or volume from
68 cortical regions or volume from 19 non-cortical regions). Using the same
framework, we also examined whether longitudinal changes in neuroa-
natomy could predict changes in self-reported impulsivity measures. To
maximize sample size, we considered changes from: baseline and (a) two-
year follow-up, (b) four-year follow-up, and (c) six-year follow-up.
For each set of models, we randomly shuffled and split the data into 100

distinct training and test sets (at approximately a 4:1 ratio) without
replacement. We accounted for potential variability introduced by imaging
site by placing all participants from a given site in either the training or the
test set but not split across the two. In doing so, we are able to test whether
the brain-impulsivity relationship learned in a set of (training) sites
generalizes to individuals from new (test) sites, despite potential MRI
differences across sites. Within each training set, we optimized the
regularization hyperparameter using three-fold cross-validation, ensuring
participants from a given site were not split across folds. Once optimized, we
trained the model on the entire training set using the optimized
hyperparameter and evaluated model performance on the hold-out test
set based on prediction accuracy (i.e., full correlation between observed and
predicted values) [67–70]. We repeated this process for the 100 train-test
splits to obtain a prediction accuracy distribution. We evaluated model
significance by comparing these distributions to null distributions. We
generated 1000 null models by randomly permuting the output variable
within each site and then using those data to train and test a model using a
randomly selected regularization hyperparameter from the set of optimized
hyperparameters for the original model. We obtained the p-values for model
performance by calculating the proportion of null models with accuracies
greater than or equal to the corresponding original distribution. We

corrected the p-values for multiple comparisons within the behavioral scales
the Benjamini-Hochberg False Discovery Rate (q= 0.05) procedure [71].

Feature weights
We analyzed the feature weights for models capturing reliable brain-
behavior relationships. We transformed the feature weights using the
Haufe transformation [72] to increase their interpretability and reliability
[68, 69, 73], and then calculated a mean feature importance for each set of
models. We computed full correlations between the mean feature
importance values to evaluate overlap. Lastly, we summarized the cortical
feature weights to a network-level, as per the Yeo-7 parcellation [74], by
taking the mean across all regions within a network.

RESULTS
Expressions of impulsivity vary across youth
Distributions of the self-reported impulsivity measures at each time
point are presented in the Supplemental Materials (Figure S5). These
distributions are consistent with prior work examining impulsivity in
the ABCD Study [75, 76], indicating that our sample is representative
of the cohort. Moreover, there are modest within-scale correlations
of measures suggesting that they capture partially overlapping
aspects of behavior, and significant but weak between-scale
correlations indicating that the UPPS-P and BIS/BAS, while
potentially related, measure somewhat independent constructs [77].

Neuroanatomy predicts impulsivity
Brain-based predictive models were used to quantify associations
between neuroanatomy and impulsivity (Fig. 1, Tables S1-S4).
Models based on thickness accurately predicted drive, negative

urgency, and positive urgency at baseline; drive and positive
urgency at two-year follow-up; behavioral inhibition and drive at
four-year follow-up; and behavioral inhibition at six-year follow-up.
Models based on area accurately predicted drive and lack of

planning at baseline; positive urgency, lack of perseverance, lack
of planning, and sensation seeking at two-year follow-up;
sensation seeking at four-year follow-up; and behavioral inhibition
and sensation seeking at six-year follow-up.
Models based on cortical volume accurately predicted

behavioral inhibition, reward responsiveness, drive, fun seeking,
positive urgency, and lack of planning at baseline; positive
urgency, lack of planning, and sensation seeking at two-year
follow-up; behavioral inhibition and sensation seeking at four-year
follow-up; and behavioral inhibition at six-year follow-up.
Models based on non-cortical volume accurately predicted

negative urgency, positive urgency, and lack of perseverance at
two-year follow-up; and behavioral inhibition at four-year follow-up.
We used the same framework to examine sex-specific associa-

tions (Fig. 2, Tables S5-S12).
Female-specific models based on thickness accurately pre-

dicted reward responsiveness and drive at baseline; and drive,
negative urgency, and positive urgency at two-year follow-up.
Female-specific models based on area accurately predicted

