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ABSTRACT

It was examined how ventral striatum responses to rewards develop across 
adolescence and early adulthood and how individual differences in state- 
and trait-level reward sensitivity are related to these changes. Participants 
(aged 8-29 years) were tested across three waves separated by two years 
(693 fMRI scans) in an accelerated longitudinal design. The results confirmed 
an adolescent peak in reward-related ventral striatum, specifically nucleus 
accumbens, activity. In early to mid-adolescence, increases in reward acti-
vation were related to trait-level reward drive. In mid-adolescence to early 
adulthood decreases in reward activation were related to decreases in state-
level hedonic reward pleasure. This study demonstrates that state- and trait-
level reward sensitivity account for reward-related ventral striatum activity in 
different phases of adolescence and early adulthood. 

Chapter 2
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INTRODUCTION

Adolescence has often been described as a period of exploration and novelty 
seeking (Hauser, Iannaccone, Walitza, Brandeis, & Brem, 2015). On the one 
hand, novelty seeking can lead to increased risk-taking behavior, which might 
have potentially damaging health consequences (Dahl, 2004). On the other 
hand, novelty seeking is an important aspect of normal explorative behavior 
with positive outcomes, such as seeking out new friendships (Telzer, 2016), and 
contributes to behavioral flexibility and greater learning (Crone & Dahl, 2012). 
An important factor that drives novelty seeking and explorative behavior 
in adolescence is reward sensitivity (Abler, Walter, Erk, Kammerer, & Spitzer, 
2006; Demaree, DeDonno, Burns, & Erik Everhart, 2008; Hawes et al., 2017; 
Telzer, 2016; Van Duijvenvoorde, Peters, Braams, & Crone, 2016). Increases in 
reward sensitivity in adolescence have been explained in terms of asynchro-
nous development of subcortical brain regions, including the ventral striatum 
and amygdala, relative to cortical brain regions (Casey, Galván, & Somerville, 
2016; Ernst & Fudge, 2009). Prior studies have demonstrated that reward sensi-
tivity is linked to ventral striatum activity in adolescence, but how reward sensi-
tivity relates to neural activity patterns across adolescent development is not 
yet well understood (e.g., Braams, Van Duijvenvoorde, Peper, & Crone, 2015; 
Urošević, Collins, Muetzel, Lim, & Luciana, 2012). This three-wave longitudinal 
study set out to examine the relation between state- and trait-level reward 
sensitivity and neural activity in response to reward outcomes in the ventral stri-
atum across adolescence. 
	 Several recent studies have examined ventral striatum activity to rewards 
across developmental periods. In particular, the nucleus accumbens (NAcc) of 
the ventral striatum has been shown to be involved in reward processing across 
a variety of domains, such as gaining money, social status, or positive social 
feedback (Bhanji & Delgado, 2014; Izuma, Saito, & Sadato, 2008; Liu, Hairston, 
Schrier, & Fan, 2011; Sescousse, Caldú, Segura, & Dreher, 2013). Several empirical 
studies have demonstrated that the ventral striatum is more active in adoles-
cents than in children and adults when receiving rewards in gambling tasks 
(Galvan et al., 2006; Van Leijenhorst et al., 2010b), with a peak in reward-re-
lated activity around age 16-17 years (Braams et al., 2015; Silverman, Jedd, & 
Luciana, 2015), although inconsistent findings have been reported as well (see 
review by Galvan, 2010). We aimed to confirm the adolescent peak in NAcc 
reward activation in a follow-up study of Braams et al. (2015), which included 
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two data waves of the current study. We extended these analyses using three 
data waves and thereby examined the transition into young adulthood using 
a within-person design. We also sought to determine how state- and trait-level 
reward sensitivity levels related to increases in reward-related NAcc activity 
across early and mid-adolescence and declines in NAcc activity across late 
adolescence and early adulthood.
