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ABSTRACT
BACKGROUND: Individual differences in impulsivity and early adversity are known to be strong predictors of
adolescent antisocial behavior. However, the neurobiological bases of impulsivity and their relation to antisocial
behavior and adversity are poorly understood.
METHODS: Impulsivity was estimated with a temporal discounting task. Voxel-based morphometry was used to
determine the brain structural correlates of temporal discounting in a large cohort (n 5 1830) of 14- to 15-year-old
children. Mediation analysis was then used to determine whether the volumes of brain regions associated with
temporal discounting mediate the relation between adverse life events (e.g., family conflict, serious accidents) and
antisocial behaviors (e.g., precocious sexual activity, bullying, illicit substance use).
RESULTS: Greater temporal discounting (more impulsivity) was associated with 1) lower volume in frontomedial
cortex and bilateral insula and 2) greater volume in a subcortical region encompassing the ventral striatum,
hypothalamus and anterior thalamus. The volume ratio between these cortical and subcortical regions was found to
partially mediate the relation between adverse life events and antisocial behavior.
CONCLUSIONS: Temporal discounting is related to regions of the brain involved in reward processing and
interoception. The results support a developmental imbalance model of impulsivity and are consistent with the idea
that negative environmental factors can alter the developing brain in ways that promote antisocial behavior.
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Substantial public resources have been allocated to fund
education and health initiatives aimed at improving the living
conditions of disadvantaged children on the basis of the idea
that child development is a sensitive window of opportunity
during which the foundations of lifelong well-being are estab-
lished (1). This policy perspective is supported by a wealth of
research indicating that adverse events in the formative years
of childhood have long-term consequences in terms of
physical and mental health (2–4). However, the biological
bases of these effects, particularly those relating to brain
development, are as yet incompletely understood.

Among the known consequences of developmental expo-
sure to adversity is a significant increase in the likelihood
of engaging in antisocial behavior (ASB) (5). ASB is defined
as risky behavior that does not conform to age-specific
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standards of conduct. During adolescence, this includes
precocious sexual activity, alcohol and drug use, trouble at
school, and violent aggression. A central feature of ASB is
high trait impulsivity, an association that has been observed
with a broad range of measures including laboratory tests
such as the temporal discounting task [e.g., (6)] and inde-
pendent ratings by teachers and parents (7). Moreover, as
impulsivity declines with age from adolescence to early
adulthood (8,9), the prevalence of ASB also decreases (10).
Here, we asked whether brain regions associated with impul-
sivity could mediate the relation between early adversity
and ASB.

Developmental imbalance models explain the declining rate
of impulsivity from adolescence to early adulthood in terms
of a temporal gap in the growth trajectories of competing
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neurobiological systems [e.g., (11,12)]. In the adult brain, the
cortex, in particular the frontal cortex, regulates appetitive
approach behaviors mediated by subcortical structures to
adaptively align behavior with the long-term goals of the
individual. Since the cortex develops more slowly than other
brain regions, a process that continues well into the third
decade of life (13,14), the absence of mature cortical regu-
lation during adolescence may result in unconstrained impul-
sive behavior (9,15).

Impulsivity is a complex construct that incorporates multi-
ple aspects of decision making, including attention, motor
responding, and choice (16). In the present study, impulsivity
was assessed by the temporal discounting task, which
estimates the rate at which the subjective value of an outcome
is reduced as the time to delivery is delayed (17). Low temporal
discounting (i.e., less impulsivity) demonstrates an ability to
delay immediate gratification in exchange for larger later
rewards. Temporal discounting has been shown to have
trait-like stability (6), and high discounting rates (i.e., greater
impulsivity) have been linked to several problem behaviors,
such as substance use and addiction (18–20), pathological
gambling (21), poor health and financial decision making (22),
and antisocial personality disorder (23,24). The preference in
each of these examples for the immediate reinforcing outcome
of the problem behavior despite the potential for larger
delayed negative consequences (e.g., to health, professional,
and social well-being) suggests that temporal discounting may
be a transdisease process (22,25). Consequently, clarification
of the brain substrates involved in temporal discounting could
impact the understanding of several psychiatric disorders
characterized by poor impulse control.

