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ABSTRACT. Objective: In adolescence, sensation seeking is associated
with earlier onset of alcohol use, which is a risk factor for a variety of
negative consequences later in life. Individual differences in sensation
seeking are related to brain function in the nucleus accumbens (NAcc),
a brain region that undergoes considerable structural development
during adolescence. Therefore, the goal of this study was to determine
whether NAcc volume in alcohol-naive adolescents was associated with
future sensation seeking and alcohol use and whether these associations
differed by sex. Method: High-resolution magnetic resonance imaging
was used to measure NAcc volume at baseline in 514 alcohol-naive
adolescents (50.2% female) from the National Consortium on Alcohol
& Neurodevelopment in Adolescence study. Direct effects of NAcc vol-
ume on adolescent drinking 2 years after baseline, and indirect effects

mediated through sensation seeking 1 year after baseline, were assessed.
Results: An indirect effect of NAcc volume on subsequent drinking
through sensation seeking was significant for males, but not females.
This effect was driven by a positive association between NAcc volume
and sensation seeking observed in male, but not female, participants. A
direct effect of NAcc volume on subsequent alcohol use was detected in
females, but not males. In females, no association between NAcc volume
and sensation seeking was detected, but NAcc volume was positively
associated with future alcohol use. Conclusions: These findings sug-
gest that delayed structural maturation of the NAcc may be a risk factor
for alcohol use in adolescence; however, the mechanism by which the
structure of the NAcc confers risk differs by sex. (J. Stud. Alcohol Drugs,
80, 594-601, 2019)

ROBLEMATIC ALCOHOL USE, including heavy epi-

sodic drinking and alcohol dependence, remains perva-
sive worldwide with devastating consequences (Grant et al.,
2015; Hingson et al., 2009; Shield et al., 2013). More often
than not, the development of problem drinking is rooted in
adolescence, as the vast majority of individuals diagnosed
with alcohol dependence initiate alcohol use during their
teenage years or earlier (Grant & Dawson, 1997). Although
some alcohol use during adolescence may be normative, it
is clear that adolescents who start drinking sooner and at
heavier levels are at higher risk for numerous problems,
including personal injury, legal repercussions, and chronic
medical conditions (Hingson et al., 2009; Kuntsche et al.,
2013; Merline et al., 2008; Patrick & Schulenberg, 2011).
Delaying the initiation of alcohol use and reducing use
among those who have started drinking would likely curb

Received: January 7, 2019. Revision: June 14, 2019.

This work was supported by the U.S. National Institute on Alcohol
Abuse and Alcoholism with co-funding from the National Institute on Drug
Abuse, the National Institute of Mental Health, and the National Institute of
Child Health and Human Development (National Consortium on Alcohol &
Neurodevelopment in Adolescence grant numbers: AA021697, AA021695,
AA021692, AA021696, AA021681, AA021690, AA021691).

*Correspondence may be sent to Bonnie J. Nagel at the Departments of
Psychiatry and Behavioral Neuroscience, Oregon Health & Science Uni-
versity, 3181 SW Sam Jackson Park Road, MC: UHN-80R1, Portland, OR
97239, or via email at: nagelb@ohsu.edu.

594

the development of alcohol use disorders. Although public
health initiatives aimed at reducing alcohol use in adoles-
cents have had modest success, such interventions may be
more impactful if specifically targeted toward those at higher
risk for problematic use.

A variety of personality characteristics have been exam-
ined in relation to alcohol use. Sensation-seeking tendencies
have been among the strongest and most consistent predic-
tors of alcohol consumption during adolescence (Hittner &
Swickert, 2006; Magid et al., 2007). Sensation seeking is
a personality trait that is characterized by a propensity for
pursuing novel and intense experiences, often without regard
for potential consequences (Zuckerman & Neeb, 1979). In
addition to its positive association with quantity and fre-
quency of alcohol consumption (Fernandez-Artamendi et al.,
2018), individuals high in sensation seeking are more likely
to initiate alcohol use at earlier ages and progress to alcohol
use disorder (Ball et al., 1994). A study in adolescents dem-
onstrated that baseline levels of sensation seeking and larger
increases in sensation seeking over time were prospectively
associated with subsequent alcohol use (MacPherson et al.,
2010). Therefore, identifying neurobiological factors that
are associated with sensation seeking may also be useful for
predicting problematic substance use.