	 Several prior studies suggested that the NAcc plays an important role 
in adolescents’ tendency to seek out rewarding and exciting experiences 
(Telzer, 2016; Van Duijvenvoorde et al., 2016). In previous studies it was shown 
that dopamine release from the ventral striatum, especially from the NAcc, is 
involved in the hedonic impact or the pleasure experienced in rewarding situ-
ations (Telzer, 2016; Wahlstrom, White, & Luciana, 2010). Hence, one type of 
behavioral reward sensitivity that may be involved in age-related changes 
in reward-related ventral striatum activation is the pleasure people experi-
ence when receiving rewards. This type of reward sensitivity was previously 
related to the actual rewards obtained (Telzer, 2016; Wahlstrom et al., 2010), 
and is therefore henceforth referred to as state-level reward sensitivity. Another 
type of reward sensitivity that may be associated with age-related changes 
in reward-related ventral striatum activation is individuals’ general motivation 
to approach rewards (Carver & White, 1994). Increased ventral striatum acti-
vation to rewards has been associated with higher reward drive, that is the 
drive to pursue rewards or to achieve a goal (Braams et al., 2015), and more 
fun-seeking tendencies (Van Duijvenvoorde et al., 2014). In addition, a decline 
in NAcc volume in late adolescence, which is posed to be related to a lower 
density of synapses or less pruning, has been associated with a decrease in 
the tendency to approach rewards (Urošević et al., 2012). This type of reward 
sensitivity relates to someone’s general tendency to seek out rewards and is 
henceforth referred to as trait-level reward sensitivity. In the current study, we 
examined how behavioral state- and trait-level reward sensitivity (i.e., plea-
sure derived from obtaining task-specific rewards and general desire to obtain 
rewards, respectively) contribute to fluctuations in NAcc reward-sensitivity. 
	 We tested these questions using functional magnetic resonance imaging  
(fMRI) with an accelerated longitudinal design with three time points, each 
separated by two years. Results of the first and second time point of this study 
are reported in Braams et al. (2015) and Braams, Peters, Peper, Güroğlu, and 
Crone (2014). We acquired functional scans of NAcc responses to rewards 
versus losses when participants (8 to 29 years of age) played a gambling task 
that involved making a heads-or-tails guess with 50% chance of winning. 
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State-level reward sensitivity was measured using self-reports of how much 
participants enjoyed winning and losing in the fMRI task, and trait-level reward 
sensitivity was measured using the Behavioral Activation System (BAS) scale 
(Carver & White, 1994). There are currently no studies that have examined 
changes in ventral striatum reward sensitivity with a design including more 
than two time points (Braams et al., 2015; Lamm et al., 2014), and to our knowl-
edge, no studies have focused on the decline in NAcc activity in early adult-
hood. On the basis of prior findings, we hypothesized that reward-related 
NAcc activation peaks in mid-adolescence (Braams et al., 2015; Silverman et al., 
2015). We further expected a positive relation between NAcc activity and state-
level reward sensitivity (i.e., pleasure from winning; Dohmen, Falk, Fliessbach, 
Sunde, & Weber, 2011) and trait-level reward sensitivity (i.e., general motivation to 
approach rewards; Simon et al., 2010). On the basis of prior studies, we specifi-
cally expected positive relations between the trait-level drive to pursue rewards 
and personal goals (measured with the BAS drive scale), and fun-seeking 
tendencies (measured with the BAS Fun Seeking scale; Braams et al., 2015; Van 
Duijvenvoorde et al., 2014). Specifically, we tested whether these two types of 
behavioral reward sensitivity measures accounted for the increase in NAcc 
response from early to mid-adolescence and the decrease in NAcc response 
from mid- to late adolescence and adulthood. As such, the findings will provide 
insights in the underlying mechanisms involved in age-related differences in 
explorative behaviors across adolescence and early adulthood. 

