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Abstract
Adolescence is a period of radical normative changes and increased risk for substance use, mood
disorders, and physical injury. Researchers have proposed that increases in reward sensitivity, i.e.,
sensitivity of the behavioral approach system (BAS), and/or increases in reactivity to all emotional
stimuli (i.e., reward and threat sensitivities) lead to these phenomena. The present study is the first
longitudinal investigation of changes in reward (i.e., BAS) sensitivity in 9 to 23-year-olds across a
two-year follow-up. We found support for increased reward sensitivity from early to late
adolescence and evidence for decline in the early twenties. This decline is combined with a
decrease in left nucleus accumbens (Nacc) volume, a key structure for reward processing, from the
late teens into the early twenties. Furthermore, we found longitudinal increases in sensitivity to
reward to be predicted by individual differences in the Nacc and medial OFC volumes at baseline
in this developmental sample. Similarly, increases in sensitivity to threat (i.e., BIS sensitivity)
were qualified by sex, with only females experiencing this increase, and predicted by individual
differences in lateral OFC volumes at baseline.
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Adolescence is a period of radical social, biological, and psychological changes (Forbes &
Dahl, 2010; Casey, Jones, & Hare, 2008; Nelson, Leibenluft, McClure, & Pine, 2005;
Steinberg & Morris, 2001), many of which are associated with increased risk-taking
behaviors that can have grave consequences (Eaton et al., 2006). Adolescence is also a
period of elevated vulnerability for the onset of depressive, anxiety, substance use, and other
mental disorders (Kessler et al., 2005). Recent studies have attempted to understand both
these normative and psychopathological developmental processes in adolescence from the
perspective of increased sensitivity to reward, or behavioral approach system (BAS)
sensitivity (e.g., Leen-Feldner, Zvolensky, & Feldner, 2004; Patrick, Blair, & Maggs, 2008).

The present study is the first longitudinal test of changes in reward (i.e., BAS) sensitivity in
a large sample of 9 to 23 year-olds over a two-year follow-up. In addition, the present study

Correspondence should be address to Snezana Urosevic, Ph.D., Dept. of Psychology, N218 Elliott Hall, 75 East River Road,
Minneapolis, Minnesota, 55455, snezana.urosevic@gmail.com..

Publisher's Disclaimer: The following manuscript is the final accepted manuscript. It has not been subjected to the final copyediting,
fact-checking, and proofreading required for formal publication. It is not the definitive, publisher-authenticated version. The American
Psychological Association and its Council of Editors disclaim any responsibility or liabilities for errors or omissions of this manuscript
version, any version derived from this manuscript by NIH, or other third parties. The published version is available at
www.apa.org/pubs/journals/dev

NIH Public Access
Author Manuscript
Dev Psychol. Author manuscript; available in PMC 2013 September 01.

Published in final edited form as:
Dev Psychol. 2012 September ; 48(5): 1488–1500. doi:10.1037/a0027502.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.apa.org/pubs/journals/dev


is the first to examine longitudinal changes in volumes of brain structures that represent key
nodes for reward processing, such as medial orbitofrontal cortex (OFC) and nucleus
accumbens (Nacc). Although the processing of affectively-salient information is complex
and involves numerous brain regions, we selected these structures because of overwhelming
evidence that they are involved in responses to reward magnitudes and reward valuation
(e.g., Depue and Collins, 1999; Galvan et al., 2006; Kringelbach & Rolls, 2004; Somerville,
Hare, & Casey, 2011; but for evidence of their involvement in negative stimuli processing
see Faure, Reynolds, Richard, & Berridge, 2008; Levita et al., 2009; Morrison & Salzman,
2009). As a measure of discriminant validity, longitudinal changes in behavioral inhibition
system (BIS), or threat sensitivity, are also examined, as well as changes in volumes of brain
structures involved in emotional processing, but not specific to reward processing, i.e.,
amygdala and lateral OFC.

Researchers propose that adolescents experience a normative increase in sensitivity to
rewards in the context of immature top-down, inhibitory control (Casey, Jones, & Hare,
2008; Ernst, Pine, & Hardin, 2006; Nelson et al., 2005; Somerville, Jones, & Casey, 2010;
Steinberg, 2008). There is preliminary empirical support for this hypothesis from cross-
sectional studies, such as stronger effect of monetary incentives (Hardin et al., 2007; Jazbec
et al., 2006) and greater positive affect following receipt of monetary reward (Ernst et al.,
2005) in adolescents compared to adults. Late adolescents also make more advantageous
choices in a decision-making task with variable rewards and risks (i.e., the Iowa Gambling
Task, IGT) compared to younger groups (Hooper, Luciana, Conklin, & Yarger, 2004). A
recent study using a modified IGT found adolescents to be more sensitive to positive
feedback compared to children and adults (Cauffman et al., 2010). Moreover, in
adolescence, there is an increase in incentive-driven behaviors with high potential for
negative consequences, such as illicit substance/alcohol use and unsafe sex (Eaton et al.,
2006).

This reward hypersensitivity during adolescence suggests increased sensitivity of the BAS.
The BAS is one of the two behavioral-motivational systems proposed by Gray (1981, 1991,
1994) to guide behavior. The BAS's function is to facilitate approach to rewards and is
triggered by incentive cues in reward paradigms and safety cues in active avoidance
paradigms (e.g., Depue & Collins, 1999; Gray, 1991; Fowles, 1987). Another behavioral-
motivational system, the BIS, is hypothesized to be involved in responses to threat and
punishment and to inhibit approach responses in situations of conflict between reward and
risk (Gray & McNaughton, 2000). BAS hyper- and hyposensitivity has been implicated in
bipolar disorders and unipolar depression, respectively, (e.g., Alloy & Abramson, 2010;
Depue & Iacono, 1989; Kasch, Rottenberg, Arnow, & Gotlib, 2002; Pinto-Meza et al., 2006;
Urošević, Abramson, Harmon-Jones, & Alloy, 2008), whereas a hypersensitive BIS has
been implicated in heightened amygdala activation in response to threat stimuli (e.g., Cools
et al., 2004) and in anxiety and depression (e.g., Hundt et al., 2007; Kasch et al., 2002).
Thus, extremes on dimensions of BAS and BIS sensitivities are hypothesized to place
individuals at risk for psychopathology.