Individual differences in sensation seeking have been
associated with the function of the ventral striatum, a key
region in mesolimbic circuitry implicated in reward pro-
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cessing. For example, in early adolescence (~ages 10-12)
and young adulthood (~ages 17-25), reward-related ventral
striatal activation has been associated with individual dif-
ferences in sensation seeking in the 3-year period following
the baseline scan (Hawes et al., 2017). Similarly, among
18- to 22-year-olds, anticipatory reward-related functional
connectivity of the nucleus accumbens (NAcc) to the sen-
sorimotor cortex and precuneus is positively correlated with
sensation seeking (Weiland et al., 2013). Consistent with the
hypothesis that there is overlap in the neurobiological factors
that underlie individual differences in sensation seeking and
alcohol use, greater NAcc activation during reward-based
decision making in adolescents without a significant history
of substance use is correlated with earlier initiation of binge
drinking (Morales et al., 2018). Developmental studies have
demonstrated that NAcc volume declines during adolescence
and young adulthood (Tamnes et al., 2013; Wierenga et al.,
2014); however, it remains unclear whether individual differ-
ences in the structural development of the NAcc are related
to future sensation seeking and alcohol use.

In the current study, we measured NAcc volume in
alcohol-naive 12- to 18-year-olds to determine its associa-
tion with levels of sensation seeking 1 year later and total
alcohol use 2 years later. Based on prior work indicating
that college-aged binge drinkers have greater NAcc volume
than control participants (Howell et al., 2013), we hypoth-
esized that larger NAcc volume would be associated with
greater future alcohol use. Given longitudinal evidence that
individual differences in NAcc neurobiology are associated
with future sensation seeking (Hawes et al., 2017), we also
anticipated that the association between NAcc volume and
alcohol use would be mediated by greater sensation seeking.
Furthermore, since males exhibit higher levels of sensation
seeking than females (Shulman et al., 2015), we examined
whether the associations between NAcc volume, sensation
seeking, and future alcohol use varied by sex. Prior work
demonstrated a stronger association between sensation seek-
ing and risky decision making involving rewards in males
than females (Harden et al., 2018); therefore, we anticipated
that associations between NAcc volume, sensation seeking,
and alcohol use would be stronger in males than females.

Method
Participants

The National Consortium on Alcohol and Neurodevel-
opment in Adolescence (NCANDA) study is designed to
follow adolescents, between ages 12 and 21 at study entry,
annually for up to 9 years. Data from baseline and the first
two follow-up annual visits were available and included
in the following analyses. A total of 831 adolescents were
enrolled across five sites in the United States (University of
California at San Diego [UCSD], SRI International, Duke

University Medical Center, University of Pittsburgh Medical
Center, and Oregon Health & Science University [OHSU]).
Assessment procedures were consistent across each study
site (for full study description, see Brown et al., 2015).
Because we were interested in predicting alcohol use dur-
ing adolescence, participants who had not yet consumed
alcohol (self-reported lifetime alcohol use on the Customary
Drinking and Drug Use Record) and who were between ages
12 and 18 at study enrollment were selected and analyzed,
resulting in a total sample of 516 youth. At each site, adult
participants or the parents of minor participants provided
written informed consent before participation in the study,
and minor participants provided informed assent before
participation. The Institutional Review Boards of each site
approved this study.