drive at baseline; and behavioral inhibition at six-year follow-up.
Female-specific models based on cortical volume accurately

predicted positive urgency at baseline; positive urgency and lack of
planning at two-year follow-up; and behavioral inhibition and reward
responsiveness at six-year follow-up.Male-specificmodels based on
cortical volume accurately predicted lack of planning at baseline.
Female-specific models based on non-cortical volume accu-

rately predicted lack of perseverance at baseline; negative
urgency, positive urgency, and lack of perseverance at two-year
follow-up; and sensation seeking at four-year follow-up. Male-
specific models based on non-cortical volume accurately
predicted negative urgency at two-year follow-up.
We also used the same framework to examine associations

between changes in neuroanatomy and changes in impulsivity.
These analyses largely yielded insignificant results.
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Changes in impulsivity are part of normative development and,
at their extremes, are linked to the development of psychiatric
illnesses later in life [78, 79]. We show that individual variations in
neuroanatomy can predict impulsivity in youth. While certain
measures can be predicted in both sexes, others yield significant
results only in females, which may be due to the reliability of

measures across sexes, reporting biases, and data quality, among
other factors. In addition, while some self-reported impulsivity
measures can be predicted across multiple time points, others are
only predictable during earlier developmental periods, potentially
due to reduced sample sizes at later time points or weakening
brain-behavior relationships as development progresses.

Fig. 1 Neuroanatomy reflects individual differences in impulsivity. Prediction accuracies (correlation between observed and predicted
values) for models trained to predict self-reported impulsivity measures at baseline (A) two-year follow-up (B) four-year follow-up (C) and six-
year follow-up (D). From left to right, cortical thickness, cortical surface area, cortical gray matter volume, and non-cortical gray matter volume
results are shown. The shape of the violins indicates the distribution of values across 100 random splits of the data, the dashed lines indicate
the median, and the dotted lines indicate the interquartile range. Asterisks indicate the model captured significant associations.
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Impulsivity maps onto shared and distinct brain regions
We derived the feature importance maps from the models and
computed correlations to evaluate overlap, focusing on models
that captured significant associations (Figure S6).

Models predicting measures from the same scale captured largely
overlapping associations. As an example, associations between
cortical volume and behavioral inhibition, reward responsiveness,
drive, and fun seeking at baseline were highly similar. These included

Fig. 2 Sex influences associations between neuroanatomy and impulsivity. Prediction accuracies (correlation between observed and
predicted values) for sex-specific models trained to predict self-reported impulsivity measures at baseline (A) two-year follow-up (B) four-year
follow-up (C) and six-year follow-up (D). From left to right, cortical thickness, cortical surface area, cortical gray matter volume, and non-
cortical gray matter volume results are shown. The shape of the violins indicates the distribution of values across 100 random splits of the
data, the dashed lines indicate the median, and the dotted lines indicate the interquartile range. Asterisks indicate the model captured
significant associations.
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widespread negative associations between volume and the impul-
sivity measures, particularly in limbic regions. Further, while some
models predicting measures from different scales were similar, others
were orthogonal or opposite. For example, cortical volume features
associated with impulsivity measures from the BIS/BAS scales at
baseline were positively correlated with those associated with
urgency and negatively correlated with those associated with lack
of planning. While the BIS/BAS measures and urgency showed broad
negative associations with cortical volume, lack of planning showed
positive associations, particularly in visual regions. These observed
patterns were generally consistent across time points.
These analyses reveal that different dimensions of impulsivity

map onto partially overlapping neuroanatomical patterns. The BIS/
BAS and UPPS-P scales, though separable constructs, share some
neuroanatomical underpinnings while also exhibiting distinct and
even opposing features.

