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Individuals vary widely in their tendency to seek stimulation and act impulsively, early developing traits with genetic origins. Failures to regulate
these behaviors increase risk for maladaptive outcomes including substance abuse. Here, we explored the neuroanatomical correlates of sensa-
tion seeking and impulsivity in healthy young adults. Our analyses revealed links between sensation seeking and reduced cortical thickness that
were preferentially localized to regions implicated in cognitive control, including anterior cingulate and middle frontal gyrus (n � 1015). These
associations generalized to self-reported motor impulsivity, replicated in an independent group (n � 219), and correlated with heightened
alcohol, tobacco, and caffeine use. Critically, the relations between sensation seeking and brain structure were evident in participants without a
historyofalcoholortobaccouse,suggestingthatobservedassociationswithanatomyarenotsolelyaconsequenceofsubstanceuse.Theseresults
demonstrate that individual differences in the tendency to seek stimulation, act on impulse, and engage in substance use are correlated with the
anatomical structure of cognitive control circuitry. Our findings suggest that, in healthy populations, covariation across these complex multidi-
mensional behaviors may in part originate from a common underlying biology.
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Introduction
The tendency to seek stimulation and act impulsively, and the
necessity to inhibit these drives, reflect core facets of human be-

havior. The consequences of even subtle shifts in the adaptive
control of these processes are readily apparent. Lapses in self-
regulation contribute to individual and societal problems includ-
ing substance abuse and dependence (Horvath and Zuckerman,
1993; Baumeister and Heatherton, 1996). Suggesting the poten-
tial for a common brain basis, shared genetic factors contribute to
the expression of sensation seeking, impulsivity, and substance
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Significance Statement

Impaired cognitive control may result in a tendency to seek stimulation impulsively and an increased risk for maladaptive
outcomes, including substance abuse. Here, we examined the structural correlates of sensation seeking and impulsivity in a large
cohort of healthy young adults. Our analyses revealed links between sensation seeking and reduced cortical thickness that were
preferentially localized to regions implicated in cognitive control, including anterior cingulate and middle frontal gyrus. The
observed associations generalized to motor impulsivity, replicated in an independent group, and predicted heightened alcohol,
tobacco, and caffeine use. These data indicate that normal variability in cognitive control system anatomy predicts sensation
seeking and motor impulsivity in the healthy populations, potentially increasing risk for substance use disorders.
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use (Hur and Bouchard, 1997; Iacono et al., 1999; Verdejo-García
et al., 2008). Convergent evidence in patient populations indi-
cates that impairments in cognitive control system function en-
compassing aspects of middle frontal gyrus and anterior
cingulate cortex (ACC) contribute to extreme forms of these
seemingly discrete behaviors (e.g., attention-deficit/hyperactivity
disorder (ADHD) and substance use; Bush et al., 1999; Willcutt et
al., 2005; Seidman et al., 2006; Crockett et al., 2013; Volkow et al.,
2013). Sensation seeking and impulsivity occur along continua.
Normal variation in these traits contributes to both minor behav-
iors such as binge drinking, excessive caffeine consumption, and
cigarette smoking; Waldeck and Miller, 1997; Ham and Hope,
2003; Jones and Lejuez, 2005; Gurpegui et al., 2007) and severe
behaviors such as substance abuse and dependence. However,
despite the important implications of individual variability in
sensation seeking and impulsivity, we know relatively little about
their neurobiological underpinnings in the general population.

The capacity to override or enhance habitual responses could
influence the expression of sensation seeking and impulsivity in
healthy populations. Consistent with this possibility, reduced mid-
dle frontal gyrus cortical thickness in regions implicated in cognitive
control predicts impulsivity in adolescence (Schilling et al., 2013)
and illness severity in patients with ADHD (Almeida et al., 2010).
The neuroanatomical bases of sensation seeking and impulsivity
in healthy adult samples remains equivocal (Gardini et al., 2009;
Schilling et al., 2012), possibly due to limited sample sizes. The
extent to which anatomical variability in the brain regions that
underlie cognitive control contributes to sensation seeking and
impulsivity in healthy adult populations is an open question,
consequently the associated impact on health behaviors has re-
mained largely unexplored.

Sensation seeking, impulsivity, and substance use may be regu-
lated in part through the function of common brain systems. How-
ever, drug use can affect brain anatomy (Harper, 1998) and it is not
yet clear to what degree abnormalities observed in individuals with
substance use disorders might precede drug taking and reflect trait
vulnerabilities for onset. The shift from occasional, controlled drug
use to habitual consumption and chronic relapse is hypothesized to
reflect a substance-mediated transition from cortical to striatal con-
trol of drug seeking/taking behaviors (Everitt and Robbins, 2005;
Volkow et al., 2013) and decreased gray matter in prefrontal regions
associated with self-regulation (Fein et al., 2002; Sullivan and Pfef-
ferbaum, 2005; Ersche et al., 2013). An alternate, but not mutually
exclusive, possibility is that impaired cognitive control and/or
heightened striatal reactivity might reflect trait vulnerabilities, bias-
ing healthy individuals toward sensation seeking, impulsivity, and
increased substance use (Verdejo-García et al., 2008; Robbins et al.,
2012). Supporting the possibility of predisposed brain circuitry,
temperamental vulnerabilities in rodents increase susceptibility to
drug use and subsequent addiction (Dalley et al., 2007; Diergaarde et
al., 2008; Belin et al., 2011). Pathological substance use runs in fam-
ilies (Merikangas et al., 1998). Impulsivity in childhood predicts
adult substance use disorders (Lee et al., 2011) and stimulant-
dependent individuals and their nondependent siblings present with
similar abnormalities in brain structure (Ersche et al., 2012). Collec-
tively, these results suggest overlap in the underlying neurobiological
mechanisms.

The goal of the present study was to explore the extent to
which normal variability in brain structure can account for sen-
sation seeking, impulsivity, and substance use in a large cohort of
healthy young adults. Given evidence of shared associations with
cognitive control processes, we hypothesized that common cor-
tical territories would underlie their presentation.