MRI acquisition and analysis

T1l-weighted images were collected on two scanners:
3T General Electric (GE) Discovery MR750 at 3 sites (129
from UCSD, 101 from SRI, 119 from Duke) and 3T Siemens
TIMTRIO scanners at 2 sites (71 from University of Pitts-
burgh, 96 from OHSU). The GE sites acquired an Inversion
Recovery-Spoiled Gradient Recalled echo sequence (TR =
5.904 ms, TI = 400 ms, TE = 1.932 ms, flip angle = 11°,
NEX = 1, matrix = 256 x 256, FOV = 24 cm, slice dimen-
sions = 1.2 x 0.9375 x 0.9375 mm, 146 slices) using an
8-channel head coil and Array Spatial Sensitivity Encoding
Technique for parallel and accelerated imaging. The Siemens
sites acquired an MPRAGE sequence (TR = 1900 ms, TI =
900 ms, TE = 2.92 ms, flip angle = 9°, NEX = 1, matrix =
256 x 256, FOV= 24 cm, slice dimensions = 1.2 x 0.9375
% 0.9375 mm, 160 slices) with a 12-channel head coil and
iPAT for parallel imaging and temporal acceleration.

Image preprocessing was described in detail in a prior
publication (Nichols & Pohl, 2015; Pfefferbaum et al., 2016).
Briefly, T1-weighted images were skull-stripped using the
Robust Brain Extraction (ROBEX) method (Iglesias et al.,
2011) and FSL BET (Smith, 2002). Skull-stripped images
were further processed with FreeSurfer (Dale et al., 1999;
Fischl et al., 2004), and total NAcc volume (right and left
summed) was extracted. Intracranial volume (ICV) was
calculated using the SRI24 atlas-based analysis pipeline
(Rohlfing et al., 2010, 2014).

Participant characterization

Sensation seeking. The short version of the UPPS-P Im-
pulsivity Scale (SUPPS; Cyders et al., 2014) consists of 20
items that assess five dimensions of impulsivity, including
positive and negative urgency, lack of premeditation, lack
of perseverance, and sensation seeking. Items were rated
on a four-point scale from 1 (disagree strongly) to 4 (agree
strongly), and the scale has been shown to have acceptable
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psychometric properties (Cyders et al., 2014). The items of
each subscale were summed, with higher scores indicating
greater impulsivity. The sensation-seeking scores were of
primary interest based on a priori hypotheses about the asso-
ciations between sensation seeking, reward-related circuitry,
and alcohol use. The four items of the sensation-seeking
subscale assess the tendency to pursue novel, exciting, and
potentially dangerous experiences (e.g., “I quite enjoy taking
risks”), and have been found to be associated with alcohol
involvement (Coskunpinar & Cyders, 2013; Cyders et al.,
2014).

Puberty and drinking behavior. Pubertal development was
measured using participant self-report on the Pubertal Devel-
opment Scale (Petersen et al., 1988). Participants completed
the Customary Drinking and Drug Use Record (Brown et al.,
1998) to assess alcohol use. At each study visit, participants
were asked to indicate the number of days in the past year
that they consumed any amount of alcohol, as well as the
average number of drinks consumed in the average 24-hour
period when they were drinking during the past year. The
product of these two items was used as a composite score of
the total number of drinks consumed during the past year.
Participants also answered questions about how many times
they engaged in binge drinking (defined as 5+ drinks for
males and 4+ drinks for females per occasion), the number
of days they used marijuana, and how many cigarettes they
smoked in the past year.

Statistical analysis

Direct and indirect effects of baseline individual differ-
ences in NAcc volume on subsequent alcohol use were as-
sessed with path analysis using Mplus Version 8.0 (Muthén
& Muthén, 2017). NAcc volume measured at the baseline as-
sessment was entered as the independent variable, sensation
seeking assessed at the year 1 follow-up visit was entered as
the single mediating variable, and alcohol use measured at
the year 2 follow-up visit was entered as the dependent vari-
able. ICV and MRI scanner type were included as covariates
on NAcc volume, and age and pubertal development were
included as covariates on all variables. Bootstrapping with
replacement was used in the analysis to account for non-
normality that is common among alcohol use variables from
data that includes nondrinkers. The statistical significance of
the indirect effect of NAcc volume on alcohol use through
sensation seeking was assessed using 10,000 bootstrap
samples to calculate bias-corrected confidence intervals.
Bias-corrected bootstrapping is recommended for models
assessing multiple comparisons (e.g., mediation models), as
the approach achieves higher power while maintaining rea-
sonable control over type I errors (MacKinnon et al., 2002)
and does not make assumptions about the normality of the
indirect effect. Sex differences in these direct and indirect ef-
fects were further examined using the multigroup command