In the present study, the structural correlates of temporal
discounting were identified by voxel-based morphometry in a
large cohort of European children. Mediation analysis was
then used to determine whether these brain regions mediate
the relation between adverse events and ASB. Cortical and
subcortical regions of interest (ROIs) associated with temporal
discounting were tested as mediators separately. To test the
developmental imbalance theory of adolescent impulsivity
directly, the ratio between the cortical and subcortical ROI
volumes was also calculated and used as a mediator in an
additional mediation model.

METHODS AND MATERIALS

Standard Operating Procedures

Standard operating procedures for the IMAGEN project
are available online at http://www.imagen-europe.com/en/Pub
lications_and_SOP.php. All aspects of the IMAGEN project
were performed in compliance with the Declaration of Helsinki.

Participants

A large sample of healthy adolescents was recruited from four
European countries (26). A structural magnetic resonance
imaging (MRI) brain scan and a temporal discounting score
were available in 1830 individuals (51.5% female; 10.3% left-
handed; average age 14.55 years). Physical pubertal status
was assessed by the Puberty Development Scale (27), and IQ
was assessed by the Wechsler Intelligence Scale for Children,
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4th edition (28). The Vocabulary and Similarities subscales of
the Wechsler Intelligence Scale for Children, 4th edition, were
used to produce a measure of verbal IQ, while the Block
Design, Matrix Reasoning, and Digit Span subscales were
used to produce a measure of (nonverbal) performance IQ.
Verbal and performance IQ scores were adjusted to reflect the
age of the participants.
Adverse Life Events and Antisocial Behavior Scores

Negative life events and antisocial behaviors were surveyed by
the Life Events Questionnaire (LEQ) adapted from Newcomb
et al. (29) and the European School Survey Project on Alcohol
and Drugs (ESPAD) (30,31). The ESPAD interview includes
items adapted from the Revised Olweus Bully/Victim Ques-
tionnaire (32) and the Youth Risk Behavior Survey (33), which
assess involvement in bullying as perpetrator and/or victim.
Explanatory comments on the relevant subscales within the
LEQ and ESPAD and example items are provided in
Supplement 1. The scales were selected to capture a broad
range of negative events and behaviors. In 14-year-olds, this
includes precocious sexual behavior, use of illicit substances
(namely alcohol, cigarettes, and other psychoactive drugs),
bullying, and running away from home. The Accident/Illness,
Family/Parents, and Relocation subscales of the LEQ, as well
as the Victim of Bullying subscale of the ESPAD, were
individually Z-score transformed and then summed to produce
a composite measure of adverse life events. Similarly, the
Deviance, Sexuality, and Distress subscales of the LEQ, as
well as the Perpetrator of Bullying and Lifetime Frequency of
Illicit Substance Use subscales of the ESPAD, were individu-
ally Z-score transformed and then summed to produce a
composite measure of antisocial behavior. Since adolescents
frequently explore the boundaries of the acceptable (i.e., all
children misbehave; some do so more than others), the ASB
score is a continuous measure of age-specific rule breaking
and does not attempt to set a threshold between normal and
abnormal levels of antisocial behavior.
Estimation of Temporal Discounting

The computer-administered version of Kirby’s Monetary Choice
Questionnaire (MCQ) is an efficient and reliable laboratory
measure of temporal discounting (6,34). It contains 27 items
probing the subject’s preference for a range of small immediate
rewards versus larger delayed rewards. For example, item 5
asks: “Would you prefer €14 today or €25 in 19 days?” Answers
were self-paced and made by clicking on one of two digital
response buttons with a computer mouse. The range of delays
and euro amounts of the rewards across items of the MCQ
were selected to represent nine well-spaced levels of temporal
discounting as fitted by a hyperbolic function: V = A/(1 1 kD),
where V is the current subjective value of the delayed reward,
A is the absolute value of the delayed reward, D is the length of
delay in days, and k is a constant representing the magnitude of
the discounting function (35). Higher values of k indicate greater
preference for small immediate rewards and higher impulsivity.
Although the rewards were hypothetical, previous research
indicates that the use of real rewards does not produce a
significantly different pattern of results (36,37).
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Table 1. Demographic Characteristics of n 5 1741 Partici-
pants (51.4% Female; 89.7% Right-handed) for Whom All
Mediation Variables and Covariates Were Available