Materials and Methods
Participants. Between October 2008 and March 2013 native English
speaking young adults (ages 18 –35) with normal or corrected-to-normal
vision were recruited from Harvard University, Massachusetts General
Hospital, and the surrounding Boston communities (N � 1234) through
an ongoing large-scale study of brain imaging and genetics (Holmes et
al., 2015). History of psychiatric illness and medication usage was as-
sessed through a structured phone screen. On the day of MRI data col-
lection, participants were supervised during the completion of additional
questionnaires concerning their physical health, past and present history
of psychiatric illness, medication usage, and alcohol/tobacco/caffeine us-
age. Participants were excluded if their self-reported health information
indicated a history of head trauma, current/past Axis I pathology or
neurological disorder, current/past psychotropic medication usage,
acute physical illness, and/or loss of consciousness. After the MRI ses-
sion, participants completed an online self-report battery (see below)
and were excluded if they failed to answer more than eight questions,
admitted to seeking outside assistance during the completion of the bat-
tery, or if they did not complete the online assessment. Participants pro-
vided written informed consent in accordance with guidelines set by the
Partners Health Care Institutional Review Board and the Harvard Uni-
versity Committee on the Use of Human Subjects in Research.

To address possible spurious effects resulting from cultural biases in
self-reporting (Markus and Kitayama, 1991), initial analyses of the rela-
tions between sensation seeking, impulsivity, and brain structure were
restricted to white, non-Hispanic participants of European ancestry.
Data for the primary analyses consisted of 1015 participants (age:
21.38 � 3.13; female: 52.90%; right handed: 91.50%; years of education:
14.62 � 1.94; estimated IQ: 112.90 � 8.97). The reliability and general-
izability of observed effects were assessed through follow-up analyses of
an independent group of white Hispanic and African-American partici-
pants (n � 219; age: 21.21 � 3.27; female: 60.70%; right handed: 94.10%;
years of education: 14.42 � 1.86; estimated IQ: 110.40 � 10.15).

MRI data acquisition. Imaging data were collected on matched 3T Tim
Trio scanners (Siemens) at Harvard University and Massachusetts General
Hospital using the vendor-supplied 12-channel phased-array head coil.
Structural data included a high-resolution multiecho T1-weighted
magnetization-prepared gradient-echo image using the following parame-
ters: TR � 2200 ms, TI � 1100 ms, TE � 1.54 ms for image 1–7.01 ms for
image 4, FA � 7°, 1.2 � 1.2 � 1.2 mm and FOV � 230. Software upgrades
(VB13, VB15, VB17) occurred during data collection. Reported results are
after partialing out variance associated with scanner and software upgrade.

Online self-report battery. After MRI data collection, the participants
were provided a card with a random de-identified code and a web address
to conduct online personality and cognitive measures. The battery was
hosted on secure internal server and presented through the LimeSurvey
user interface (http://www.limesurvey.org/).

Sensation seeking is characterized by a need for varied, novel, intense, and
stimulating experiences and a willingness to take risks for the sake of such
experiences (Zuckerman, 1979). The present analyses incorporated three
self-reported measures of sensation seeking. These measures included the
novelty seeking scale from the Temperament and Character Inventory (TCI;
Cloninger, 1987), which assesses a tendency toward intense exhilaration or
excitement in response to novel stimuli, cues for potential rewards, or po-
tential relief of punishment; the behavioral activation fun seeking scale of the
Behavioral Inhibition/Behavioral Activation Scale (BAS), which indexes a
desire for new rewards and a willingness to approach potentially rewarding
events on impulse (Carver and White, 1994); and the degree of risk taking
from the Domain-specific Risk-attitude Scale, which assesses the likelihood
of an individual to engage in risky activities/behaviors (Weber et al., 2002). In
addition to sharing considerable conceptual overlap, the scales displayed
moderate cross-measure correlations (Pearson r � 0.35; p � 0.001). The
sensation-seeking composite score was calculated as the average of the
z-scores for each individual scale.

Impulsivity consists of a lack of reflectiveness and planning, a tendency
toward rapid decision making and action, a loss of inhibitory control, and
carelessness (Evenden, 1999). Impulsivity was assessed through the comple-
tion of the Barratt Impulsiveness Scale, which measures facets of trait impul-
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sivity including attention (focusing on the task at hand), motor (acting on
the spur of the moment), self-control (planning and thinking carefully),
cognitive complexity (enjoyment of challenging mental tasks), perseverance
(a consistent life style; e.g., maintaining jobs/residences), and cognitive in-
stability (thought insertions and racing thoughts; Patton et al., 1995).

The frequency and extent of current alcohol, tobacco, and caffeine use was
assessed through self-report (n � 1112). Participants reported how often
they drink alcohol (never; monthly or less; 2–4 times a month; 2–3 times a
week; 4 or more times a week), how much alcohol they typically drink per
occasion (1 or 2; 3 or 4; 5 or 6; 7, 8, or 9; 10 or more drinks), as well as the
occurrence of binge drinking (� 4 drinks on any occasion) within the past 3
months (yes or no). Participants also reported their daily consumption of
cigarettes (none; less than 2 cigarettes; about 1/2 pack; about 1 pack; more
than 1 pack) and caffeine [none; 1 cup (12 oz soda, 6 oz coffee, 6 oz tea); 2–3
cups; 4–5 cups; 6 or more cups]. Approximately 9% of the sample (n � 110)
reported never smoking or having a drink containing alcohol.

Although there is evidence suggesting temporally dissociable environ-
mental and genetic correlates of the use of specific substances (Kendler et
al., 2008), prior work linking impulsivity, sensation seeking, and a range
of substance use behaviors indicate the potential for the influence of
common brain systems (Waldeck and Miller, 1997; Jones and Lejuez,
2005; e.g., caffeine). Accordingly, a frequency of alcohol/tobacco/caf-
feine use composite score was calculated as the average of the z-scores for
the self-reported frequency of use of each substance. To establish that any
one aspect of the composite score did not drive the observed relations
between anatomical variability and substance use, follow-up analyses
were conducted on each of the included items.