Neuroanatomical basis of impulsivity varies across measures
of impulsivity
We examined the associations that exist between the neuroanatomi-
cal features and self-reported impulsivity measures, focusing on
models yielding significant results (Fig. 3, S8-S9). Although associations
between cortical features and impulsivity varied, regions within the
default mode, limbic, ventral attention, and visual networks were
consistently implicated. Non-cortical volume features associated with
impulsivity were largely localized to the cerebellum and brain stem.
Behavioral inhibition exhibited varied associations with cortical

features (Fig. 4). For thickness, associations were varied but
primarily negative at four-year follow-up, but positive at six-year
follow-up. For area, positive associations were present at the six-
year follow-up. For volume, associations were negative at
baseline, but positive at four-year and six-year follow-up.
Drive exhibited consistently negative associations with cortical

thickness, area, and volume (Fig. 5).
Urgency exhibited varied but predominantly negative associa-

tions with cortical features (Fig. 6). For cortical thickness,
associations with negative urgency were primarily negative at
baseline but associations with positive urgency at baseline were
more mixed and became predominantly negative at the two-year
follow-up. For area, associations with positive urgency were
negative at two-year follow-up. For volume, associations with
positive urgency were negative at baseline and two-year follow-up.
Lack of planning exhibitedmixed associations with cortical features

(Figure S9). For area and volume, associations were primarily positive
at baseline, but negative at the two-year follow-up.
Sensation seeking exhibited varied associations with cortical

features (Figure S10). For area, associations were primarily positive
at two-year follow-up, mixed at four-year follow-up, and primarily
negative at six-year follow-up. For volume, associations were
primarily positive at two-year and four-year follow-ups.
Other impulsivity measures exhibited negative cortical and

mixed non-cortical associations (Figure S11). Lack of perseverance
exhibited negative associations with cortical area, but mixed
associations with non-cortical volume at the two-year follow-up,
showing positive associations in the cerebella and brain stem and
negative associations in the bilateral caudate and putamen.
Reward responsiveness and fun seeking exhibited negative
associations with cortical volume at baseline.
These findings highlight the presence of multivariate relationships

between neuroanatomy and impulsivity. While some associations are
similar across impulsivity measures and developmental time points,
others are more varied. These results suggest distributed brain
networks encode individual differences in impulsive behaviors.

There are sex-specific associations between neuroanatomy
and impulsivity
We evaluated sex-specific associations between neuroanatomy
and impulsivity, focusing on models that yielded significant results

(Figures S12-S13). These analyses provide a descriptive character-
ization of brain-impulsivity associations within each sex.

Females. Associations between cortical measures (thickness,
area, and volume) and impulsivity were predominantly negative
across all measures of impulsivity and time points, with one
exception: reward responsiveness showed negative associations
with cortical volume at baseline, but positive associations at six-
year follow-up. Associations between non-cortical volume and
impulsivity measures were sparse across all time points and
localized to cerebellar regions and the brain stem, with primarily
positive associations at baseline and negative associations at the
two-year and four-year follow-ups.

Males. Lack of planning showed positive associations with
cortical volume at baseline. Negative urgency exhibited sparse
positive associations with non-cortical volume in the cerebella and
brain stem at two-year follow-up.
While many of these relationships are similar to those captured

by the sex-independent models, there are also some differences
suggesting there are sex-specific associations between neuroa-
natomy and impulsivity. These sex-specific relationships may, in
part, explain observed sex differences in impulsive behaviors and
vulnerability to impulsivity-related psychiatric illness.

DISCUSSION
In this study, we leveraged the large ABCD dataset and a data-
driven analytical approach to examine the associations between
neuroanatomy and impulsivity across development. First, we
systematically quantified the extent to which different anatomical
features predict distinct self-reported impulsivity measures,
revealing that prediction accuracy varies substantially across
impulsivity measures and providing an empirical benchmark for
the degree to which impulsivity is linked to brain structure.
Second, we demonstrated that different dimensions of impulsivity
are predicted by both overlapping and dimension-specific
anatomical features, supporting multidimensional conceptualiza-
tions of impulsivity and suggesting that different clinical
presentations of impulsivity may have partially distinct neurobio-
logical underpinnings. Third, we showed that these associations
are not static but vary across development and sex, highlighting
the importance of considering sample demographics when
examining brain-behavior relationships. While our predictive
models identify brain-behavior associations, they do not establish
causal mechanisms. Rather, our findings provide a population-
level, multivariate characterization of which structural features are
associated with individual differences in impulsivity, complement-
ing circuit-based mechanistic research and potentially informing
dimensional approaches to psychiatric classification.
Impulsivity is, in part, driven by individual differences in