METHOD

Participants 

The current study is part of the Braintime longitudinal study, which has been 
conducted at Leiden University in 2011, 2013, and 2015. Data from the first 
and the second time points have been previously published (e.g., Braams, et 
al., 2014a; Braams, et al., 2014b; Braams et al., 2015). At the first time point (T1) 
we collected data of 299 participants (MAge = 13.98 years, SDAge = 3.68 years, 
rangeAge = 8.01 - 25.95 years; 153 females), at the second time point (T2) of 287 
participants (MAge = 15.84 years, SDAge = 3.57 years, rangeAge = 9.92 - 26.61 years; 
149 females), and at the third time point (T3) of 275 participants (MAge = 17.91 years, 
SDAge = 3.68 years, rangeAge = 11.94 - 28.72 years; 143 females). At T2 and T3 all 
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participants who indicated to be willing to participate again were invited for 
participation. This meant that participants who did not participate at T2 could 
participate again at T3. At T2 and T3, 32 participants could not participate in 
the MRI session due to dental braces. From these participants, we obtained 
questionnaire measures (self-report BAS and pleasure from winning vs. losing, 
described below). Participants’ estimated intelligence scores were obtained at 
T1 and T2 and these scores did not correlate with age (Braams et al., 2015). From 
all participants in our sample (N = 287), there were 235 (81.9%) participants with 
European parents and with at least three (out of four) European grandparents, 
and nine participants (3.1%) with European parents and with fewer than three 
European grandparents. The remaining participants (N = 27; 9.4%) were from 
diverse ethnic backgrounds, and from 16 participants (5.6%) data was missing. 
	 There were 248 valid scans obtained for the analyses at T1, 226 valid scans 
at T2, and 219 scans at T3. Scans obtained at T2 and T3 of participants who had 
developed a neurological or psychiatric disorder at T2 and scans obtained at 
T3 of participants who had developed a disorder at T3 were excluded from 
the analyses. Table S1 provides a detailed overview of reasons for exclusion of 
the brain scans. We also excluded the self-report data from participants with 
neuropsychological disorders. 
	 Across the three waves of the study, there were in total 12 participants who 
did not participate at T2 (4 females, 8 males) and 19 participants who did not 
participate at T3 (6 females, 13 males). Those who participated at T2 were 
significantly younger at T1 than those who did not participate at T2 (Mage = 13.8 
and 15.6 respectively, p < .01), but there was no such effect when comparing 
those who participated at T3 and those who did not participate at T3 on age 
at T1 (p = .08). These two groups did not differ significantly on our outcome 
measures (described below): BAS drive (T2: p = .50, T3: p = 1.00), BAS fun seeking 
(T2: p = .32, T3: p = .10), BAS reward responsiveness (T2: p = .40, T3: p = .88), and 
pleasure from winning vs. losing (T2: p = .46, T3: p = .16).

Procedure

Participants were scanned three times with a two-year interval (∆ in years 
T1-T2: M = 1.99, SD = .10; ∆ in years T2-T3: M = 2.02, SD = .09). All participants 
aged 18 years and older gave written consent for participation. Parents of 
participants under the age of 18 also provided their written consent and the 
under aged participants gave written assent. Before scanning, the participants 
were familiarized with the scanner environment using a mock scanner and 
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practiced the fMRI task. Adult participants, participants 12-17 years of age, and 
participants under the age of 12 years received 60, 30, and 20€ respectively 
for their participation. Participants could win a small additional endowment of 
3 to 6€ when playing the fMRI task. Participants younger than 18 years received 
10€ for filling out the questionnaires, and adult participants received 15€.

FMRI Task
Participants played a heads-or-tails gambling game in which they guessed 
heads or tails on each trial (Figure S1 ;also see Braams et al., 2014a; Braams et al., 
2014b; Braams et al., 2015). If they guessed correctly, they won coins, and if they 
guessed incorrectly they lost coins. Chances of winning were 50%. Participants 
were explained that the coins won in the task would translate to real money. 
See the Supplementary materials for a more detailed description of the task. 