in Mplus (Muthén & Muthén, 2017). Goodness of model
fit was evaluated using the following criteria: comparative
fit index (CFI) greater than .95 (Hu & Bentler, 1999), root
mean square error of approximation (RMSEA) less than
.08 (Browne & Cudeck, 1992), and standardized root mean
square residual (SRMR) less than .08 (Hu & Bentler, 1999).
Although our primary interest was in sensation seeking, post
hoc exploratory analyses using the same analytic strategy
were conducted to determine whether other UPPS-P sub-
scales (i.e., lack of premeditation, lack of perseverance, posi-
tive urgency, negative urgency) were related to NAcc volume
and future alcohol use. Lastly, to determine the specificity of
our findings, we examined whether NAcc volume and sensa-
tion seeking were associated with binge drinking occasions
and days of marijuana use in year 2.

Results
Participant characteristics (Table 1)

On average, participants were 14.87 (SD = 1.80) years
old and scored 2.99 (SD = 0.71) on the pubertal develop-
ment scale when they entered the study. Although there were
no sex differences in age, #(514) = 0.22, p = .83, females
had higher pubertal development scores, #512) = 10.31,
p < .001. After we controlled for intracranial volume and
scanner, there were no sex differences in NAcc volume at
baseline, F(3, 498) = 0.16, p = .69. At the year 1 follow-up
visit, males reported greater levels of sensation seeking than
females, #(488) = -4.94, p < .001. On average, 30.70% of
participants reported any alcohol use at the 2-year follow-
up visit, and there were no sex differences in the proportion
of participants reporting alcohol use, (1, 456) = 0.18, p =
.67. Among those who endorsed some alcohol use, the aver-
age number of alcoholic beverages consumed in the past
year was 43.6 (SD = 65.32), the number of binge drinking
episodes was 4.85 (SD = 8.21), and there were no differences
in either measure by sex (ps > .2). Furthermore, 22.59%
of participants reported any marijuana use during the year
2 follow-up visit. Among those reporting some marijuana
use, 33.78 (SD = 68.17) was the average number of days
used over the past year, and there were no sex differences in
frequency of use, #(101) = 0.18, p = .86.