corticolimbic, corticostriatal and motor-sensory circuits
[8, 13–16, 80]. Recent advances in brain-based predictive
modeling allow us to examine whole-brain multivariate relation-
ships [36]. While traditional approaches test whether specific
circuits are involved in impulsivity, whole-brain predictive model-
ing identifies distributed patterns that optimize prediction. These
approaches provide complementary but distinct insights into
brain-behavior relationships. In recent years, a few studies have
used this approach to investigate the neural basis of impulsivity,
although they have generally focused on a different set of
imaging features and impulsivity measures, ignored sex effects, or
considered individual time points [8, 69, 81–83]. Using a
multivariate approach, we replicate certain univariate findings
[84–86] and demonstrate that impulsivity maps onto a dispersed
set of cortical networks and non-cortical regions. While some
relationships are shared across networks and time points, others
are distinct. The neuroanatomical basis of drive appears to be
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particularly stable, exhibiting widespread negative associations
across thickness, area, and volume measures at multiple time
points. Conversely, lack of planning showed markedly different
patterns, with cortical area and volume associations shifting from
positive at baseline to negative at the two-year follow-up. In

contrast, behavioral inhibition exhibited negative associations
with cortical volume at baseline but positive associations at four-
year and six-year follow-ups.
In line with prior work, we observe prominent associations with

impulsivity in the default mode, limbic, ventral attention, and visual
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networks, although the direction of these associations varied.
Functional alterations in the default mode network, active during
wakeful rest, have previously been observed in individuals with
impulsivity-related disorders, including substance use and attention
disorders [87–89]. The limbic network, which plays a crucial role in
higher-order cognitive processes related to emotions, memory, and
motivation, is related to impulsivity. While previous work has

identified associations between impulsivity and dopamine receptor
binding in limbic structures [90], as well as links between receptor
density and altered functional connectivity patterns in substance
use disorder [91], the relationship between these molecular
processes and the macro-scale structural alterations we observe is
likely complex and indirect. Cortical thickness in the ventral
attention network, responsible for detecting unexpected stimuli

Fig. 3 Default mode, limbic, ventral attention, and visual networks, as well as the cerebellum and brain stem are implicated in
impulsivity. Relative associations (Haufe-transformed feature weights) between neuroanatomy and impulsivity (A) derived from the models
based on cortical thickness (top right), cortical surface area (top center), cortical gray matter volume (top left), and non-cortical gray matter
volume (bottom). To facilitate visualization, regional feature weights from the cortical models (top) were summarized to a network-level, and
association values for each set of models were divided by the maximum value for that model. Warmer colors indicate a stronger positive
association, cooler colors indicate a stronger negative association. Results are only shown for models that captured significant associations.
Cortical regions (shown in purple) appearing in the top 20% most important features in ≥ 50% of all significant models predicting different
impulsivity measures based on thickness (B) area (C) and volume (D). Lateral (outer) and medial (inner) surfaces for left (left) and right (right)
hemispheres are shown.