Pleasure from winning vs. losing
After the MRI session participants indicated how much pleasure they experienced 
when winning and losing coins during the task on an 11-point scale ranging from 
0 (I did not like winning/losing at all) to 10 (I really liked winning/losing). For the 
analyses, we used difference scores (pleasure from winning vs. losing) to keep 
this measure consistent with the fMRI contrast (NAcc activation during winning > 
losing). At T1, these two questions were administered to all adolescents, but not 
adults. At T2 and T3 all participants filled out these questions.
	 Participants indicated pleasure from winning and losing on an 11-point 
scale ranging from 0 (I did not like winning/losing at all) to 10 (I really liked 
winning/losing). At T3, a sample of 28 participants received the same questions 
measuring pleasure with an 11-point scale (MAge = 24.22, SD = .59, 17 females), 
but the majority of the participants received the questions on a 10-point scale 
(ranging from 1 to 10; 209 participants -105 females-, MAge = 17.26, SD = 2.07) due 
to a program change. The results were similar with and without the group of 
28 participants who received the questions with an 11-point scale at T3. There-
fore only the results with the complete sample are reported. 

Behavioral inhibition system/behavioral activation system
From the Behavioral Inhibition System/BAS scales, we used the BAS scales as a 
measure of reward sensitivity. The BAS scales contain 13 items and was admin-
istered to asses 3 different types of underlying motivations of behavior: positive 
responsiveness to rewards (i.e., the affective response to rewards; BAS reward 
responsiveness), a desire for new rewards and the tendency to seek out for 
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rewards (BAS fun seeking), and the drive to obtain rewards or to achieve a 
goal (BAS drive; Carver & White, 1994). Participants indicated how well a state-
ment described them on a 4-point scale ranging from 1 (strongly agree) to 4 
(strongly disagree). The scores are recoded such that a higher score indicated 
a higher sensitivity to rewards. In the current study we were specifically inter-
ested in the BAS drive and BAS fun seeking subscales given prior evidence for 
their association with ventral striatum activation during adolescence (Braams 
et al., 2015; Van Duijvenvoorde et al., 2014). However, for completeness, we also 
included the BAS subscale reward responsiveness. 
	 We also examined how BAS drive, BAS fun seeking, and BAS reward respon-
siveness correlated with pleasure from winning vs. losing within T1, T2, and T3 
using partial correlation analyses controlling for age. These analyses show that 
at T1, pleasure from winning vs. losing correlated positively with BAS drive (r = 
.16, p = .01) and BAS reward responsiveness (r = .20, p < .01). At T2, pleasure from 
winning vs. losing correlated positively with BAS drive (r = .16, p = .01) and BAS fun 
seeking (r = .18, p < .01). At T3, pleasure from winning vs. losing correlated posi-
tively with BAS reward responsiveness (r = .16, p = .02). There were no significant 
correlations between pleasure from winning vs. losing with BAS fun seeking at 
T1, BAS reward responsiveness at T2, and BAS drive and BAS fun seeking at T3 
(ps > .43).

MRI Data Acquisition 

Scans were acquired with a 3T Philips Achieva MRI scanner. The scanning 
procedure included a (a) localizer scan, (b) Blood oxygenation level depen-
dent (BOLD) T2* weighted gradient echo planar images (TR = 2.2 s, TE = 30 ms, 
sequential acquisition, 38 slices of 2.75 mm, field of view (FOV) = 220 mm x 220 
mm x 114.7 mm), and a (c) anatomical 3D T1-weighted image (TR = 9.754 ms, TE 
= 4.59 ms, 8° flip angle, 140 slices, 0.875 mm x 0.875 mm x 1.2 mm, and FOV = 
224.000 mm x 168.000 mm x 177.333 mm). Two functional runs were obtained 
at T1 and T2. At T3, one functional run was obtained in which all trials were 
presented in the same run. The first two volumes of the functional scans were 
discarded to allow for equilibration of T1 saturation effects. 