Mean (SE) Median Range

Age (Years) 14.5 (0.01) 14.5 12.9–16.1

Puberty Status 3.6 (0.02) 4 1–5

Performance IQ 107.6 (0.3) 106 63–149

Verbal IQ 110.8 (0.3) 111 50–152

Adversity Score 0 (0.06) 20.21 25.2–11.0

ASB Score 0 (0.07) 20.38 26.5–16.1

ASB, antisocial behavior.
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The MCQ was scored as described in Kirby et al. (38). That
is, k is estimated as the geometric mean of the highest value
of k for which the subject preferred the small immediate
reward and the lowest level of k for which the subject preferred
the larger delayed reward. If the subject endorsed a preference
for only the immediate or only the delayed rewards, then the
subject was rated at the highest or lowest of the nine
k-estimate levels on the MCQ, respectively. The relatively
few subjects who did not endorse a discrete indifference point
were excluded from further analysis (n 5 14).

To test reward magnitude effects on temporal discounting,
the nine impulsivity levels on the MCQ are reproduced at three
different ranges of approximate reward magnitude (i.e.,
delayed rewards were offered in small €25–35, medium
€50–60, and large €75–85 ranges). A k-estimate is produced
for each category of reward magnitude. In preparation for
regression on brain volume, a single k-estimate per subject
was produced by calculating the geometric mean of the three
reward categories. The subjects’ unique k-estimates were then
approximately normalized by logarithmic transformation.

Acquisition of Anatomical Magnetic Resonance
Images

Details of the MRI acquisition protocols and quality controls
have been provided elsewhere (26). Briefly, high-resolution
in vivo structural magnetic resonance images were acquired,
including a three-dimensional T1-weighted scan based on
the Alzheimer’s Disease Neuroimaging Initiative protocols
(http://adni.loni.usc.edu/methods/documents/mri-protocols/).
To accommodate for effects related to imaging site, location
was included as a nuisance covariate in statistical analyses.

Voxel-Based Morphometry

T1-weighted images were processed using the SPM8 (Well-
come Trust Centre for Neuroimaging, London, United King-
dom) (http://www.fil.ion.ucl.ac.uk/spm/software/spm8/) VBM
toolbox (Structural Brain Mapping Group, University of Jena,
Jena, Germany) (http://dbm.neuro.uni-jena.de/vbm/) with
default parameters incorporating the DARTEL toolbox imple-
mented in MATLAB 7.0 (The MathWorks, Inc., Natick, Massa-
chusetts). The standard optimized method of iterative tissue
segmentation and spatial normalization using both linear
(12-parameter affine) and nonlinear transformations was
performed (39,40). More precise details are provided in
Supplemental Results. To make the residuals in later analyses
conform more closely to a Gaussian distribution and to
account for individual differences in brain anatomy, the
modulated gray matter images in Montreal Neurological
Institute space were smoothed with an isotropic Gaussian
kernel of 8 mm full-width at half maximum. The dependent
measure in the subsequent regression analysis was absolute
gray matter volume.

Brain Volume Regression for Temporal Discounting

A whole-brain voxelwise regression of temporal discounting
on regional gray matter volume was performed with the
3dttest11 function from the Analysis of Functional Neuro-
images (AFNI) software library (National Institute of Mental
Health, Bethesda, MD) (41). Age, sex, handedness, MRI site,
puberty status, verbal IQ, performance IQ, and intracranial
volume (ICV) were included as covariates. ROIs related to
temporal discounting were identified in the resulting statistical
parametric map. To control for multiple comparisons, the AFNI
Monte Carlo simulation function, 3dClustSim, was used to
determine that a cluster containing more than 688 adjacent
voxels (2322 mL) each significantly correlated with temporal
discounting at a voxelwise threshold of p 5 .01 (t 5 2.58)
would have an a posteriori probability of p , .01. Average gray
matter volume within the four ROIs identified by the regression
was extracted from each participant and used in subsequent
analyses. Since the volumes of the three cortical ROIs were
highly intercorrelated, these were summed to produce a single
cortical volume measure per subject. To assess a develop-
mental imbalance between cortical and subcortical matura-
tion, a ratio of cortical to subcortical volume was calculated by
dividing the combined volume of the cortical ROIs by the
volume of the subcortical ROI. Thus, higher ratio values
indicate greater cortical volume relative to the subcortical
volume. In SPSS (Version 21.0; IBM Corp., Armonk, NY),
partial correlations between the volumes of the brain ROIs,
the adversity score, and the ASB score were examined while
controlling for age, sex, handedness, MRI site, puberty status,
verbal IQ, and performance IQ.