Consistently, in cross-sectional studies, increased BAS sensitivity has been linked to a
number of risky behaviors and clinical symptoms during adolescence (see supplementary
material for BIS hypersensitivity effects). For example, in a sample of Russian adolescents
and young adults, increased BAS sensitivity predicted scores on a composite index of
substance use (Knyazev et al., 2004). Similarly, heightened BAS sensitivity predicted
alcohol abuse and dysfunctional eating in adolescent females (Loxton & Dawe, 2001),
alcohol and tobacco use in undergraduate samples (O'Connor et al., 2009; Patrick, Blair, &
Maggs, 2008), greater adolescent delinquent behaviors (Hasking, 2007), increased parental
reports of externalizing behaviors (Colder & O'Connor, 2004), and adolescents' excessive
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computer use that led to functional impairments (e.g., sleep disruption/arguments; Giles &
Price, 2008). BAS sensitivity has also predicted greater conflicts with adults and socializing
with deviant peers in both adolescent males and females (Knyazev, 2004).

These prior studies of adolescents have assessed sensitivities to reward and punishment (i.e.,
BAS and BIS sensitivities) using the BIS/BAS scales (Carver & White, 1994), which have
substantial empirical support for their construct validity. For example, the BIS/BAS scales
correlate with EEG indices of approach and withdrawal affective styles (Harmon-Jones &
Allen, 1997; Sutton & Davidson, 1997), as well as predict experimental responses to
rewards and punishments (e.g., Carver & White, 1994) and relevant prospective clinical
symptoms (e.g., Meyer, Johnson, & Winters, 2001). In a longitudinal twin study, a moderate
genetic effect accounted for approximately one third of variance in the BIS/BAS scales
(Takashi et al., 2007). Another study found the same four-factor structure of the BIS/BAS
scales in large adolescent and adult samples, suggesting that the structure of each system is
comparable across development (Cooper, Gomez, & Aucote, 2007). In sum, the BIS/BAS
scales are promising, underutilized tool for the assessment of longitudinal, developmental
changes in reward and threat sensitivities from adolescence into adulthood.

Additional longitudinal work is needed to assess whether sensitivity to reward actually
peaks in adolescence in comparison to other life periods as some researchers have proposed
(e.g., Doremus-Fitzwater et al., 2010; Somerville et al., 2010). An alternative explanation
would be that BAS sensitivity, and possibly BIS sensitivity, represent stable personality
traits across lifetime. Thus, increases in risk-taking and vulnerability to clinical disorders
observed in adolescence would be due to environmental changes or to other BAS-irrelevant
developmental processes. It could also be that the adolescent trajectory for changes in
reward (i.e., BAS) sensitivity differs for individuals who are high versus low on this trait at
the onset of adolescence, or for individuals who differ in other important baseline
characteristics. This would explain why only a subset of adolescents experiences clinically
significant increases in risk-taking, mood disorder symptoms, and substance use.
Longitudinal data with assessments of BAS and BIS sensitivities could address these
questions but is lacking in the published literature.

Longitudinal data on the structural changes in brain regions relevant for the processing of
reward (and threat) during adolescence are also sparse. The Nacc and OFC are key nodes in
the brain's reward system (i.e., BAS) and located in frontal and striatal regions that continue
to develop during adolescence (Giedd et al., 1999; Sowell et al., 1999). The Nacc has been
implicated in translating incentive-reward motivation into behavioral actions (Depue &
Collins, 1999), while functioning of the OFC has been separated according to its
substructures. The medial OFC and lateral OFC have been implicated in the processing of
the expected value of reinforcers and punishers, respectively (Kringelbach & Rolls, 2004;
but for different view see Morrison & Salzman, 2009). Thus, the medial OFC is implicated
in BAS-relevant behavioral control, whereas the lateral OFC is implicated in BIS-relevant
processes and provides discriminative validity test for reward-specific changes during
adolescence. Similarly, the amygdala is a key structure for decoding the affective features of
both pleasurable and aversive stimuli (e.g., Davis & Whalen, 2001), and as such less likely
to be linked to preferential increase in reward sensitivity. These structures (OFC, Nacc,
amygdala) represent logical starting places for investigating structural neural development in
relation to reward (i.e., BAS) sensitivity.

The majority of studies of healthy adolescents have investigated changes in the functioning
of the OFC and Nacc, rather than in their structure. In decision-making paradigms,
adolescents, compared to adults, exhibit greater ventral striatal activation (which includes
Nacc) after winning money (Ernst et al., 2005) and increased activity in the Nacc during
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risk-taking (Galvan et al., 2006). There is further evidence that striatal activity in response to
unexpected reward feedback (i.e., positive prediction errors; Cohen et al., 2010) and in
response to rewarding stimuli (Somerville, Hare, & Casey, 2011) peaks in adolescence.
Moreover, adolescence has been linked to decreased ventral striatal activity during reward
cue evaluation, but increased ventral striatal activity during anticipation of behavioral
responses to rewards (Geier et al., 2010). There is a paucity of longitudinal data assessing
structural changes within reward circuitry, and whether structural changes relate to variation
in reward sensitivity.

The present study, with its two-year longitudinal design and a large sample of 9 to 23-year-
olds, proposes to address the above-described gaps in the literature (e.g., examining
relationship between key neural structures and reward sensitivity in adolescence, as well as
investigating longitudinal increase in reward sensitivity during adolescence). Specifically,
(1) we will provide a longitudinal test to the hypothesis that reward sensitivity increases in
adolescence and also examine specificity of this hypothesis by examining changes in threat
sensitivity. (2) We will test whether any observed longitudinal changes in reward and threat
sensitivities are qualified by sex. We will also (3) examine longitudinal changes in OFC,
Nacc, and amygdala volumes during adolescence, as well as the relationship of
developmental changes in the reward-specific structures (i.e., Nacc and medial OFC), and
non-reward-specific emotional processing structures (i.e., amygdala and lateral OFC), to
changes in self-report measures of reward and threat sensitivities. In all these analyses, we
will also examine cross-sectional age effects to further characterize significant
developmental changes.