Fig. 4 Associations between neuroanatomy and behavioral inhibition vary across morphometric measures and time points. Relative
regional associations (Haufe-transformed feature weights) from models trained on cortical thickness at four-year follow-up and six-year follow-
up (A) cortical surface area at six-year follow-up (B) and cortical gray matter volume at baseline, four-year follow-up, and six-year follow-up (C)
to predict behavioral inhibition. Lateral (outer) and medial (inner) surfaces for left (left) and right (right) hemispheres are shown. Warmer
colors indicate a stronger positive association, cooler colors indicate a stronger negative association. To facilitate visualization, association
values for each set of models were divided by the maximum value for that model.
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and reorienting attentional processes, particularly in the tempor-
oparietal junction, is negatively associated with impulsive behaviors
in adolescents [92]. Finally, gray matter alterations in the visual
network, responsible for the processing of visual stimuli, have been
linked to impulsivity [93]. These associations may explain difficulties
with visual attention and increased distractibility common in
impulsive individuals [93]. The morphometric patterns we observe
may reflect cumulative developmental processes including synaptic
reorganization, myelination, and cellular changes that correlate
with, but are not directly caused by, neurotransmitter system
alterations. Our results also implicate the cerebellum and brain
stem. Cerebellar abnormalities have been increasingly linked to
psychiatric illnesses involving impulsivity [94], and functional
connectivity studies have demonstrated important roles for both
the cerebellum and brain stem in impulsivity [83, 95]. Our analyses
found consistent associations in these regions, further emphasizing
their contributions to impulsivity. These converging results also
underscore the important of considering non-cortical structures
when examining brain-behavior relationships in future research.
Collectively, these findings demonstrate that impulsivity is asso-
ciated with a complex pattern of neurobiological alterations across
multiple networks.
There are ongoing theoretical debates about the nature of

impulsivity. While some research has suggested a general “I” factor

underlying impulsive behaviors [96], other work has challenged
the idea of a unitary construct [10], instead proposing multi-
dimensional models [51, 56–59]. Although no single neuroanato-
mical signature consistently predicts all self-reported impulsivity
measures, we find that the default mode, limbic, ventral attention,
and visual networks are repeatedly implicated across models,
though with varying directionality. This suggests that different
aspects of impulsivity map onto dynamic neuroanatomical
patterns involving these networks rather than a single signature
for impulsivity. This heterogeneity supports theoretical models
that conceptualize impulsivity as a multidimensional construct
and emphasizes the importance of examining specific impulsivity
dimensions and developmental stages rather than assuming a
common neuroanatomical substrate.
These findings have important clinical implications. Heightened

impulsivity is a core feature of many psychiatric disorders [6].
While certain disorders are associated with broad impulsivity,
others are linked to specific impairments. Individuals with a history
of childhood trauma [97], depression [98, 99], bipolar disorder
[98, 99], anorexia nervosa [100], or social anxiety [101] exhibit
heightened levels of behavioral inhibition relative to controls.
Individuals with bipolar disorder additionally exhibit greater
behavioral activation relative to controls [98, 102], while those
with depression [101], social anxiety [101], or schizophrenia [102]

Fig. 5 Associations between neuroanatomy and drive are consistent across morphometric measures and time points. Relative regional
associations (Haufe-transformed feature weights) from models trained on cortical thickness at baseline, two-year follow-up, and four-year
follow-up (A) cortical surface area at baseline (B) and cortical gray matter volume at baseline (C) to predict drive. Lateral (outer) and medial
(inner) surfaces for left (left) and right (right) hemispheres are shown. Warmer colors indicate a stronger positive association, cooler colors
indicate a stronger negative association. To facilitate visualization, association values for each set of models were divided by the maximum
value for that model.
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exhibit lower activation. Further, individuals with borderline
personality [103], substance use [104], or attention deficit
hyperactivity [105] disorders exhibit higher levels across the
UPPS-P measures compared to controls. Finally, the onset of self-
harm behaviors is linked to heightened sensation seeking, while
the maintenance is linked to heightened lack of premeditation
[106]. These behavioral differences may reflect disruptions in
distinct brain networks and regions, highlighting why these
dimensions should be studied and potentially treated as separate
constructs rather than manifestations of a single underlying
impairment.
Impulsivity follows a non-linear trend, increasing during child-

hood and adolescence and decreasing throughout adulthood
[107–109]. This trajectory mirrors developmental changes
observed in neuroanatomy. During adolescence and early

adulthood, significant maturation occurs in the prefrontal cortex,
a region critical for emotional regulation and impulse control
[20–22]. This maturation involves synaptic pruning and increased
white matter connectivity to refine neural circuits, leading to
improved cognitive control and decreased impulsivity [22]. Our
results show that the neural basis of impulsivity is not static,
potentially reflecting these broader developmental changes. While
some regions show consistent relationships, others are dynamic,
suggesting that changes in impulsivity may be driven by shifts in
the underlying neuroanatomical associations. Importantly, these
changes are not consistent across time points. This may be due to
several factors. First, our sample size decreased substantially at
later time points, potentially limiting our ability to capture
meaningful brain-behavior associations. Second, brain-behavior
relationships may not follow linear developmental trajectories as