Structural MRI data preprocessing. Data were analyzed using Free-
Surfer version 5.3.0 software (http://surfer.nmr.mgh.harvard.edu). Free-
Surfer provides automated algorithms for the volumetric segmentation
of subcortical structures and estimation of cortical thickness (Fischl and
Dale, 2000; Fischl et al., 2002). Using the strategy detailed in Buckner et
al. (2004), a study-optimized reference template was created from 700
subjects available through the existing dataset. Cortical thickness is cal-
culated as the closest distance from the gray/white boundary to the gray/
CSF boundary at each vertex on the tessellated surface (Fischl and Dale,
2000). After surface-based registration and before the analysis of cortical
thickness, a 22 mm FWHM smoothing kernel was applied to each par-
ticipant’s data. For the purpose of visualization, resulting maps were
displayed on the inflated Population-Average, Landmark-, and Surface-
based (PALS) cortical surface using Caret software (Van Essen, 2005).

Statistical analyses. Primary analyses began with block linear regres-
sions examining the relations between cortical thicknesses and the
sensation-seeking composite score after partialing out the variance asso-
ciated with site, console software version, estimated IQ, age, and sex.
Surface effects are plotted with the threshold p � 5 � 10 � 4 corrected for
multiple comparisons (Gaussian random field-corrected p � 0.05; Fris-
ton et al., 1994). Additional block linear regressions were conducted
separately for each subcortical structure. These analyses partialed out the
variance associated with site, console software version, estimated IQ, age,
sex, and estimated total intracranial volume and then examined the re-
lation between volume and the sensation-seeking composite score.
Follow-up analyses were conducted to assess the specificity of any ob-
served effects across individual scales. Assessment of the anatomical cor-
relates of impulsivity focused on the average cortical thickness of regions
emerging from initial analyses of sensation seeking in the left and right
hemisphere with the threshold p � 5 � 10 � 3 (Bonferroni corrected p �
0.05). To determine the reliability of the observed effects, we conducted
independent follow-up analyses in a replication sample.

Results
Structural phenotypes are reliable
Efforts to identify meaningful biological markers of behavioral
variability are limited by our understanding of the reliability of
current methods. For the present study, we assessed the reliability
of the vertex-level estimates of cortical thickness directly. To ac-
complish this, an additional dataset (n � 99; age: 21.52 � 3.25;
female: 47.50%; right handed: 91.90%; years of education:
14.48 � 1.96; estimated IQ: 112.67 � 11.22) was acquired over
the course of the primary collection effort. Data were collected on
2 independent days (mean � 63 d apart; min � 2; max � 211).
Each session was processed through the automated FreeSurfer
pipeline separately. These data contain 43 participants whose ini-
tial runs are also included in the primary analyses. Pearson cor-
relations were used to compare the two visits. Analyses revealed
high test–retest reliability across the cortical surface (Fig. 1).

Sensation seeking associates with decreased cortical thickness
Evidence suggests that impaired cognitive control marks patient
populations characterized by extremes in impulsive behavior and

0.40 0.95

Vertex-Wise Reliability of Estimated Cortical Thickness

Figure 1. Cortical thickness estimates are reliable. Vertex-wise estimated cortical thickness across two separate scanning sessions in 99 test–retest participants. Color bars reflect Pearson
correlations of values between Visit 1 and Visit 2. Morphometric estimates were derived using the procedures of Fischl and Dale (2000) and then displayed on the lateral, medial, and dorsal surfaces
of the left and right hemispheres (Van Essen, 2005).
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sensation seeking. Our initial analyses focused on the associations
between brain anatomy and sensation seeking in healthy young
adults. The cortical thickness correlates of sensation seeking were
quantified after correction for nuisance variance and multiple
comparisons (Fig. 2). Analyses revealed relations linking in-
creased sensation seeking with decreased cortical thickness in
ACC (307.67 mm 2; peak vertex MNI coordinates x � �10.2, y �
9.6, z � 38.6), caudal aspects of middle frontal gyrus (418.15
mm 2; x � �23.3, y � �8.4, z � 48.6), and pericalcarine cortex
(484.35 mm 2; x � �9.8, y � �83.3, z � 13.2) in the left hemi-
sphere, as well as caudal and rostral aspects of the middle frontal
gyrus (1418.16 mm 2; x � 35.0, y � 29.4, z � 34.1), ACC (255.40
mm 2; x � 10.9, y � 10.1, z � 41.2), and supramarginal gyrus
(337.22 mm 2; x � 56.7, y � �30.3, z � 41.6) in the right hemi-
sphere. None of the subcortical structures displayed a relation
with sensation seeking that survived correction for multiple com-
parisons (p � 5 � 10� 4; Table 1).

To establish that the observed relations between brain anat-
omy and sensation seeking were not driven by a subset of the
included scales, follow-up analyses were conducted on the indi-
vidual measures. Increased scores on each scale associated with
reduced average thickness in the regions emerging from the
sensation-seeking analyses in both the left (TCI Novelty Seeking:
F(1,1008) � 36.02, p � 0.001, r 2 � 0.033; Dospert Risk Taking:
F(1,1008) � 11.72, p � 0.001, r 2 � 0.011; BAS Fun Seeking: F(1,1008)

� 17.33, p � 0.001, r 2 � 0.016) and right hemispheres (TCI
Novelty Seeking: F(1,1008) � 36.42, p � 0.001, r 2 � 0.033; Dospert
Risk Taking: F(1,1008) � 11.51, p � 0.001, r 2 � 0.011; BAS Fun
Seeking: F(1,1008) � 20.89, p � 0.001, r 2 � 0.019; see Table 2 for
region-specific analyses).

Males engage in more risk-taking behavior than females (By-
rnes et al., 1999). Male participants in our sample reported in-
creased sensation seeking relative to females (0.18 � 0.77 vs
0.03 � 0.75; t1013 � 3.37; p � 0.001). The observed increase was
driven by heightened risk taking in the males (157.91 � 26.81 vs
143.77 � 23.91; t1013 � 8.88; p � 0.001). Males and females did
not significantly differ in their self-reported novelty seeking

(59.76 � 9.10 vs 59.20 � 10.02) or fun seeking (12.18 � 2.19 vs
12.36 � 2.08; ts � 1.33; p’s � 0.18). Despite population differ-
ences in risk taking, each sex displayed relations with reduced
thickness in the regions emerging from the initial sensation seek-
ing analyses in both the left (males: F(1,472) � 13.01, p � 0.001, r 2

� 0.026; females: F(1,531) � 19.76, p � 0.001, r 2 � 0.034) and
right hemispheres (males: F(1,472) � 17.65, p � 0.001, r 2 � 0.034;
females: F(1,531) � 16.95, p � 0.001, r 2 � 0.029).