Path analysis of associations between NAcc, sensation
seeking, and alcohol use

Two participants were excluded from the analyses de-
scribed below (n = 514) because of missing data. Results
of the model not accounting for sex differences indicated
poor fit, x¥%(6) = 62.50, p < .001, CFI = 0.86, RMSEA =
0.14, SRMR = 0.06. Before we examined potential sex dif-
ferences in the estimated model, a baseline multiple group
model was tested in which all direct paths were constrained
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TaBLE 1. Participant characteristics
Sample Total Males Females
Variable size M (SD) or % M (SD) or % M (SD) or % P
Baseline age, in years 516 14.87 (1.80) 14.86 (1.77) 14.90 (1.84) .83
Baseline PDS score 514 2.99 (0.71) 2.70 (0.65) 3.29 (0.64) <.001
Sensation seeking? <.001
Baseline 515 10.89 (2.63) 11.45 (2.44) 10.33 (2.69)
Year 1 490 10.84 (2.87) 11.46 (2.58) 10.21 (3.01)
Year 2 462 10.98 (2.88) 11.71 (2.48) 10.24 (3.07)
Alcohol use, year 1 490 16.33% 15.57% 17.07%
Average drinks, 24 hours 80 2.96 (2.16) 3.42 (3.56) 2.55 (1.65) 18
Drinking days, 365 days 80 5.53 (6.52) 3.97 (3.58) 6.93 (8.14) 31
Total drinks, 365 days 80 18.32 (24.94) 15.50 (21.27) 20.87 (27.86) 73
Total binges, 365 days 80 1.69 (3.61) 1.21 (2.35) 2.12 (4.45) .90
Alcohol use year 2 456 30.70% 29.8% 31.6% .67
Average drinks, 24 hours 142 3.15 (2.00) 3.58 (2.21) 2.73 (1.69) .01
Drinking days, 365 days 142 11.37 (15.07) 11.16 (14.24) 11.58 (15.92) .87
Total drinks, 365 days 142 44.05 (65.06) 49.96 (74.33) 38.46 (54.83) 29
Total binges, 365 days 142 4.85(8.21) 4.96 (8.42) 4.74 (8.07) .87
Frequency of marijuana use
Days baseline year, 365 days 15 2.13 (1.46) 1.91 (1.58) 2.75 (0.95) 34
Days year 1, 365 days 60 16.70 (45.38) 15.63 (28.35) 18.20 (62.60) .83
Days year 2, 365 days 103 33.78 (68.17) 32.65 (61.49) 35.06 (75.75) .86
Number of cigarettes used
Days baseline year, 365 days 2 2.00 (1.4) 2.00 (1.4) N.A. N.A.
Days year 1, 365 days 21 24.30 (41.78) 34.33 (51.72) 10.92 (18.30) 21
Days year 2, 365 days 31 197.07 (932.16) 23.24 (65.24) 46.78 (119.47) 13
NAcc volume (mm?)¢
Baseline 502 1,563.49 (258.15) 1,616.98 (262.17) 1,511.27 (243.55) 17
Scanner (% Siemens) 516 32.40% 33.1% 31.7% .694

Notes: PDS = Pubertal Development Scale; N.A. = not applicable; NAcc = nucleus accumbens. “Sex differences determined by Student’s 7 test or
chi-square test; measured using the sensation-seeking subscale of the UPPS-P; “sex differences controlling for intracranial volume and scanner.

to equality across the male and female groups. This fully
constrained baseline model was compared with a model in
which all paths were freely estimated to determine whether
the strength of the associations differed by sex. A chi-square
difference test indicated that the constrained model resulted
in a significantly worse fit than the model in which path
coefficients were freely estimated across the two groups,
Ax%(12) = 26.91, p = .008, suggesting that significant sex
differences were evident for the magnitude of the path
coefficients.

Results of the freely estimated multiple group model in-
dicated that the model provided a good overall fit, }%(12) =
18.19, p = .11; CFI = 0.98, RMSEA = 0.05, SRMR = 0.03
(Figure 1). The path from NAcc volume to sensation seek-
ing was significant for males ( = .21, SE = .06, p < .001),
but not for females (f = .07, SE = .06, p = .26). Males with
a larger NAcc volume at baseline reported significantly
greater sensation-seeking tendencies 1 year later. The as-
sociation between sensation seeking and total alcohol use in
year 2 was significant for both males (f = .19, SE = .07, p
=.01) and females (§ = .11, SE = .05, p = .03), with greater
sensation seeking predicting greater alcohol consumption.
The direct effect of NAcc volume on total alcohol use was
significant for females (§ = .15, SE = .07, p = .03), but not
for males (f = .001, SE = .07, p = .99). Although NAcc
volume did not directly predict total alcohol use among

males, the indirect effect through sensation seeking was
significant (§ = .04, SE = .02, p = .046, 95% CI [.01, .09])
and accounted for almost 100% of the total effect of NAcc
volume on alcohol consumption (§ = .04, SE = .07, p = .57,
95% CI [-.12, .16]). Among females, the indirect effect of
NAcc volume on alcohol use through sensation seeking was
not significant (§ = .008, SE = .008, p = .35, 95% CI [-.004,
.03]) and accounted for only 5% of the total effect (f = .15,
SE = .07, p = .02, 95% CI [.004, .27]). Similar patterns of
results were observed when binge drinking occasions and
days of marijuana use in year 2 were used as outcome vari-
ables (Supplementary Table 1 and 2). However, in the un-
constrained multigroup models, there was no direct effect of
NAcc volume on binge drinking or frequency of marijuana
use in females (Supplementary Table 2).