Method
Participants

Participants (n= 184; 83 male, 101 female) without past or current psychopathology
participated in the study after providing informed consent and/or assent. Minor participants
were recruited by phone from a database maintained by the Institute of Child Development
at University of Minnesota, which consists of families that had agreed to be contacted for
participation in university studies at the time of their child's birth. Second, postcards were
sent out to University of Minnesota civil service (i.e., non-academic) employees directing
them to contact our laboratory if they had children within the desired age ranges interested
in study participation. Young adults (age 18–23) were recruited through the use of flyers
posted throughout campus. In addition, any adult employees who received postcards and
were in the desired age range were able to participate.

Study eligibility was determined with a short phone screening and in-person comprehensive
clinical interview using the Kiddie - SADS - Present and Lifetime Version (K-SADS-PL;
Kaufman, Birmaher, Brent, Rao, & Ryan, 1996). Exclusion criteria included histories of
neurological or psychiatric disorders, preterm birth or other birth complications, current or
past substance abuse, loss of consciousness, learning disabilities, current or past
psychoactive prescription drug use, non-native English speaking, and uncorrected vision or
hearing problems. Due to the structural MRI protocol, left-handedness (Oldfield, 1971) and
all imaging contraindications (e.g., metallic implants, etc.) also resulted in study exclusion.
The study protocol was approved by the local Institutional Review Board.

Participants ranged in age from 9.21 to 23.96 years at the Time 1 (baseline) assessment; 157
participants completed the Time 2 assessment. There were no participant exclusions adopted
at Time 2. The Time 2 assessment was completed as close to 2 years after the Time 1
assessment as possible, with the mean length of follow up being 2.12, ± 0.28 years. The
sample was predominantly Caucasian (87.4%), with 1.6% of the sample being African
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American, 1.6% Asian, 4.4% Pacific Islander, and 4.9% self-identified as `other'; the
sample's racial/ethnic demographics closely match those of the state of Minnesota in the
most recent census (2009 American Community Survey (ACS), published by the U.S.
Census Bureau: http://factfinder.census.gov). Participants' socio-economic status was
determined by their parental education (66.4% of mothers and 63.4% of fathers completed
bachelor's degrees or higher) and average family income (M = 96,411.39, SD = 72,759.72
U.S. dollars), which yielded a sample with a predominantly middle to upper-middle class
background. There were no significant differences in demographic information between
participants who completed the Time 2 assessment versus those who did not, except that
individuals who completed the Time 2 assessment were slightly younger than non-
completers (mean age 15.86 (SD = 3.99) and 18.30 (SD = 3.56)). That is, the study's
younger cohorts were more likely to be available for the Time 2 assessment. Attrition was
largely due to older participants' relocations to other locales.

Procedure
At both time points, participants completed a demographics and diagnostic interview
assessment on one day and a set of questionnaires, a neurocognitive battery,
psychophysiological testing, and a structural magnetic resonance imaging (MRI) scan on
another day. The present study focuses on measures of age, sex, BIS/BAS sensitivities, and
OFC, Nacc, and amygdala volumes.

Measures
The BIS/BAS scales—Individual differences in sensitivities to reward and threat were
assessed using the BIS/BAS scales (Carver & White, 1994), which are comprised of a 7-
item BIS scale (e.g., “I worry about making mistakes,” “I feel worried when I think that I
have done poorly at something”) and three BAS subscales: 5-item Reward Responsiveness
scale (e.g., “When I get something I want, I feel excited and energized,” “It would excite me
to win a contest”), a 4-item Drive scale (e.g., “I go out of my way to get things I want,” “If I
see a chance to get something I want, I move on it right away”), and a 4-item Fun Seeking
scale (e.g., “I crave excitement and new sensations,” “I will often do things for no other
reason than that they might be fun”). The three BAS subscales were also be summed to yield
a BAS Total score. Possible scores range from 7 to 28 for BIS, 5 to 20 for BAS Reward
Responsiveness, 4 to 16 for BAS Drive and BAS Fun Seeking, and 13 to 52 for the BAS
Total.

Magnetic Resonance Imaging (MRI)—Measures of volumes were derived for the
following regions of interest (ROIs): left lateral OFC, right lateral OFC, left medial OFC,
right medial OFC, left Nacc, right Nacc, left amygdala, and right amygdala, for 149
participants who had MRI data available at both Time 1 and 2 (i.e., 8 participants with
behavioral data for Time 1 and 2 did not complete Time 2 MRI scans due to the presence of
imaging contraindications, such as orthodontic braces). MRI images were acquired on a 3-
Tesla Siemens Trio scanner (Siemens Medical Systems, Erlangen, Germany) at the
University of Minnesota's Center for Magnetic Resonance Research. Three-dimensional
brain images were obtained with a coronal T1-weighted Magnetization Prepared Rapid
Gradient Echo (MPRAGE) sequence (TR = 2530 msec, TE = 3.65 msec, TI = 1100 msec,
240 slices, voxel size =1.0mm × 1.0mm × 1.0mm, flip angle = 7°, FOV = 256 mm).