Fig. 6 Associations between neuroanatomy and urgency vary across morphometric measures but are relatively consistent across time
points. Relative regional associations (Haufe-transformed feature weights) from models trained on cortical thickness to predict negative
urgency at baseline (A) cortical thickness to predict positive urgency at baseline and two-year follow-up (B) cortical surface area to predict
positive urgency at two-year follow-up (C) and cortical gray matter volume to predict positive urgency at baseline and two-year follow-up (D).
Lateral (outer) and medial (inner) surfaces for left (left) and right (right) hemispheres are shown. Warmer colors indicate a stronger positive
association, cooler colors indicate a stronger negative association. To facilitate visualization, association values for each set of models were
divided by the maximum value for that model.
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associations may strengthen, weaken, or reorganize as neural
circuits mature. Third, the constructs captured by the self-report
measures of impulsivity may shift across development as
children’s self-awareness mature.
Contrary to prior literature highlighting the broad involvement of

subcortical structures in impulsivity [14–16, 18, 31, 35, 90, 110, 111],
our analyses found that few models based on non-cortical gray
matter volume yielded significant results. This pattern may reflect
fundamental differences in the sources of individual variation
during this developmental period. At ages 9–16, cortical structures,
especially prefrontal regions, are undergoing rapid and hetero-
geneous maturation, with substantial individual differences in the
timing and extent of synaptic pruning, myelination, and cortical
thinning [112, 113]. In contrast, subcortical structures develop earlier
and more uniformly, potentially exhibiting less inter-individual
variability during this age range. Consequently, cortical regions may
capture greater variance in impulsivity simply because they show
greater structural variability across individuals in this sample.
Additionally, different methodological considerations may contri-
bute to these largely null subcortical results. First, we considered
total regional volumes, rather than subregional segmentations,
potentially missing localized effects. Second, since multivariate
prediction models optimize predictions across all features, regions
that exhibit strong univariate associations may not emerge as
important predictors if their unique contribution is limited when
considered alongside other regions. Critically, these findings do not
necessarily mean that non-cortical structures are uninvolved in
impulsivity, but rather that the models did not capture sufficient
unique predictive information or that individual differences in
subcortical structure contribute less to variance in impulsivity during
this specific developmental window.
We did not capture significant associations between changes in

impulsivity and changes in neuroanatomy. This finding aligns with
emerging evidence suggesting that individual differences in brain
organization may be more predictive of behavioral outcomes than
developmental changes [114]. Several factors may explain our
results. First, individual trajectories of brain and behavior
development may be more heterogeneous than cross-sectional
associations, with individual-specific factors (e.g., genetics, envir-
onmental influences) driving unique developmental processes
that obscure group-level patterns. Second, the timing of brain and
behavioral changes may not be aligned, such that neuroanatomi-
cal development precedes or follows impulsivity changes rather
than occurring simultaneously. Third, functional reorganization,
rather than structural changes, may be the primary driver of
behavioral change. These results emphasize that cross-sectional
brain-behavior associations may not fully capture the complexity
of adolescent developmental processes.
Research on sex differences in impulsivity has produced mixed

findings [40, 115]. The most consistent finding is that females
exhibit greater behavioral inhibition and males exhibit greater
sensation seeking [40]. Activation-related impulsivity is compar-
able across the sexes [40], though differences have been reported
for specific rewards [116]. One study examining relationships
between cortical thickness and a single global measure of
impulsivity in the ABCD cohort reported significant associations
in males but not the entire sample [117]. A separate study
exploring the volumetric correlates of impulsivity in the same
cohort found that lack of premeditation and sensation seeking
were related to larger volumes in many cortical and subcortical
regions, while positive urgency was related to smaller volumes in
those same regions [118]. They also found that many of the
relationships were stronger in females. These studies highlight the
need for sex-specific investigations. Our analyses build on this
work using a multivariate machine learning approach and show
that while some sex-specific brain-impulsivity associations resem-
ble corresponding sex-independent associations, others exhibit
marked differences. In some cases, the same regions and networks