Post hoc exploratory analyses not accounting for sex dif-
ferences indicated that models using other dimensions from
the UPPS-P as potential mediators (e.g., premeditation, lack
of perseverance, positive urgency, and negative urgency)
were a poor fit, and other dimensions from the UPPS-P were
not significantly associated with NAcc volume or total drinks
in year 2 (all ps > .05). Furthermore, chi-square difference
tests indicated that there were no differences between the
constrained and freely estimated models by sex (ps > .05),
suggesting that there were no significant sex differences for
the magnitude of the path coefficients.
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Female _
Sensation
0.07 (0.06) Seeking
e 0.11 (0.05)*
Nucleus
Accumbens > Alcohol
Male
Sensation
Seeking
0.21 (0.06)* 0.19 (0.07)*
Nucleus
Accumbens > Alcohol
Volltna 0.001 (0.07) n.s.

Ficure 1. Sex differences in the associations between nucleus accumbens volume, sensation seeking, and alcohol use. In adolescent females, the path diagram
provides standardized estimates for the direct effect of nucleus accumbens volume on total alcohol use 2 years later. An indirect effect of nucleus accumbens
on total alcohol use 2 years later mediated by sensation seeking at the 1-year follow-up assessment was detected in adolescent males. n.s. = not significant.

*p <.05.
Discussion

Our findings provide novel evidence that individual dif-
ferences in NAcc volume during adolescence are associated
with future sensation seeking and alcohol use. Furthermore,
sex differences were evident for indirect effects, suggest-
ing that the influence of the NAcc on adolescent alcohol
use is differentially transmitted for males and females.
Among adolescent males, the influence of NAcc volume
on subsequent drinking was largely explained by the shared
association with sensation seeking; however, no association
between NAcc volume and sensation seeking was observed
in females. As direct effects of NAcc volume on future alco-
hol use were evident in females, more research is needed to
determine whether the relationship between NAcc volume
and alcohol use in females is mediated by other facets of
personality, cognition, or affect that are linked to the NAcc
and confer greater risk for future alcohol use.

Our findings extend prior cross-sectional work dem-
onstrating that college-aged binge drinkers have greater
volume in the NAcc than age-matched controls (Howell et
al., 2013) and that frequency of alcohol use is positively
correlated with NAcc volume in adolescents (Thayer et al.,
2012), by providing evidence that greater NAcc volume
during adolescence is a pre-existing risk factor for alcohol
use. Consistent with prior work demonstrating that young
marijuana users have greater NAcc volumes than control
participants (Gilman et al., 2014) and that sensation seek-
ing predicts other substance use (Castellanos-Ryan et al.,
2013), we also demonstrate that the association between
greater NAcc volume and future marijuana use is mediated
by sensation seeking in adolescent males. These findings
suggest that NAcc volume during adolescence may be a
risk factor for using a variety of substances; however, more
research is needed to determine if NAcc volume relates to
cigarette or other illicit drug use. In contrast to our findings,
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a previous study demonstrated that adolescents with smaller
NAcc volume at baseline were more likely to initiate various
forms of substance use 2 years later (Urosevic et al., 2015).
A variety of factors could contribute to these discrepant find-
ings. For example, Urosevi¢ and colleagues only studied 14
participants who initiated substance use over the course of 2
years; therefore, it is possible that participant characteristics
that present potential confounds could not be adequately ad-
dressed (e.g., sex differences, pubertal stage).