Estimates of cortical and subcortical volumes for the ROIs were obtained by processing the
high-resolution anatomical images in the FreeSurfer v.4.5.0 image analysis suite
(http://surfer.nmr.mgh.harvard.edu/). Partway through the Time 2 data collection, the 3
Tesla system was upgraded from a Siemens Trio to a Siemens TIM Trio. In order to
minimize variability resulting from this hardware change, including a new gradient set, T1-
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weighted images were corrected for distortions resulting from gradient nonlinearity
(Jovicich, et al., 2006) prior to FreeSurfer processing. After implementing this correction,
we followed the standard FreeSurfer processing pipeline for longitudinal data processing
(see http://surfer.nmr.mgh.harvard.edu/fswiki/LongitudinalProcessing). Full descriptions of
the FreeSurfer processing steps used in the present study have been reported in prior
publications by FreeSurfer group (Dale & Sereno, 1993; Dale, Fischl, Sereno, 1999; Fischl
et al., 1999; Fischl, Sereno, Dale, 1999; Fischl & Dale, 2000; Fischl, Liu, Dale, 2001; Fischl
et al., 2002; Fischl et al., 2004a; Fischl et al., 2004b; Han et al., 2006; Jovicich et al., 2006;
Segonne et al., 2004). Briefly, this processing includes: removal of non-brain tissue using a
hybrid watershed/surface deformation procedure (Segonne et al., 2004), automated
Talairach transformation, segmentation of the subcortical white matter and deep gray matter
volumetric structures (Fischl et al., 2002; Fischl et al., 2004a), intensity normalization (Sled,
Zijdenbos, Evans, 1998), tessellation of the gray matter/white matter boundary, automated
topology correction (Fischl, Liu, Dale, 2001; Segonne et al., 2004), and surface deformation
following intensity gradientsto optimally place the gray/white and gray/cerebrospinal fluid
borders at the location where the greatest shift in intensity defines the transition to the other
tissue class (Dale & Sereno, 1993; Dale, Fischl, Sereno, 1999; Fischl & Dale, 2000).
FreeSurfer morphometric procedures exhibit good test-retest reliability across scanner
manufacturers and across field strengths (Han et al., 2006). All automatically generated
volumes were visually inspected for accuracy, and manual corrections using FreeSurfer
tools were carried out as needed. The ROIs used in data analyses were taken from the set of
cortical and subcortical structural volumes generated by cortical parcellation (i.e., medial
and lateral OFC volumes) and subcortical segmentation (i.e., Nacc and amygdala volumes)
procedures in FreeSurfer. Please see Supplemental Materials Figure 1 for examples of ROIs'
volumes yielded by these FreeSurfer procedures for a typical participant from the present
sample. Volumes of each region were corrected for total brain volume prior to analysis and
represented as ratios of ROI volume to total brain volume.

Statistical Approach
Data were analyzed using the Statistical Package for the Social Sciences, version 19.0. To
address whether the BIS/BAS sensitivities change over time, whether these changes are
qualified by sex and/or age, and whether there are cross-sectional effects of age, repeated
measures ANCOVAs were conducted separately for each BIS/BAS subscale. The MRI
indices, one per hemisphere, of medial OFC, lateral OFC, Nacc, and amygdala volumes,
were analyzed as dependent variables in a series of repeated measures ANCOVAs, which
examined effects of continuous covariate age, controlling for scanner upgrade status and
sex. Significant age effects were followed up by age group comparisons for ease of
interpretation and to be consistent with prior research on reward sensitivity in adolescence
(e.g., Galvan et al., 2006; Somerville et al., 2011). In these follow-up analyses, we compared
early adolescents (ages 9–12), late adolescents (ages 13–17), vs. young adults (ages 18–23),
based on their Time 1 age.

Longitudinal associations between changes in relevant brain volumes and changes in the
BIS/BAS scales were explored using hierarchical regression analyses in the whole sample,
controlling for effects of sex, age, and scanner upgrade, which is a special case of Analysis
of Partial Variance. Partial correlations in Analysis of Partial Variance yield relationships
between a predictor variable and outcome variable after regressing out variance due to all
other predictor variables in the model. Partial correlation is equivalent to correlating
residuals of the predictor and outcome variables, after taking out variance due to predictors
entered in Step 1 from both variables. In the present study, partial correlations are equivalent
to correlating residual change in the brain volume and residual change in the relevant BIS/
BAS subscale, after controlling for sex, age, and scanner upgrade. This approach for the
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study of change is a special case of the Analysis of Partial Variance (for additional
description please see Cohen & Cohen, 1983, pp. 402–422). For an example of an
application of this technique to derive conclusions from longitudinal research see Metalsky,
Halberstadt, & Abramson, 1987)1.

Results
Relations among the BIS/BAS Scales

Means and standard deviations for the BIS/BAS scales at Time 1 and Time 2 are presented
in Table 1. Based on Pearson's r correlations from the Time 1 assessment of the whole
sample, the BAS subscales were significantly related to each other: r = .50 for Drive and
Fun Seeking, r = .33 for Drive and Reward Responsiveness, r = .27 for Reward
Responsiveness and Fun Seeking. In addition, consistent with prior research (e.g., Carver &
White, 1994), BAS Reward Responsiveness was positively related to the BIS scale in the
whole sample at Time 1 (r = .35). Similar patterns were found for interrelations among the
BIS/BAS scales at the Time 2: r = .48 for Drive and Fun Seeking, r = .23 for Drive and
Reward Responsiveness, r = .26 for Reward Responsiveness and Fun Seeking, and r = .31
for Reward Responsiveness and BIS. Internal consistencies of the BIS/BAS scales were
acceptable and ranged from a Cronbach's alpha of .66 for BIS, .73 for BAS Drive, .59 for
BAS Reward Responsiveness, and .61 for BAS Fun Seeking at Time 1 and from .76 for
BIS, .76 for BAS Drive, .53 for BAS Reward Responsiveness, and .61 for BAS Fun Seeking
at Time 2. Overall these patterns indicate that the BIS/BAS scales are performing as well as
in other reported studies in terms of internal consistency and observed patterns of
intercorrelation among subscales.