Mediation Analysis

Mediation analysis was performed on data from 1741 participants
(51.4% female; 89.7% right-handed) in which all mediation
variables were available: the adverse life events and antisocial
behavior composite scores and the brain volume ROIs associated
with temporal discounting. The demographic characteristics of
these 1741 children were not significantly different than the total
group enrolled (Table 1). The mediation analysis was performed
using PROCESS, an SPSS macro developed by Andrew Hayes
(http://www.processmacro.org/) (42). PROCESS uses an ordinary
least squares path analytic framework to estimate direct and
indirect mediation effects. The significance of indirect effects is
assessed by bootstrap confidence intervals (CIs). Covariates used
in the brain volume regression with the exception of ICV were
included in the mediation analysis. ICV was not included because
it was highly collinear with the volumes of the cortical and
subcortical ROIs. A separate analysis showed that ICV does
not mediate the relationship between adversity and ASB
(Supplemental Results). All paths are reported as unstandardized
ordinary least squares regression coefficients.
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Table 2. Partial Correlations Controlling for Sex, Age,
Handedness, MRI Site, Performance IQ, Verbal IQ, and
Puberty Status

Adversity ASB Ratio Cortical Volume

Adversity

ASB 0.357a

Cortical/Subcortical
Ratio

20.041 20.090a

Cortical Volume 20.053b 20.089a 0.579a

Subcortical Volume 20.003 0.007 20.530a 0.373a

Ratio, ratio of the combined volume of cortical ROIs to the volume
of the subcortical ROI. ASB, antisocial behavior; MRI, magnetic
resonance imaging; ROI, region of interest.

ap , .01.
bp , .05.
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RESULTS

Behavior

Subjects endorsed a wide range of discounting rates on the
MCQ. The median k-estimate was 0.013, which corresponds
approximately to being indifferent to the choice between 38€
now or 50€ in 24 days. Since k-estimates in the three reward
categories of the temporal discounting task were highly
correlated (small-large r 5 .80; medium-large r 5 .84; small-
medium r 5 .83; p , .001), a single average k-estimate per
subject based on the geometric mean was used in the
subsequent brain volume regression (see Supplemental
Results for relation of temporal discounting to other laboratory
measures of impulsivity). All children reported exposure to at
least one of the negative life experiences included in the
adversity composite score (e.g., parents’ divorce, serious
accident or illness in the family, severe bullying)
(Supplemental Table S1 and Figure S1). All children also
reported at least some antisocial behavior (Supplemental
Table S2 and Figure S2). Temporal discounting was correlated
with ASB (r 5 .144, p , .001) but not adversity (r 5 .024,
Figure 1. Top row: Regions associated with temporal discounting by brain vo
Bottom row: Scatter plots of brain volume versus temporal discounting score in
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p 5 .318). Partial correlations between the variables of interest
are reported in Table 2. Notably, the adversity score was a
significant predictor of ASB (r 5 .357, p , .01).

Temporal Discounting Correlates With Brain Volume

A whole-brain voxelwise regression of temporal discounting
on regional gray matter volume identified four significant
regions (Figure 1; Table 3). Three cortical ROIs, the frontome-
dial cortex and the insula bilaterally, exhibited greater volume
in individuals with lower impulsivity. A large subcortical cluster
that included the ventral striatum, dorsal hypothalamus, and
anterior thalamus exhibited the opposite relation, i.e., greater
volume in those with greater impulsivity. The volumes of the
brain ROIs were not related to reward magnitude in the
temporal discounting task (Supplement).