Impulsivity associates with decreased cortical thickness
Heightened sensation seeking predicted increases in the motor
(r � 0.62; Fig. 3A), attentional (r � 0.25), self-control (r � 0.44),
cognitive complexity (r � 0.18), perseverance (r � 0.26), and

Sensation Seeking

-0.15 -0.11

ACC

SmG

MFG

Pcal

Figure 2. Sensation seeking associates with decreased cortical thickness. Surface-based renderings reflect the strength of the correlation between each vertex and sensation seeking (n � 1015).
Reported correlations are after partialing out the variance associated with scanner, software version, estimated IQ, age, and sex. Display threshold for surface maps were set at p � 5 � 10 � 4

(Gaussian random field-corrected p � 0.05). Color bars reflect Pearson correlations. Pcal, Pericalcarine cortex; MFG, middle frontal gyrus; SmG, supramarginal gyrus.

Table 1. Sensation seeking, motor impulsivity, and subcortical volumes

Sensation seeking Motor impulsivity

F(1,1007) r 2 p-value F(1,1007) r 2 p-value

Amygdala
Left 0.85 0.001 0.36 2.87 0.002 0.09
Right 0.42 � 0.001 0.52 0.25 � 0.001 0.62

Hippocampus
Left 4.57 0.003 0.03 4.94 0.003 0.03
Right 2.15 0.001 0.14 4.92 0.003 0.03

Thalamus
Left 1.34 0.001 0.25 3.98 0.002 0.05
Right 7.63 0.003 0.006 8.44 0.004 0.004

Caudate
Left 3.05 0.002 0.08 0.14 � 0.001 0.71
Right 4.00 0.002 0.05 0.53 � 0.001 0.45

Putamen
Left 2.74 0.002 0.10 1.08 0.001 0.30
Right 1.74 0.001 0.19 1.82 0.001 0.18

Globus pallidus
Left 0.14 � 0.001 0.71 1.95 0.001 0.16
Right � 0.01 � 0.001 0.95 � 0.01 � 0.001 0.58

Nucleus accumbens
Left 0.37 � 0.001 0.55 3.21 0.003 0.07
Right 0.37 � 0.001 0.54 � 0.01 � 0.001 0.99

Reported p-values are uncorrected for multiple comparisons.
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cognitive instability (r � 0.27; p’s � 0.001) facets of impulsivity.
Consistent with a shared underlying circuitry, increased motor
impulsivity associated with reduced cortical thickness in the re-
gions emerging from the initial analyses of sensation seeking in
the both the left (F(1,1008) � 20.75; p � 0.001; r 2 � 0.019) and

right (F(1,1008) � 20.89; p � 0.001; r 2 � 0.019) hemispheres (see
Fig. 3B, Table 2 for region-specific analyses). Despite the fact that
these regions were, by definition, preselected to display strong
associations with sensation seeking, sensation seeking did not
predict anatomical variability to a greater extent than motor im-

Table 2. Associations between the cortical correlates of sensation seeking and individual scales

Variable

Novelty seeking Fun seeking Risk taking Motor impulsivity

F(1,1008) r 2 p-value F(1,1008) r 2 p-value F(1,1008) r 2 p-value F(1,1008) r 2 p-value

Left middle frontal gyrus 19.06 0.018 0.001 8.40 0.008 0.005 6.08 0.006 0.01 7.42 0.007 0.01
Left anterior cingulate cortex 24.25 0.022 0.001 9.62 0.009 0.005 4.94 0.005 0.03 15.03 0.014 0.001
Left pericalcarine cortex 13.07 0.013 0.001 11.40 0.011 0.001 9.83 0.010 0.005 5.80 0.006 0.05
Right middle frontal gyrus 30.51 0.028 0.001 16.91 0.016 0.001 6.08 0.006 0.01 17.49 0.016 0.001
Right anterior cingulate cortex 15.17 0.014 0.001 6.49 0.006 0.01 12.13 0.011 0.001 12.58 0.012 0.001
Right supramarginal gyrus 14.78 0.014 0.001 11.92 0.011 0.001 8.79 0.008 0.005 6.24 0.006 0.05

Impulsivity and the Cortical Correlates of Sensation Seeking
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Figure 3. Sensation seeking and motor impulsivity associate with decreased thickness in overlapping cortical territories. A, Scatter plot displaying the correlation between sensation seeking and
motor impulsivity. B, Relations between motor impulsivity and the mean cortical thickness in regions emerging from the analyses of sensation seeking. The strength of the associations among
sensation seeking, motor impulsivity, and cortical thickness do not significantly differ across these regions (Z �1.60; p �0.10). Error bars indicate 95% confidence intervals. *p �0.05, **p �0.01,
***p � 0.001. Pcal, Pericalcarine cortex; MFG, middle frontal gyrus; SmG, supramarginal gyrus. C, Surface-based renderings reflect the strength of the associations between each vertex and motor
impulsivity. Display threshold for surface maps set at p � 5 � 10 � 4 (Gaussian random field-corrected p � 0.05). Color bars reflect Pearson correlations.
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pulsivity (z’s � 1.28; p’s � 0.20; Fig. 3B). None of the subcortical
structures displayed associations with motor impulsivity that
survived correction for multiple comparisons (p � 5 � 10� 4;
Table 1). When considering other facets of impulsivity (atten-
tion, self-control, cognitive complexity, perseverance, and cogni-
tive instability), no associations with the cortical correlates of
sensation seeking passed correction for multiple comparisons
(F’s � 6.19; p’s � 0.01).

The analyses with impulsivity detailed above were conducted
within regions defined by their relations with sensation seeking. To
examine the spatial specificity of the associations between impulsiv-
ity and brain anatomy, follow-up analyses considered the entire cor-
tical surface. Consistent with a common cortical architecture
supporting the regulation of both sensation seeking and impulsive
behaviors, associations were observed linking reduced prefrontal
cortical thickness and motor impulsivity (Fig. 3C). These relations
spanned aspects of ACC (242.12 mm2) in the left hemisphere and
rostral (536.66 mm2) and caudal (326.83 mm2) middle frontal gyrus
and ACC (259.45 mm2) in the right hemisphere. When considering
whole-brain analyses of attention, self-control, cognitive complex-
ity, perseverance, or cognitive instability, no region survived correc-
tion for multiple comparisons.