Longitudinal Changes in BAS sensitivity and Age and Sex Effects
The BAS scales—In a series of repeated measures ANCOVAs with sex as a between-
subject factor, age as a continuous covariate, and the relevant BAS scale as a repeated
measures variable with two time points, main effects of time would reflect change,
regardless of age, from Time 1 to Time 2. Main effects of age would suggest age effects on
the BAS scales irrespective of time. Age by time interactions would indicate differential
patterns of change across time for different ages.

As summarized in Table 2, there was a significant increase in BAS Reward Responsiveness
scores from Time 1 to Time 2 for the whole sample and a main effect of sex on BAS
Reward Responsiveness, with females exhibiting higher scores than males. There were also
significant main effects of age on BAS Total and BAS Drive, with follow-up partial
correlations (i.e., controlling for gender) revealing positive relationship between age and
BAS Total, r = .27, p = .001, and BAS Drive, r = .36, p <.001, scores averaged across two
time points. Moreover, there was a significant interaction of time by age for BAS Reward
Responsiveness. There were no other significant main effects or interaction effects on the
BAS scales. Please see Supplementary Materials for analogous analyses with the BIS scale.

In order to further illuminate age effects and increase their interpretability, ANOVAs with
between-subject factors of sex and age groups, i.e., early adolescents, late adolescents, and

1There were two additional statistical approaches to examining a change in predictor variable predicting a change in outcome variable
that we considered: correlation of difference scores and correlation of unstandardized residuals as change scores (i.e., regressing Time
2 on Time 1 and saving unstandardized residuals). Both of these approaches yielded similar patterns of results as reported with
Analyses of Partial Variance. However, reliabilities for difference scores were unacceptably low (e.g., .35 for difference in BIS scores)
leading us to reject this approach. The correlation of change residuals was acceptable, but less stringent and sophisticated given that
Analyses of Partial Variance provided the correlation of change residuals with additional predictors controlled for, such as sex and
age.
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young adults, were conducted. In follow up for the main effect of age on BAS Total, the
ANOVA with Bonferroni-corrected post-hoc analyses yielded lower BAS Total scores for
early adolescents as compared to both late adolescents (p = .008) and young adults (p = .
003) across the Time 1 and Time 2 assessments; the latter two groups did not differ from
each other (see Figure 1). In analogous follow-up for significant age main effect on BAS
Drive, Bonferroni-corrected post-hoc analyses yielded lower BAS Drive scores for early
adolescents as compared to both late adolescents (p = .005) and young adults (p < .001),
who did not differ from each other, as illustrated in Figure 1. Early adolescents are 9–12
years of age at Time 1 and 11 to 14 years of age at Time 2. This patterning suggests that
BAS-Drive scores, like the BAS Total, either increase markedly from early adolescence to
late adolescence and then persist into young adulthood, or that there are significant age-
cohort effects.

To follow up on the time by age interaction for BAS Reward Responsiveness, time effects
were examined for each age group in separate repeated measures ANOVAs. BAS Reward
Responsiveness significantly changed over the two-year follow-up interval only for the
young adults, F (1, 52) = 6.35, p = .015, ηp

2 = .11. Scores were lower at Time 2 (ages 20–
25) versus Time 1 (ages 18–23), indicating that BAS Reward Responsiveness decreases
from the late teens to the mid-twenties. To follow up on this interaction further, the age
groups' scores were compared at the Time 1 and at the Time 2 assessments separately in
univariate ANOVAs with post-hoc tests. At Time 1, early adolescents exhibited lower
scores than both late adolescents and young adults (ps ≤ .02). At Time 2, the groups' scores
did not differ. Figure 1 illustrates these longitudinal changes in the three age groups for all 3
BAS scales and the BAS Total, highlighting the non-significant trend for increases in BAS
Reward Responsiveness for early adolescents (p = .166), relatively stable scores for late
adolescents, and a significant decline for young adults, from the Time 1 to the Time 2
assessment.

MRI brain volumes—Next, relevant brain volumes were similarly analyzed, using the
same repeated measures approach of a series of ANCOVAs with repeated measures (for the
same two time points), in order to assess effects of age and sex on each hemisphere's
relevant brain volumes. Scanner-upgrade status was entered as a covariate, age as
continuous covariate, and sex as between-subjects factor. In order to follow-up on
significant age effects, analogous comparisons of age groups were conducted as with the
BAS scales.

As summarized in Table 3, there was a significant main effect of time on the left Nacc with
volumes decreasing for the whole sample from Time 1 to Time 2. There were also
significant effects of sex on the right Nacc and the right amygdala, with females exhibiting
greater volumes than males in both brain regions, and a significant interaction of time by sex
on the left amygdala, with females exhibiting greater left amygdala volume than males at
Time 2 (p = .017) and no difference at Time 1. In addition, there was a significant main
effect of age on the left lateral OFC and the right Nacc, with significant inverse partial
correlation (i.e., controlling for sex and scanner upgrade status) between age and left lateral
OFC, r = −.17, p = .042, and right Nacc, r = −.18, p = .03, volumes averaged across two time
points. Moreover, there was a significant interaction of age by time for the left Nacc. There
were no other main effects or interactions on the ROI's volumes.

In order to further illuminate age effects, repeated measures ANCOVAs with age group and
sex as between-subjects factors and scanner upgrade status as a covariate were conducted for
the right Nacc and left lateral OFC. There were no significant differences between age
groups for the left lateral OFC, but repeated measures ANOVAs with Bonferoni post-hoc
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comparisons for the right Nacc yielded greater volumes for early adolescents compared to
young adults (p = .023).

To follow up on the significant time by age interaction on the left Nacc, repeated measures
ANCOVAs were run separately for each age group, which detected no significant
longitudinal changes during the follow-up within any age group. We further explored this
interaction by examining age group differences separately for Time 1 and Time 2. For the
Time 2 analysis, scanner-upgrade status was added as a covariate. There was a significant
effect of age group on left Nacc volumes at Time 2, F (2, 143) = 4.37, p = .014, ηp

2 = .06,
but not at Time 1. Bonferroni-corrected post-hoc analyses yielded greater left Nacc volumes
for late adolescents compared to young adults (p = .008) at Time 2. Late adolescents are
ages 13–17 at Time 1 and ages 15–19 at Time 2, while young adults are ages 18–23 at Time
1 and 20–25 at Time 2. This pattern of results suggests that there is a decrease in the left
Nacc volume that occurs in the transition from the late teens to early twenties, but likely
over a more protracted time period than the two-year follow-up captured by this study (see
Figure 2).