FMRI Data Analysis 

The data were analyzed using SPM8 software (http://www.fil.ion.ucl.ac.uk/
spm/). Preprocessing steps of functional images included realignment, slice-

http://www.fil.ion.ucl.ac.uk/spm/
http://www.fil.ion.ucl.ac.uk/spm/
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time correction, and smoothing with a Gaussian filter of 6 mm full-width at half 
maximum. Functional and structural images were spatially normalized to T1 
templates. Templates were based on the Montreal Neurological Institute 305 
stereotactic space. Statistical analyses were performed using the general linear 
model in SPM8. Regressors were modeled as zero-duration events at feed-
back onset and convolved with a canonical hemodynamic response function. 
	 In the current study, we investigated NAcc activation in the Win > Lose 
contrast when playing for self. We used an anatomical mask of the left and 
right NAcc thresholded at 40% from the Harvard-Oxford subcortical atlas, 
which included 28 (left NAcc) and 26 voxels (right NAcc). The MarsBar toolbox 
(Brett, Anton, Valabregue, & Poline, 2002) was used to extract the parameter 
estimates of the left and right NAcc for our analyses (also see Braams et al., 
2015). We focused on the NAcc, because this region has been highlighted as a 
core region in the ventral striatum involved in reward processing (Braams et al., 
2015; Telzer, 2016), and because we aimed to explain age-related changes in 
NAcc activity related to rewards reported in Braams et al. (2015).

Mixed-Model Building Procedure 

We used a mixed models approach in R for our analyses (R Core Team, 2014) 
using the nlme package (Pinheiro, Bates, DebRoy, Sarkar, & R Core Team, 2013). 
The first aim was to determine age-related patterns (linear, quadratic, or cubic) 
of NAcc activation, pleasure from winning vs. losing, and BAS subscale scores 
(BAS drive, BAS fun seeking, and BAS reward responsiveness). A linear relation 
between age and the outcome variable indicates an age-related increase or 
decrease. A quadratic relation between age and the outcome variables indi-
cates a non-linear adolescent-specific U or inverted U-pattern. A cubic rela-
tion between age and the outcome variable indicates a non-linear adolescent 
emerging or declining pattern. We used the variables of interest as dependent 
variables in the models and added age as a polynomial predictor, and since 
the data were nested within subjects, we used a random intercept for subjects 
(also see Braams et al., 2015). All models were fitted following a formal model-fit-
ting procedure (see also Braams et al., 2015), and we compared models with 
one degree of freedom difference. That is, we compared the null model (with 
a fixed and random intercept) with the linear model, the linear model with 
the quadratic model, and the cubic model with the quadratic model. We also 
investigated whether a main effect of sex or a sex x age interaction effect 
explained additional variance. Sex was dummy coded such that male partici-
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pants were labeled as 1 and female participants as 0.
	 To test for the effects of individual differences in self-reported state- and 
trait-level reward sensitivity on NAcc activity, we investigated whether individual 
differences in BAS scores and pleasure from winning vs. losing were linearly 
associated with NAcc activity in separate multilevel models. We were specifi-
cally interested in testing whether these indices contributed differentially to the 
increase and decrease in NAcc activity across age. Therefore, the participants 
were separated in two age groups: adolescents younger than 16.0 years, and 
16.0 years and older. The cut-off of 16 years of age is based on an estima-
tion of the age where NAcc activation peaks in our data (at 15.3 and 15.1 years 
of age for the left and right NAcc respectively). For these analyses, we again 
started with a null model and then added the variable of interest as a linear 
predictor. In the next step, we compared this model with a model including both 
the variable of interest and age. We also tested whether a main effect of sex 
and an interaction effect between sex and the variable of interest explained 
additional variance. We used the Akaike Information Criterion (AIC; Akaike, 
1974) to compare the model fits, and the log likelihood ratio to assess signif-
icance, but we also report the Bayesian Information Criterion (BIC; Schwarz, 
1978). We reported the results with a significance threshold of p < .05. We also 
indicated which results survived a threshold corrected for multiple compari-
sons. We assessed these corrected thresholds using a method which accounts 
for dependency between different variables, e.g., when variables are compo-
nents of the same psychological construct (http://www.quantitativeskills.com/
sisa/calculations/bonfer.htm; Perneger, 1998; Sankoh, Huque, & Dubey, 1997). 
	 We used a total of three constructs as independent variables: (a) NAcc acti-
vation, (b) the three BAS scales (drive, fun seeking, and reward responsiveness), 
and (c) pleasure from winning vs. losing. To correct for multiple comparisons, we 
adjusted the most commonly used significance threshold of .05. We first calcu-
lated an adjusted significance threshold for the first two constructs accounting 
for the mean correlation of the variables within constructs (i.e., mean correla-
tion of left and right NAcc activity within T1, T2, and T3 of .79, and of the three 
BAS scales within T1, T2, and T3 of .35). The adjusted significance threshold for 
analyses with NAcc activity as the dependent variable was .043, and with one 
of the BAS scales as the dependent variable was .024. The threshold for anal-
yses in which pleasure from winning vs. losing was used as a dependent vari-
able was set to .05. Next we divided these adjusted significance thresholds by 
three (i.e., the number of constructs). The resulting adjusted significance thresh-
olds corrected for multiple testing were (a) .014 when left or right NAcc activity 