When partialing out sensation seeking, the relation between mo-
tor impulsivity and the cortical thickness within the regions of inter-
est no longer reached significance in either the left or right
hemisphere (F’s � 2.38; p’s � 0.12). When accounting for motor
impulsivity, the associations between prefrontal thickness and sen-
sation seeking remained significant (left pericalcarine cortex:
F(1,1007) � 12.06; p � 0.001; r2 � 0.012; left middle frontal gyrus:
F(1,1007) � 9.31; p � 0.005; r2 � 0.009; left ACC: F(1,1007) � 5.98; p �
0.05; r2 � 0.005; right middle frontal gyrus: F(1,1007) � 10.18; p �
0.001; r2 � 0.009; right ACC: F(1,1007) � 6.15; p � 0.05; r2 � 0.006;
right supramarginal gyrus: F(1,1007) � 12.14; p � 0.001; r2 � 0.011).

There are sex differences in the behavioral expression of impul-
sivity (Zuckerman, 1979) and in the risk for associated psychiatric
illnesses (Kessler et al., 2005). Consistent with this evidence, male
participants reported increased motor impulsivity relative to females
(15.33 � 3.46 vs 19.91 � 2.66; t1013 � 2.01; p � 0.05). Despite these

population differences, each sex displayed relations linking impul-
sivity and reduced thickness in the regions emerging from the initial
sensation-seeking analyses in the left (males: F(1,472) � 8.12, p �
0.005, r2 � 0.016; females: F(1,531) � 7.35, p � 0.01, r2 � 0.013) and
right (males: F(1,472) � 7.50, p � 0.01, r2 � 0.014; females: F(1,531) �
6.96, p � 0.01, r2 � 0.012) hemispheres. These analyses indicate a
critical role for ACC, middle frontal, and supramarginal gyri in the
guidance of sensation seeking and impulsive behaviors independent
of sex.

Relations among sensation seeking, motor impulsivity, and
brain structure replicate in an independent sample
Replicating our initial observations of covariation across sensa-
tion seeking and motor impulsivity in the discovery cohort (Fig.
3A), these correlations were present again in an independent
group of participants (n � 219; r � 0.66; Fig. 4A). We next
examined the relations between behavior and brain anatomy.
Average anatomical variation within the cortical territories de-
fined in our initial analyses of sensation seeking accounted for
�3– 4% of the behavioral variation in this independent sample
(left hemisphere: F(1,212) � 9.25; p � 0.005; r 2 � 0.038; right
hemisphere: F(1,212) � 8.21; p � 0.005; r 2 � 0.034). When exam-
ining each region independently, with the exception of the initial
unexpected association between sensation seeking and pericalca-
rine cortical thickness (F(1,212) � 0.97; p � 0.33; r 2 � 0.005), the
cortical correlates of sensation seeking replicated in the indepen-
dent group (Fig. 4B; left middle frontal gyrus: F(1,212) � 6.76; p �
0.01; r 2 � 0.030; left ACC: F(1,212) � 4.63; p � 0.05; r 2 � 0.020;
right middle frontal gyrus: F(1,212) � 3.80; p � 0.05; r 2 � 0.017;
right ACC: F(1,212) � 7.40; p � 0.01; r 2 � 0.031; right supramar-
ginal gyrus: F(1,212) � 12.78; p � 0.001; r 2 � 0.054).

Consistent with the replication analyses of sensation seeking,
motor impulsivity associated with reduced average thickness
within the cortical territories defined in our initial analyses (left:
F(1,212) � 8.85; p � 0.005; r 2 � 0.037; right: F(1,212) � 7.32; p �
0.01; r 2 � 0.030). As above, no association was observed between
self-reported motor impulsivity and pericalcarine cortical thick-
ness (F(1,212) � 1.81; p � 0.18; r 2 � 0.008). The remaining corti-
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cal correlates of sensation seeking each
displayed relations with motor impulsiv-
ity (left middle frontal gyrus: F(1,212) �
3.74; p � 0.05; r 2 � 0.017; left ACC:
F(1,212) � 6.52; p � 0.01; r 2 � 0.028; right
middle frontal gyrus: F(1,212) � 6.03; p �
0.05; r 2 � 0.027; right ACC: F(1,212) �
7.26; p � 0.01; r 2 � 0.031; right supra-
marginal gyrus: F(1,212) � 5.20; p � 0.05;
r 2 � 0.024). No relations emerged when
considering subcortical volumetric esti-
mates and sensation seeking or motor im-
pulsivity (F’s � 2.10; p’s � 0.14).

To further highlight the generalizabil-
ity of the observed relations linking brain
anatomy and behavior, the replication
sample was subdivided into groups of
white Hispanic and African-American
participants. Within each group, height-
ened sensation seeking associated with re-
duced average cortical thickness in the left
(white Hispanic: F(1,85) � 5.00, p � 0.05,
r 2 � 0.050; African-American: F(1,120) �
4.22, p � 0.05, r 2 � 0.030) and right
hemispheres (white Hispanic: F(1,85) �
3.98, p � 0.05, r 2 � 0.042; African-Amer-
ican: F(1,120) � 4.73, p � 0.05, r 2 � 0.034).
This anatomical profile was also evident
when considering impulsivity in both left (white Hispanic: F(1,85)

� 3.78, p � 0.05, r 2 � 0.027; African-American: F(1,120) � 6.69,
p � 0.05, r 2 � 0.064) and right hemispheres (white Hispanic:
F(1,85) � 4.11, p � 0.05, r 2 � 0.040; African-American: F(1,120) �
4.88, p � 0.05, r 2 � 0.035).

Considering all of the results collectively, the majority of de-
tected effects were found to generalize across samples drawn from
three distinct racial/ethnic populations (white non-Hispanic,
white Hispanic, and African-American).