Finally, only for the left Nacc, there was a significant main effect of scanner upgrade status,
F (1, 145) = 9.26, p = .003, ηp

2 = .06, but no significant interaction effects of scanner
upgrade status by age and/or time. Thus, this scanner upgrade effect does not account for the
observed age by time interaction.

Associations between Longitudinal Changes in Regional Brain Volumes and Longitudinal
Changes in BAS Sensitivity

In order to assess whether individual differences in the ROI's volumes predict individual
differences in longitudinal changes in BAS sensitivity, a series of hierarchical regression
analyses was conducted. For each BAS scale from Time 2 as the outcome variable, four
regressions were ran to predict longitudinal change in the relevant BAS scale as a function
of changes in regional brain volumes of the nucleus accumbens, medial OFC, lateral OFC,
and amygdala. In Step 1, age, sex, scanner upgrade status, and the relevant BAS scale from
Time 1 were entered as predictors. In Step 2, relevant right and left hemisphere volumes at
Time 1 were entered as predictors. In Step 3, relevant right and left hemisphere volumes at
Time 2 were entered as predictors, to examine the effect of developmental change in each
brain region's volumes and the unique contribution of longitudinal change in each
hemisphere. The findings from Step 2 were of primary interest given the study's hypotheses.

Change in BAS Total—In regression analyses predicting changes in BAS Total, medial
OFC volumes at baseline (i.e., left and right hemispheres at Time 1 combined) significantly
predicted the longitudinal increases in BAS Total, change R2 = .03, p = .041, controlling for
all Step 1 predictors, overall R2 = .30, p < .001. The left medial OFC volume at Time 1 had
a significant unique effect controlling for all Step 1 predictors including right medial OFC
volume, partial r = .21, p = .012. There were no significant effects of amygdala, lateral OFC,
or Nacc volumes on the longitudinal change in BAS Total.

Change in BAS Drive—In regression analyses predicting changes in BAS Drive,
longitudinal increases in Nacc volumes from Time 1 to Time 2 significantly predicted
longitudinal increases in BAS Drive scores from Time 1 to Time 2, change R2 = .03, p = .
039 (see Table 2 for additional results). There were no significant effects of lateral OFC,
medial OFC and amygdala volumes on BAS Drive score changes from Time 1 to Time 2.

Change in BAS Reward Responsiveness—In regression analyses predicting changes
in BAS Reward Responsiveness, Nacc volumes at baseline significantly predicted the
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longitudinal increase in BAS Reward Responsiveness, change R2 = .04, p = .032 (see Table
2 for additional results). There was no significant relationship between longitudinal change
in Nacc volumes and longitudinal change in BAS Reward Responsiveness from Time 1 to
Time 2. Furthermore, there were no significant effects of amygdala, lateral OFC, or medial
OFC volumes on the longitudinal change in BAS Reward Responsiveness.

Change in BAS Fun Seeking—There were no significant effects of Nacc, lateral OFC,
medial OFC, and amygdala volumes on the BAS Fun Seeking score changes from Time 1 to
Time 2.

Please see Supplementary Material for description of analogous analyses involving the BIS
scale.

Discussion
Overall, the present findings support developmental peak in reward sensitivity during
adolescence. However, there are important individual differences, such as differences in
baseline volumes of relevant brain structures, qualifying these changes in reward sensitivity,
as well as changes in threat sensitivity, during this developmental period.

Developmental Changes in Reward Sensitivity during Adolescence
Based on the present longitudinal findings, specific aspects of reward sensitivity, i.e.,
positive affective responses to rewards as assessed by BAS Reward Responsiveness (Carver
& White, 1994), appear to peak in mid- to late adolescence and decline into young
adulthood (i.e., into the mid-twenties). These developmental changes in affective responses
to rewards appear to be coupled with structural changes in a brain region that is important
for the evaluation of salient incentive stimuli, i.e., Nacc. MRI analyses suggest a decrease in
left Nacc volumes, which occurs from late adolescence into young adulthood (i.e., between
the late teens and the early twenties). This decrease is approximately 8% of the left Nacc
volume when calculated from the late adolescents' Time 1 mean to the young adults' Time 2
mean and potentially may be due to the ongoing pruning of synapses in this brain region.
This coupling of behavioral and brain structural changes can be visualized by comparing
data in Figures 1 and 2. Furthermore, these findings are consistent with functional imaging
studies, in which adolescents exhibit greater Nacc activation in response to rewards
compared to adults (e.g., Ernst et al., 2005; Galvan et al., 2006; Van Leijenhorst et al.,
2010).

Additionally, in cross-sectional analyses, we found early adolescents (i.e., ages 9 to 12) to
exhibit lower levels of BAS Drive and the BAS Total as compared to late adolescents (i.e.,
ages 13 to 17) and young adults (i.e., ages 18 to 23), with no differences between the two
latter age groups. This pattern of results suggests a fine-tuned point in time for
developmental increases in reward sensitivity, i.e., during the transition from early
adolescence (ages 9–12) into late adolescence (ages 13–17). Alternatively, the pattern
suggests age-cohort effects.

One interpretation of the present longitudinal and cross-sectional age effects is that different
aspects of reward sensitivity show different developmental trajectories during adolescence.
The BAS Drive is proposed to measure persistence in pursuit of rewards, the BAS Fun
Seeking a mix of desire for novel rewards and impulsive approach to rewards, and the BAS
Total, as a composite measure of the three scales, an index of overall reward sensitivity
(Carver & White, 1994). Thus, the present study suggests that persistence in pursuit of
rewards and overall reward sensitivity remain elevated from the late teens into young
adulthood, even while positive affective responses to rewards (i.e., BAS Reward
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Responsiveness) start to decrease in the early twenties. The multifaceted nature of reward
sensitivity is supported by multi-factor solutions in factor analyses of the BAS scales' items
(Cooper et al., 2007) and by Carver and White's original formulation of the scales (1994).