even exhibit opposite relationships. Importantly, we did not
statistically test whether the patterns observed in the sex-specific
models differed from one another. Therefore, the divergent
patterns described here should be interpreted cautiously as
descriptive differences. A particularly interesting example is the
associations between cortical volume and behavioral inhibition at
the six-year follow-up, where sex-independent models captured
dispersed positive associations and female-specific models
captured dispersed negative associations. This suggests that the
female-specific models may capture certain associations obscured
in sex-independent models. This difference was observed broadly
across cortical networks, many of which exhibit structural [39] and
functional [119] sex differences coupled to regional expression of
sex chromosome genes and show enrichment for distinct cell-type
signatures [39, 120, 121]. These findings suggest that sex
differences in impulsivity may have a strong biological basis,
rooted in sex-specific patterns of gene expression and cellular
organization within key brain networks.
There are several limitations to this work. First, we used a single

dataset. Although participants reflect different demographic
groups, income levels, and living environments, our findings
may be limited in generalizability [122, 123]. Factors including age,
pubertal status, genetics, socioeconomic status, education, and
medication use, among many others, may influence both brain
development and the expression of impulsivity-related behaviors.
Second, we only considered binary sex and thus were not able to
assess these relationships in other populations. We also did not
consider the effects of gender, which influences neurobiology [63]
and behavior [124]. Third, the brain continues to develop
throughout adolescence, with females and males reaching
developmental milestones at different times [125]. Here, we used
data from four time points but did not include older ages.
Although age-related variability in impulsivity measures did not
meaningfully improve model performance in over 98% of models
(Table S13), suggesting our models capture individual differences
rather than age-related trends within each timepoint, the
associations we report may continue to shift throughout later
adolescence and into adulthood. Further, we assessed associations
at discrete chronological age windows (9–10, 11–12, 13–14, and
15–16 years) but did not account for individual differences in
biological maturation (e.g., pubertal stage). Adolescents of the
same chronological age can vary substantially in their neurode-
velopmental and pubertal status, which may influence neuroa-
natomy and impulsivity. If biological maturation were
systematically related to impulsivity within our age-restricted
samples, our models might partly capture maturational timing
effects rather than purely individual trait differences. However, the
age-restricted nature of our samples at each timepoint likely
minimizes, though does not eliminate, heterogeneity in develop-
mental stage. Future analyses within global open-access datasets
that consider the effects of additional biological and environ-
mental factors across longer timescales can address these
limitations and provide additional evidence to confirm (or refute)
these findings.
While our multivariate approach provides a population-level

characterization of brain-impulsivity associations that enables
individual-level predictions, the present findings also reveal critical
gaps that can inform future mechanistic research. Hypothesis-
driven studies examining subcortical developmental trajectories
with denser temporal sampling could clarify how subcortical
maturation relates to changes in impulsivity over time. Integrating
additional data modalities, including behavioral assessments of
impulsivity, environmental factors, and genetic information, would
help disentangle their relative contributions to brain-impulsivity
relationships. The neuroanatomical patterns we identify here also
provide empirical targets for experimental manipulations or
intervention studies designed to establish causal relationships
between structural features and impulsive behaviors. In this way,
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our data-driven findings can guide hypothesis generation about
which circuits, timepoints, and populations to prioritize in future
causal investigations.
Increases in impulsivity are typical during development, and,

when significant, may indicate vulnerability to psychiatric illness.
Understanding the neuroanatomical basis of impulsivity is
essential for clinical discovery and the translation of neuroscien-
tific findings into practice. This foundation enables the develop-
ment of brain-based diagnostic tools and neurobiologically-
informed early interventions to prevent mental illness. In this
work, we demonstrate how neuroanatomy underlies the diverse
expressions of impulsivity throughout development.
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