Anatomy of sensation seeking and motor impulsivity localize
preferentially in cognitive control regions
Extreme forms of sensation seeking and impulsivity are hypoth-
esized to reflect impaired cognitive control system functioning
(Bush et al., 1999; Willcutt et al., 2005; Seidman et al., 2006; e.g.,
ADHD). To search for indirect evidence of overlap in the cortical
territories supporting these behavioral constructs in healthy young
adults, a series of meta-analyses of terms relevant to cognitive control
were conducted on a publicly available database of automatically
extracted activation coordinates (Yarkoni et al., 2011). Analyses were
performed for “cognitive control,” “conflict,” “error,” and “re-
sponse inhibition.” Surface maps reflect z-scores corresponding to
the likelihood that a region will activate if a study uses a particular
term [i.e., P(Activation�Term); FDR corrected p�0.01]. As reflected
in Figure 5, the physical structure of aspects of cortex supporting a
diverse set of cognitive control functions links to both sensation
seeking and motor impulsivity in healthy young adults.

Sensation seeking and motor impulsivity correlate with
increased alcohol, tobacco, and caffeine use
The frequency and extent of self-reported substance use are pre-
sented in Figure 6. In the present sample of healthy young adults,
sensation seeking (r � 0.24; Fig. 7A) and motor impulsivity (r �
0.17) correlated with frequency of alcohol, tobacco, and caffeine
use (p’s � 0.001). These relations held when partialing out vari-

ance associated with estimated IQ, age, and sex (sensation seek-
ing: F(1,1105) � 72.73, p � 0.001, r 2 � 0.059; motor impulsivity:
F(1,1105) � 15.73, p � 0.001, r 2 � 0.013). When examining indi-
vidual substance use/health behaviors, heightened sensation
seeking and impulsivity associated with more frequent alcohol
use (sensation seeking: F(1,1105) � 88.36, p � 0.001, r 2 � 0.070;
motor impulsivity: F(1,1105) � 21.48, p � 0.001, r 2 � 0.018), an
increase in the amount of alcohol consumed per occasion (sen-
sation seeking: F(1,1105) � 82.27, p � 0.001, r 2 � 0.063; motor
impulsivity: F(1,1105) � 17.45, p � 0.001, r 2 � 0.014), and an
increased likelihood of having engaged in binge drinking within
the past 3 months (sensation seeking: F(1,1104) � 64.07, p � 0.001,
� 2 � 0.055; motor impulsivity: F(1,1104) � 13.43, p � 0.001, � 2 �
0.012). Suggesting broad relations across a range of health behav-
iors, heightened sensation seeking covaried with an increased
frequency of cigarette smoking (sensation seeking: F(1,1105) �
18.34, p � 0.001, r 2 � 0.016) and caffeine use (F(1,1105) � 7.90,
p � 0.005, r 2 � 0.007). These relations were not significant when
considering motor impulsivity (cigarette smoking: F(1,1105) �
3.03, p � 0.082, r 2 � 0.030; caffeine: F(1,1105) � 1.84, p � 0.18, r 2

� 0.002).

Decreased prefrontal cortical thickness correlate with
frequency of alcohol, tobacco, and caffeine use
Chronic substance use is believed to result in a loss of prefrontal
functioning associated disruptions of self-control and the habitu-
alization of maladaptive drug intake (Bechara, 2005; Volkow et
al., 2013). It is not yet clear whether relations exist between shifts
in brain structure and age-typical patterns of substance use in
healthy adult populations, potentially predisposing individuals
to the development of substance use disorders. Suggesting the
presence of such associations, relations were observed between
frequency of alcohol, tobacco, and caffeine usage and reduced
average cortical thickness in the regions emerging from the initial
analyses of sensation seeking in the both the left (F(1,1103) � 17.13,

Figure 5. Anatomical correlates of sensation seeking are preferentially localized to regions implicated in cognitive control. A,
Surface-based rendering of the qualitative relation between each vertex on the medial surface of the right hemisphere and
sensation seeking (Fig. 2). Meta-analyses were performed in Neurosynth (Yarkoni et al., 2011) for cognitive control (B), conflict (C),
error (D), and response inhibition (E) and displayed on the medial surface of the right hemisphere (Van Essen, 2005). Surface maps
reflect z-scores corresponding to the likelihood that a region will activate if a study uses a particular term [i.e., P(Activation�Term);
FDR corrected p � 0.01]. A black border denotes the ACC region emerging from initial analyses of sensation seeking.
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p � 0.001, r 2 � 0.015) and right (F(1,1103) � 22.70, p � 0.001, r 2

� 0.019) hemispheres. When considering individual regions, the
association between frequency of substance use and decreased
cortical thickness extended across the left (F(1,1103) � 19.39; p �
0.001; r 2 � 0.017; Fig. 7B) and right middle frontal gyrus (F(1,1103)

� 23.42; p � 0.001; r 2 � 0.020), as well as the right supramarginal
gyrus (F(1,1103) � 7.97; p � 0.005; r 2 � 0.007). Marginally signif-
icant relations were observed in aspects of the left (F(1,1103) �
5.38; p � 0.05; r 2 � 0.004) and right (F(1,1103) � 3.82; p � 0.05; r 2

� 0.003) ACC. No association with substance use frequency was
evident when considering pericalcarine cortical thickness
(F(1,1103) � 1.61; p � 0.21; r 2 � 0.001).

When partialing out sensation seeking, the bilateral relations
between frequency of alcohol, tobacco, and caffeine use and mid-
dle frontal thickness remained (left: F(1,1102) � 10.63; p � 0.001;
r 2 � 0.009; right: F(1,1102) � 12.52; p � 0.001; r 2 � 0.011). The
remaining regions of interest no longer reached significance in
either the left or right hemisphere (F’s � 2.06; p’s � 0.15).

The relation between middle frontal thickness and substance
use was further explored with ANOVAs examining associations
between hemisphere (left, right) and individual substance use

behaviors after correction for nuisance
variance. No association emerged when
considering daily consumption of caffeine
(F(1,1100) � 1.75, p � 0.138, � 2 � 0.006).
Analyses revealed associations between
frequency of alcohol use (F(1,1100) � 6.15,
p � 0.001, � 2 � 0.022; Fig. 7C), the oc-
currence of binge drinking within the past
3 months (F(1,1100) � 20.32, p � 0.001, � 2

� 0.018), and the amount of alcohol con-
sumed per occasion (F(1,1093) � 6.41, p �
0.001, � 2 � 0.023). Consistent with prior
work suggesting prefrontal cortical thin-
ning associates with nicotine addiction
and relapse in smokers (Li et al., 2015),
bilateral middle frontal thickness also dis-
played relations with self-reported daily
consumption of cigarettes (F(1,1100) �
3.72, p � 0.005, � 2 � 0.013).