The present cross-sectional findings of stability of certain aspects of reward sensitivity (e.g.,
persistence in reward pursuit) from late adolescence into young adulthood are consistent
with prior longitudinal findings of two-year stability in BAS sensitivity during mid-twenties
(Takahashi et al., 2007). Interestingly, there is also preliminary cross-sectional evidence for
decreases in BAS sensitivity in elderly populations (Jorm et al., 1999). Thus, like positive
affective responses to rewards, the overall reward sensitivity and persistence in pursuit of
rewards (i.e., BAS Total and BAS Drive) may also show an inverted U-shape in the
normative population, but a more protracted one across the lifetime. Future research is
needed to assess this hypothesis of a protracted decline in certain aspects of BAS sensitivity
in older adulthood, a patterning that would map coherently onto late life changes in
dopamine reward-relevant activity (Li & Backman, 2010).

Overall, the present study supports and bolsters prior studies of reward sensitivity during
adolescence (e.g., Ernst et al., 2006). Both the present longitudinal and cross-sectional
analyses support that reward sensitivity is elevated during adolescence, but with potential
different trajectories for different aspects of reward sensitivity during early 20's. The present
study is also consistent with the prior cross-sectional findings of a curvilinear pattern for
increases in sensation seeking, an overlapping but distinct construct from reward sensitivity,
during adolescence (Harden & Tucker-Drob, 2010; Steinberg et al. 2008). Importantly, the
present study extends this prior literature by providing longitudinal data on self-reported
reward and threat sensitivities' changes and changes in volumes of relevant brain regions.

Individual Differences in Adolescent Changes in Reward and Threat Sensitivities
In the present longitudinal analyses, there are important individual differences qualifying
developmental changes in reward sensitivity during adolescence. Individuals with greater
Nacc volumes at baseline experienced more drastic increases in BAS Reward
Responsiveness, whereas individuals with greater medial OFC volumes at baseline
experienced more drastic increases in the BAS Total, over the two-year follow-up.
Similarly, individuals with greater longitudinal increases in Nacc volumes had greater
concurrent increases in BAS Drive, i.e., in persistence of reward pursuit. Importantly, in
additional analyses not reported here, there were no significant interaction effects of age and
baseline Nacc and medial OFC volumes on reward sensitivity, suggesting that these effects
of individual differences in baseline reward-relevant brain volumes hold across the full age
range of the sample. There were also no significant effects of the individual differences in
non-reward specific volumes of the lateral OFC and amygdala on reward sensitivity
changes.

This is an important and novel identification of individual differences in brain structures
involved in reward processing that predict different rates of reward sensitivity increases
during adolescence. Greater Nacc and medial OFC volumes at baseline potentially may
reflect greater density of synapses in these brain regions during a sensitive developmental
period, a period with increasing exposure to environmental rewards (e.g., entering high
school, starting first dating relationships). Alternatively, individual differences in the Nacc
and medial OFC volumes may reflect different patterns of pruning, or a combination of
pruning and increased exposure to environmental rewards. In either case, increased Nacc
and medial OFC volumes seem to be a biomarker for individuals especially sensitive to
developmental or environmental perturbations to the reward system (i.e., BAS). Future
studies need to investigate the exact mechanism mediating this relationship between greater
baseline Nacc and medial OFC volumes and more marked increases in reward sensitivity
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during adolescence. Additional research is also needed to further characterize the subset of
adolescents who may exhibit especially heightened risk for increases in reward reactivity
and consequent reckless pursuit of rewards, i.e., the subgroup at the greatest need for early
interventions.

Sex Differences in Adolescent Reward and Threat Sensitivities
Another important set of findings is related to sex differences in reward and threat
sensitivities during adolescence, i.e., identifying sex as another qualifier of adolescent
changes in emotional reactivity. Specifically, we found females (ages 9 to 23) to exhibit
higher reactivity to threat and reward (i.e., BIS and BAS Reward Responsiveness scales)
compared to their male peers. Females also exhibited greater volumes of the right Nacc and
amygdala (corrected for the total brain volume), key structures implicated in reward and
threat information processing, compared to males. Furthermore, early adolescent females
exhibited lower reactivity to threat compared to late adolescent and young adult females,
with no difference between the two latter groups. In contrast, early adolescent, late
adolescent, and young adult males did not differ in their sensitivities to threat. In other
words, whereas sensitivity to reward peaks in adolescence for males and females, it appears
that only females experience similar increases in sensitivity to threat. Again, we cannot rule
out potential age-cohort effects given that these were cross-sectional findings.

This pattern of sex differences partially replicates prior findings of greater threat sensitivity
in females (e.g., Knyazev, 2004; Vermeersch et al., 2009) and extends prior studies by
suggesting a more specific time interval for the emergence of sex differences in threat
sensitivity, i.e., the transition from early adolescence to late adolescence. However, unlike
some prior studies, we largely did not find greater BAS sensitivity in males compared to
females. It should be noted that one other study has also failed to find this sex difference in
reward sensitivity during adolescence (Giles & Price, 2008). Similar to the present findings,
adult women have been found to have greater BAS Reward Responsiveness compared to
adult men (Jorm et al., 1999). This suggests that sex differences in sensitivity to reward may
differ at different developmental stages, but additional research is necessary to fully address
these inconsistencies in findings.

In addition, our findings of increased amygdala volume in adolescent females versus males
contradict some prior studies of sex dimorphic longitudinal changes in amygdala volume
with an increase for males and decrease for females (e.g., Giedd et al., 2006). However,
when controlling for total brain volume, cross-sectional analyses have only revealed sex
differences in striatum volumes during adolescence and not in amygdala volumes (e.g.,
Giedd et al., 1997). Clearly, additional studies in sex differences in brain regional volumes
during adolescence, controlling for the total brain volume, are needed to address these
discrepancies.