Mediation Analysis

To evaluate the significance of the neuroimaging results within
the context of real-world events, mediation analysis was used
to test the hypothesis that childhood adversity can change
brain development in a way that increases ASB (Figure 2). The
reported coefficients are unstandardized. After partialing out
the effects of the covariates, adverse life events were signifi-
cantly related to ASB alone (dashed line) and also when the
ratio of cortical to subcortical volume was included as a
mediator (solid line). The indirect or mediated effect was
calculated as the product of the a and b path coefficients. In
the PROCESS analysis toolbox, a significant indirect effect is
indicated when the bootstrap CI does not include zero. There
was a significant positive indirect effect of adverse life events
on ASB through the ratio of subcortical to cortical volume
(indirect effect 5 0.0038, SE 5 0.0027, 95% CI 5 0.0001 to
0.0111). It should be noted that the popular but statistically
suboptimal causal steps method developed by Baron and
Kenny (43), which infers mediation on the basis of a set of
hypothesis tests, was not used in this study. Since the indirect
effect itself was assessed with bootstrapped CIs, the signifi-
lume. Warm and cool colors represent more and less volume, respectively.
three regions of interest (ROI).
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Table 3. Size and Stereotactic Location of Brain Regions
Significantly Associated by Volume With Temporal
Discounting

Region Cluster Size (Voxels) x y z

Right Insula 3185 48 28 12

Bilateral Frontomedial Cortex 1996 211 52 12

Left Insula 1529 248 214 16

Bilateral Subcortical Region 825 3 0 22

Coordinates (x, y, z) are in Montreal Neurological Institute space.
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cance of the individual coefficients of the a (p 5 .086) and
b (p 5 .001) pathways in the model are not relevant to the
interpretation of the indirect effect [a well-developed explan-
ation of this issue is presented in Hayes (42)]. Multiple factors
contribute to brain volume, some in opposing directions.
Unknown or unaccounted factors that have not been
expressly included in the mediation model can obscure the
apparent relation between adversity and volume. Neverthe-
less, the mediation is revealed by testing the indirect effect.
Also, since hypothesis testing is fallible, every additional
significance test (i.e., tests of a and b pathways) increases
the likelihood that a true effect will be mistakenly overlooked.
Simulation research indicates the bootstrap method is more
robust to nonnormality and has better type I error control than
the causal steps method and the Sobel test (42).

Further analyses examining the mediating effects of cortical
and subcortical volumes separately indicated that there was a
Figure 2. Three mediation models of the relationships between adversity,
impulsive antisocial behavior, and gray matter volume in brain regions
associated with temporal discounting. Dotted line denotes the effect of
adversity on antisocial behavior when the mediating variable is not included.
All paths are reported as unstandardized ordinary least squares regression
coefficients. *p , .05, **p , .005. SE, standard error.
significant indirect effect through cortical volume alone (indi-
rect effect 5 0.005, SE 5 0.003, CI 5 0.001 to 0.013) but not
subcortical volume alone (indirect effect 5 0.000, SE 5 0.001,
CI 5 20.002 to 0.001) (Figure 2). The ROI volumes were
not merely a substitute for temporal discounting because
temporal discounting did not on its own significantly mediate
the relationship between adversity and ASB (indirect effect 5
0.004, SE 5 0.027, CI 5 20.003 to 0.013).
DISCUSSION

The present study showed that greater impulsivity on a
temporal discounting task is associated with lower gray matter
volume in the frontomedial and insular cortex and greater gray
matter volume in a subcortical region encompassing the
ventral striatum, hypothalamus, and anterior thalamus
(Figure 1; Table 3). In addition, the relation between adverse
life events and ASB was partially mediated by the gray matter
volume ratio between the subcortical and cortical regions
identified by the task (Figure 2). A mediation model with
cortical volume alone as mediator suggests that the indirect
effect may be driven predominantly by individual differences in
the cortex. These results are consistent with developmental
imbalance theories of impulsivity and with the idea that
negative environmental factors can alter the developing brain
in ways that promote problematic behavior.

The association of this specific set of brain regions with
temporal discounting draws considerable support from pre-
vious research in humans and animals (44–47). The subcortical
region identified includes the ventral striatum, which receives
projections from midbrain dopamine cells signaling the pres-
ence or expectation of reward. The frontomedial region
identified includes portions of the dorsomedial and ventrome-
dial prefrontal cortex. This cortical region encodes the sub-
jective value of future rewards during decision making (48).
Individuals with lesions in the ventromedial prefrontal cortex
make disadvantageous choices on gambling tasks that model
real-life decisions and gauge the extent to which the individual
is able to disregard large short-term wins and losses to make
larger longer term gains, an insensitivity for future consequen-
ces that has been called myopia for the future (49). The insula
is located at the center of a network of brain structures
involved in the perception and regulation of the internal state
of the body (50). It has been proposed that the physiological
state of the body plays a central role in emotion and
motivation. Damage to the insula has also been linked to
deficits in decision making (51).