In adolescent males, but not females, we demonstrated
that greater NAcc volume at baseline is associated with
greater sensation seeking 1 year later, suggesting that the
structural development of other brain regions may be useful
for explaining individual differences in sensation seeking
and alcohol use in females. A cross-sectional study in adults
demonstrated that greater sensation seeking was associated
with less cortical thickness in the anterior cingulate, middle
frontal gyrus, and supramarginal gyrus (Holmes et al., 2016).
However, longitudinal studies examining the associations
between prefrontal brain structure and future alcohol use
during adolescence have produced mixed results. Although
some studies have demonstrated that lower gray-matter
volume or thickness in the anterior cingulate and lateral
prefrontal cortex at baseline are associated with the initia-
tion and escalation of alcohol use (Brumback et al., 2016;
Cheetham et al., 2014; Squeglia et al., 2014, 2017), a large
multisite study found no associations between gray-matter
volume in the anterior cingulate, orbitofrontal cortex, or
medial prefrontal cortex at age 14 and heavy drinking at age
19 (Seo et al., 2019). Furthermore, task-based (Hawes et al.,
2017; Weiland et al., 2013) and resting-state functional MRI
(Sharkey et al., 2019) have been linked to sensation seeking,
but little is known about how individual differences in gray-
matter volume relate to brain function during development.

More research is needed to determine the genetic and
environmental influences that affect individual differences in
sensation seeking and NAcc volume. A recent longitudinal
study in young adults determined that the association be-
tween a polygenic risk score and future alcohol use problems
was mediated by sensation seeking (Li et al., 2017). The
emergence of large-scale international genetic neuroimaging
consortiums (Mackey et al., 2016) will facilitate the ability
to conduct similar analyses to determine whether brain struc-
ture and function mediate the association between genetic
variability and alcohol use. Environmental influences may
also play a critical role in shaping risk factors for alcohol
use. For example, a longitudinal study during adolescence
found that different parenting styles affect the trajectory of
NAcc volume across adolescence (Whittle et al., 2016). Bet-
ter understanding of the factors that affect risk for alcohol
use may be useful for identifying and targeting interven-
tions for those who are at higher risk for adolescent alcohol
use. For example, interventions targeting sensation seeking
have shown moderate success at reducing adolescent binge

drinking (Conrod et al., 2011, 2013). Our results suggest
that these interventions may be improved by taking into ac-
count sex differences in the neurobiological underpinnings
of sensation seeking.

This study extends our understanding of the role that
NAcc volume and sensation seeking play in alcohol use dur-
ing adolescence; however, it is not without limitations. The
sex differences observed in this study might be attributable,
in part, to sex hormones. For example, studies in adolescents
and young adults found that testosterone levels were cor-
related with sensation seeking and with future alcohol use
(Braams et al., 2016; Campbell et al., 2010), and fluctuations
in testosterone and estradiol have been linked to changes in
brain structure (Herting et al., 2014). In this study, age and
pubertal development were included as covariates in statisti-
cal models; however, it is possible that sex hormones would
help further explain individual variability in brain structure,
sensation seeking, and alcohol use that cannot be captured
by assessing age or pubertal stage (Herting et al., 2014). Fur-
thermore, although earlier initiation of alcohol use is a risk
factor for problem alcohol use later in life (Hingson et al.,
2009), most adult consumers of alcohol report an adolescent
onset of alcohol use, with few if any lifetime consequences,
suggesting that early initiation is not sufficient for explain-
ing the rates of alcohol dependence (King & Chassin, 2007).
Therefore, longer prospective studies may be useful for iden-
tifying additional risk factors for escalating patterns of use.

This study demonstrates that greater NAcc volume in
adolescence may be a risk factor for future substance use.
In adolescent males, greater nucleus accumbens volume
was associated with higher levels of sensation seeking, a
known risk factor for substance use. In adolescent females,
although NAcc volume was directly associated with future
alcohol use, more work is needed to identify the risk factors
that mediate this association and to identify neurobiological
underpinnings of sensation seeking.
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