Male participants reported an in-
creased frequency of alcohol, tobacco, and
caffeine use relative to females (0.06 �
0.67 vs �0.05 � 0.64; t1108 � 2.79; p �
0.005). Although population differences
in substance usage were evident, each sex
displayed relations with reduced thick-
ness in the regions emerging from the ini-
tial sensation seeking analyses in both the
left (males: F(1,503) � 5.94, p � 0.05, r 2 �
0.011; females: F(1,595) � 11.13, p � 0.001,
r 2 � 0.018) and right (males: F(1,503) �
4.57, p � 0.05, r 2 � 0.009; females: F(1,595)

� 20.45, p � 0.001, r 2 � 0.031) hemi-
spheres.

Associations between sensation seeking
and decreased cortical thickness hold in
the absence of substance use
Substance use can impact brain anatomy,
making it difficult to separate the determi-
nants and consequences of drug taking. Fol-
low-up analyses searched for indirect

evidence that the observed associations between sensation seeking
and brain anatomy track the underlying trait itself and are not solely
a consequence of substance use. When accounting for frequency of
alcohol, tobacco, and caffeine usage, the associations between pre-
frontal thickness and sensation seeking (left pericalcarine cortex:
F(1,1102) � 19.63; p � 0.001; r2 � 0.017; left middle frontal gyrus:
F(1,1102) � 17.39; p � 0.001; r2 � 0.015; left ACC: F(1,1102) � 20.90;
p � 0.001; r2 � 0.017; right middle frontal gyrus: F(1,1102) � 23.16;
p � 0.001; r2 � 0.020; right ACC: F(1,1102) � 20.63; p � 0.001; r2 �
0.017; right supramarginal gyrus: F(1,1102) � 28.77; p � 0.001; r2 �
0.024) and motor impulsivity remained significant (left pericalcar-
ine cortex: F(1,1102) � 7.84; p � 0.005; r2 � 0.007; left middle frontal
gyrus: F(1,1102) � 7.48; p � 0.01; r2 � 0.006; left ACC: F(1,1102) �
19.94; p � 0.001; r2 � 0.016; right middle frontal gyrus: F(1,1102) �
18.95; p � 0.001; r2 � 0.016; right ACC: F(1,1102) � 16.17; p � 0.001;
r2 �0.014; right supramarginal gyrus: F(1,1102) �10.21; p�0.001; r2

� 0.009).
Critically, relations between increased sensation seeking and

reduced cortical thickness were also evident when solely consid-
ering the subset of participants who presented without any his-
tory of tobacco or alcohol use (n � 110; left: F(1,103) � 6.75; p �
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0.05; r 2 � 0.058; right: F(1,103) � 4.35; p � 0.05; r 2 � 0.038).
Although limited by the cross-sectional design and reliance on
self-reporting, the present analyses demonstrate that, in the ab-
sence of substance use, anatomical variability within aspects of
the cognitive control system correlate with sensation seeking in
healthy adults.

Discussion
Impairments in cognitive control underlie extreme forms of sen-
sation seeking, impulsivity, and substance use in patient popula-
tions (Bush et al., 1999; Willcutt et al., 2005; Seidman et al., 2006;
Crockett et al., 2013; Volkow et al., 2013). Subtle variations in
these traits influence health behaviors, increasing risk for the
development of abuse and dependence within the general popu-
lation (Horvath and Zuckerman, 1993; Baumeister and Hea-
therton, 1996). Here, we explored whether cortical anatomy
associates with sensation seeking and impulsivity in healthy

young adults. In two independent groups, our analyses demon-
strated links between sensation seeking, motor impulsivity, and
reduced cortical thickness, preferentially localized to regions im-
plicated in cognitive control, including the ACC and middle
frontal gyrus. The significantly detected relations with brain anat-
omy were specific to motor impulsivity; no associations emerged
when considering other facets of impulsivity. Notably, reduced
gray matter thickness within these cortical territories also corre-
lated with individual variation in self-reported substance use. The
observed anatomical profile suggests that sensation seeking and mo-
tor impulsivity may arise in conjunction with shifts in ACC and
middle frontal gyrus-dependent cognitive processes that broadly re-
late to goal-directed action and the inhibition of impulsive decisions
(Hare et al., 2009; Figner et al., 2010; Essex et al., 2012).

The present analyses also suggest that construct overlap be-
tween sensation seeking and impulsivity arise, at least in part,
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through common anatomical variability (but see Jupp and Dal-
ley, 2014). However, it is important to note that, although these
behavioral constructs may rely on a shared cortical architecture,
they are not interchangeable. Sensation seeking and impulsivity
have distinct developmental trajectories (Steinberg et al., 2008)
and dissociable heritability (Dalley et al., 2011). In adolescence,
these behaviors may be best characterized by discrete factors
individually associated with impulsivity and sensation seeking
that are layered beneath a broad, externalizing phenotype
(Castellanos-Ryan et al., 2014). In rodents, reactivity to novelty
and impulsivity contribute to distinct phases of cocaine self-
administration (initiation and persistence; Dalley et al., 2011).
Rather than implying the existence of a fixed unitary factor, our
analyses indicate a general role for ACC, middle frontal, and
supramarginal gyri in the regulation of cognitive processes that
broadly support sensation seeking and motor impulsivity. Criti-
cally, relations between sensation seeking and brain structure
were evident in non-substance-using participants. This suggests
that, within the context of currently assessed lifestyle factors, ob-
served associations with anatomy track the underlying trait itself
and are not solely a consequence of substance use.

Deficient cognitive control is hypothesized to increase vulner-
ability for the initiation of subsequent drug use (Hyman, 2007;
Verdejo-García et al., 2008). However, despite much work in this
area, results are equivocal and there is still considerable contro-
versy regarding the predictive utility of sensation seeking and
impulsivity (Lee et al., 2011). This may arise, to some extent, from
efforts to relate questionnaire-based trait assessments with
laboratory-based behavioral indices (Dick et al., 2010). For in-
stance, a recent large-scale study revealed that seemingly
common deficits in behavioral estimates of motor impulsivity
observed in adolescent ADHD and substance abuse might arise
through dissociable neurobiological pathways (Whelan et al.,
2012). The present analyses suggest that shared cortical anatomy
underlies aspects of self-reported impulsivity, sensation seeking,
and substance use. Relatively few studies have employed both
personality and behavioral measures of these broad constructs.
Those that do find limited correlations between self-report and
behavior (Reynolds et al., 2006). Accordingly, relations linking
the present work, and questionnaire-based research more
broadly, with behavioral evidence suggesting dissociable func-
tional networks related to substance use and symptoms of ADHD
remain to be explored.