The overall pattern of the present sex difference findings implies greater emotional
reactivity for females compared to males, and increasing sensitivity to threat for females and
not males, during transition from early adolescents to young adulthood. This is especially
important in light of evidence that sex differences (i.e., greater risk for women vs. men) in
rates of mood disorders emerge around age 13 (e.g., Hankin & Abramson, 2001). Both BAS
and BIS hypersensitivities have been linked to greater risks for mood and anxiety disorders,
respectively (e.g., Depue & Iacono, 1989; Fowles, 1987; Gray, 1991, 1994; Pinto-Meza et
al., 2006; Urošević, Abramson, Harmon-Jones, & Alloy, 2008). Thus, increases in BIS and
BAS sensitivities may be one of the mechanisms leading to increased risk for mood
disorders in adolescent females compared to adolescent males.
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Limitations
The present study is not without limitations. The study enrolled only healthy individuals
who were without psychopathology at baseline. This has allowed us to draw conclusions
about normative development and normative risk for psychopathology during adolescence.
However, replications in clinical populations are needed before generalizations of the
present findings to patient populations can be made. Given the present sample's
predominantly Caucasian and middle to upper-middle socio-economic background,
replications in samples of different ethnic and socio-economic background are also needed
to establish greater generalizability of the present findings.

The longitudinal aspect of the study relied on only two time points over a two-year interval.
There was also an MR scanner upgrade that occurred in the midst of the second assessment.
However, use of specialized preprocessing to account for differences in image distortion
before and after the upgrade, use of a unique longitudinal processing procedure to minimize
methodological variance, and the use of scanner upgrade as a covariate in all relevant
analyses, ensure that the observed brain volume effects are above and beyond effects
explained by the scanner upgrade. Still, additional waves of assessment would allow change
over time to be more strongly addressed. Another potential limitation is the use of
automatized process for subcortical segmentation and cortical parcellation; however,
FreeSurfer's outputs were visually inspected and manually edited when necessary and these
automatized procedures have been found to be just as reliable as manual procedures in prior
studies (e.g., Fischl et al., 2002).

Summary and Future Directions
The present study provides the first longitudinal study's support for developmental increases
in reward sensitivity from early adolescence into late adolescence. It also suggests that
reward sensitivity is not a uniform construct with a single developmental trajectory during
this critical period. Thus, aspects of reward sensitivity, such as persistence in pursuit of
rewards, remain stable and elevated from late adolescence into young adulthood (in
comparison to early adolescence). However, based on longitudinal analyses, positive
affective responses to rewards seem to peak in late adolescence with a subsequent decline in
early adulthood. This latter pattern of results was further bolstered by developmental
findings of brain volume decrease from late adolescence into young adulthood in the
structures relevant for reward, i.e., Nacc. Moreover, in the present study, individuals with
greater baseline Nacc and medial OFC volumes exhibited more marked longitudinal
increases in reward sensitivity, whereas females and individuals with greater baseline lateral
OFC volumes exhibited longitudinal increases in sensitivity to threat. Overall, the present
study supports the theory that adolescence is a unique time period in the human lifespan for
reward-seeking behavior (Wahlstrom, Collins, White & Luciana, 2010).

Our data also suggest that some of these developmental BAS-relevant processes (e.g., as
assessed by BAS Drive) may be protracted over longer intervals than two years. Additional
longitudinal research with longer follow-up periods and with samples spanning wider age
ranges is necessary in order to examine the full range of changes in reward sensitivity during
transition from adolescence into adulthood. Finally, longitudinal studies also need to further
explore individual and sex differences in developmental increases in reward (i.e., BAS)
sensitivity and threat (i.e., BIS) sensitivity, in order to characterize adolescents at the highest
risk for psychopathology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Longitudinal changes in BAS scales from Time 1 to Time 2
Early adolescents are ages 9 to 12 at Time 1 and ages 11–14 at Time 2. Late adolescents are
ages 13–17 at Time 1 and ages 15 to 19 at Time 2. Young adults are ages 18 to 23 at Time 1
and ages 20 to 25 at Time 2. This patterning suggests an inverted-U-shaped trajectory for
BAS Reward Responsiveness through adolescence.
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Figure 2. Interaction effect of Age Group X Time on the left Nacc volume corrected for total
brain volume
The pattern of results suggests a decrease in the left Nacc volumes (corrected for total brain
volume) from the late teens into the early twenties.
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Table 2

Longitudinal Changes and Effects of Age on the BIS/BAS Scales

F df p ηp2

Age Main Effects

BAS Total 11.94 (1, 154) .001 .072

BAS Drive 23.95 (1, 154) <.001 .135

BIS 8.88 (1, 154) .003 .055

Time Main Effects

BAS Reward Responsiveness 5.82 (1, 154) .017 .036

Sex Main Effects

BAS Reward Responsiveness 12.06 (1, 154) .001 .073

BIS 17.72 (1, 154) <.001 .103

Age × Time Interaction Effects

BAS Reward Responsiveness 5.88 (1, 154) .016 .037
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Table 3

Longitudinal Changes and Effects of Age on the OFC Nacc, and Amygdala Volumes

F df p ηp2

Age Main Effects

Left lateral OFC 4.21 (1, 145) .042 .028

Right Nacc 4.83 (1, 145) .030 .032

Time Main Effects

Left Nacc 4.33 (1, 145) .039 .029

Sex Main Effects

Right Nacc 19.21 (1, 145) <.001 .117

Right Amygdala 9.61 (1, 145) .002 .062

Age × Time Interaction Effects

Left Nacc 5.59 (1, 145) .019 .037

Sex × Time Interaction Effects

Left Amygdala 8.57 (1, 145) .004 .056

Note: All volumes were corrected for total brain volume.
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