A recent functional neuroimaging study reported that the
age-related decline in temporal discounting from adolescence
to early adulthood is associated with changes in the magni-
tude of neural activity in a set of brain regions closely
matching the present findings, including the frontomedial
cortex, ventral striatum, and insula (44). Moreover, more
impulsive individuals exhibited greater activity in the ventral
striatum and less activity in the frontomedial cortex, a finding
that mirrors the differential volumetric findings in the present
study. Only a handful of studies have used structural neuro-
imaging to search for brain correlates of temporal discounting
(52–54). These studies found that greater impulsivity was
significantly correlated with striatal and frontal cortical gray
Biological Psychiatry ]]], 2016; ]:]]]–]]] www.sobp.org/journal 5
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matter volume in partial agreement with the present findings.
White matter differences related to temporal discounting have
also been reported in the frontal and temporal lobes (55,56).

The current study’s results support a developmental imbal-
ance model of impulsivity according to which heightened
impulsivity during adolescence is a consequence of the
differential growth trajectories of competing brain systems
involved in choice behavior (9,11,12,15,25). Approach behav-
ior is mediated by the mesolimbic dopamine system, which
includes the ventral striatum and is integrated with the long-
term goals of the individual by input from the cortex. The
slower development of the cortex (13,14) produces an imbal-
ance during adolescence favoring immediate gratification at
the expense of larger delayed rewards. Consistent with the
imbalance model, the current study found that parts of the
cortex (i.e., frontomedial cortex and insula) are smaller and a
subcortical region encompassing the ventral striatum is larger
in adolescents who are more impulsive. Due to the cross-
sectional nature of the present study, future longitudinal
studies will be required to address whether cortical and
subcortical maturation has differently timed periods of greater
sensitivity to negative environmental factors and whether the
structural differences observed in this study are long lasting or
can be altered by future positive environmental factors.

Adversity during development produces a wide range of
negative physical and psychiatric problems that may manifest
only later in life (2–4). A large number of studies have
established that many brain systems in humans and animal
models are harmed by early adversity (57–59). A few recent
neuroimaging studies, like the current one, have begun to
search for specific brain mediators of the negative psychiatric
effects produced by adversity. For example, Gorka et al. (60)
report that frontomedial and hippocampal cortical volumes
mediate the relation between childhood mistreatment and trait
anxiety, while Rao et al. (61) have shown that hippocampal
volume mediates the relation between childhood mistreatment
and higher risk of depression in adulthood (61). An advantage
of the current study was that the brain areas examined were
identified by an independent measure of impulsivity rather
than by their direct association with adversity. This is also the
first study to look for brain mediators of early adversity
on ASB.

The interpretation of this study is limited by several factors.
ASB is a complex behavior to which many environmental
factors likely contribute, including factors not considered here,
such as modeling of peer behavior, opportunity, and sensation
seeking (5,15). For most of the population, the occurrence of
ASB peaks in adolescence when situational ASB is common,
even normative, then declines as the individual enters early
adulthood (10). Like ASB, impulsivity is also a multifactorial
construct that likely depends on multiple brain structures
(16,62,63). Separate investigations would be required to
examine the potential contribution of these other types of
impulsivity to ASB. Another potential limitation is that the LEQ
and ESPAD do not provide information about the extent to
which events used to construct the adversity score might have
been influenced by each child’s behavior (e.g., serious acci-
dent or illness in the family, relocation, parental divorce, or
victim of bullying all might have been influenced to a greater or
lesser degree by the behavior of the individual child). The
6 Biological Psychiatry ]]], 2016; ]:]]]–]]] www.sobp.org/journal
interpretation of the adversity score as a measure of negative
life events experienced by the child should be qualified by
the understanding that children interact with their environment
and are not merely passive objects in it. In addition, the
large sample size increases the likelihood of detecting
small effects, which is an advantage of the present study
given the inherent noisiness of behavioral and neuroimaging
data. It is also possible that individual temporal discounting
rates could have been more precisely assessed with other
instruments [e.g., (24,64)]. Despite these constraints, the
results fit well with developmental imbalance theories of
adolescent impulsivity and indicate that significant negative
life events may alter the developing brain in ways that
promote ASB.
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