Recreational drug use is common, yet a minority of people
develop abuse or dependence (Chen and Kandel, 1995; Kessler et
al., 2005). Impaired cognitive control and decreased prefrontal
responsivity have been identified as putative risk markers for
onset and relapse in substance use disorders (Everitt and Rob-
bins, 2005; Verdejo-García et al., 2008; Koob and Volkow, 2010).
In rodents, accelerated habit formation may underlie the transi-
tion of impulsive individuals from voluntary to compulsive sub-
stance use (Dalley et al., 2007; Diergaarde et al., 2008), whereas
enhanced novelty seeking associates with the compulsive self-
administration of stimulants (Belin et al., 2011). Striatal re-
sponses may be more likely to drive behavior in individuals with
insufficient cognitive control, leading to the prioritization and
overvaluation of immediate goals (e.g., impulsive use; Bechara,
2005). This is consistent with evidence suggesting effortful crav-
ing regulation in substance users associates with increased re-
sponse in prefrontal regions supporting cognitive control and
decreased activity in regions that process the predictive (nucleus
accumbens) and motivational value (orbitofrontal cortex) of
drug cues (Kober et al., 2010; Volkow et al., 2010). Reduced cor-

tical thickness and heightened impulsivity precede significant
substance use in adolescence (Schilling et al., 2013), whereas the
rate of cortical thinning predicts both the severity of hyperactive
and impulsive symptoms (Shaw et al., 2011) and drinking initia-
tion (Luciana et al., 2013). Our analyses illustrate that, in healthy
young adults, substance use covaries with sensation seeking, mo-
tor impulsivity, and decreased cortical thickness within brain re-
gions theorized to support inhibitory control and goal-directed
action. Although arising from cross-sectional data, these results
suggest that normal variation in critical brain circuitry, and an
accompanying increase in impulsive sensation seeking, could
bias individuals toward substance use and the associated risk of
developing abuse and dependence. Future longitudinal data will
be needed to test this possibility, such as is being acquired as part
of the upcoming Adolescent Brain Cognitive Development
(ABCD) study.

The relations between compulsive drug use and the function
of corticostriatal circuits are well established (Volkow et al.,
2013). However, no associations emerged in our analyses of sub-
cortical anatomy. While these data are in line with inconsistencies
in the primary substance use literature (Ersche et al., 2013), our
null subcortical findings should be interpreted with caution.
Surface-based estimates of cortical thickness may be more precise
than broad, segmentation-based measures of certain volumes,
including subdivisions of the striatum. In addition, whereas sen-
sation seeking and impulsivity are useful heuristics, these com-
plex phenotypes can fractionate into distinct forms that are
differentially expressed across time and individual (Olson et al.,
1999; Zuckerman and Kuhlman, 2000; Dalley et al., 2011). Mor-
phometric analyses may be insensitive to transient shifts in brain
function. Subsequent work will be necessary to establish whether
the observed variation in cortical anatomy occurs in isolation
from, occurs in conjunction with, or serves to disrupt the mech-
anisms that regulate striatal function.

The present analyses indicate that anatomical variability in
cognitive control circuitry tracks motor impulsivity and sensa-
tion seeking in healthy young adults. When considered in the
context of our recent observation in the same sample that
amygdala–medial prefrontal cortex circuit anatomy predicts neg-
ative affect (Holmes et al., 2012), the collective findings demon-
strate that multiple behavioral traits selectively associate with
anatomical variability in distinct brain systems. Although these
discoveries hold potential for the identification of the discrete
biological mechanisms contributing to normal variation in per-
sonality and temperament, open questions surround the extent
to which complex brain– behavior associations can be character-
ized through static anatomical estimates. It is unclear why the
anatomy of regions that underlie multiple complementary func-
tions in task-evoked studies, for example, the prefrontal circuits
that support the regulation of both affect and impulsivity
(Ochsner and Gross, 2005; Dalley et al., 2011), would display
such dissociable behavioral correlates. The associations between
anatomy and behavior are subtle. One speculative possibility is
that, even in large samples, our present methods are only pow-
ered to detect the most salient relations.

Several limitations warrant consideration when interpreting
the present findings. First, the study participants were healthy,
high functioning, young adults. Additional research should es-
tablish the generalizability of the current findings, particularly in
the context of populations with increased vulnerability for psy-
chiatric and substance use disorders (Ersche et al., 2012). Second,
history of substance use was assessed through self-report. We did
not collect information on illicit drug use. The lack of objective
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measures of consumption such as urine drug screenings is a po-
tential limitation of this study. Finally, consistent with strong
cross-scale correlations, overlap exists for some items in the self-
reported measures of sensation seeking and impulsivity (e.g.,
motor impulsivity: “I do things without thinking,” Patton et al.,
1995; fun seeking: “I often act on the spur of the moment,” Carver
and White, 1994; novelty seeking: “I like to make quick decisions
so I can get on with what has to be done,” Cloninger, 1987).
Subsequent work coupling self-report with behavioral estimates
of sensation seeking and impulsivity (e.g., impulsive motor er-
rors, delay-discounting, risk taking) will be necessary to explore
the relations linking these broad phenotypic categories with more
precision (Reynolds et al., 2006).

The brain systems supporting cognitive control functions are
dysregulated in populations marked by extremes of sensation
seeking, impulsivity, and substance use. Prior research on patient
populations has been important for understanding the relation-
ship between biological processes and psychiatric illness. The
present results establish that subtle shifts in the anatomy of cog-
nitive control circuitry link to individual variability in sensation
seeking and motor impulsivity, indicating that covariation across
these complex multidimensional traits can be understood to
originate in part from a common underlying biology. Critically,
the observed associations are neurally instantiated in healthy
young adults and correlate with substance use. These results re-
inforce the need to consider the neurobiological underpinnings
of sensation seeking and impulsivity within healthy adult and
early adolescent populations.
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