http://www.quantitativeskills.com/sisa/calculations/bonfer.htm
http://www.quantitativeskills.com/sisa/calculations/bonfer.htm
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was the dependent variable, (b) .008 when BAS drive, BAS fun seeking, or BAS 
reward responsiveness was the dependent variable, and (c) .017 when plea-
sure from winning vs. losing was the dependent variable. 

RESULTS

Age-Related Patterns 

For each measure (i.e., NAcc activation for winning > losing for the self, pleasure 
from winning vs. losing as state-level reward sensitivity, and BAS scores as trait-
level reward sensitivity), we tested whether they showed a linear, quadratic, or 
cubic relation with age. We also tested whether sex explained additional vari-
ance. The intraclass correlations of these measures ranged from .21 to .61 (see 
Table 1). Information regarding the number of observations and participants’ 
ages in the analyses is listed in Table 1. Furthermore, information regarding the 
model-fitting procedure (AIC and BIC values) is listed in Table 2, significance 
levels of the model comparisons are listed in Supplementary Table S2, and the 
statistical parameters of the best fitting models are listed in Table 3. A visual 
representation of the raw data can be found in Supplementary Figure S2.

Reward-related NAcc activation
The developmental pattern of left and right NAcc response to winning versus 
losing was best described by a quadratic relation (p = .001 [left], and p < .001 [right], 
remains significant after correction for multiple comparisons). As can be seen 
in Figure 1A, this relation indicates that reward-related NAcc activation peaks 
in mid-adolescence (at 15.3 and 15.1 years of age for the left and right NAcc 
respectively). There was no main effect of sex or an age x sex interaction effect. 

State-level reward sensitivity: Pleasure from winning vs. losing
Self-reported pleasure from winning vs. losing coins showed a negative linear 
relation with age and there was a main effect of sex (p <.001, significant after 
correction for multiple comparisons). These results indicate that pleasure from 
winning vs. losing decreases across adolescence and males liked winning 
relatively more than losing compared to females (Figure 1B). 
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Trait-level reward sensitivity: BAS
The relation between BAS drive and age was best described by a cubic model 
with a main effect of sex and an age x sex interaction (p = .02, uncorrected 
for multiple comparisons; Figure 1C). Follow up analyses of the interaction effect 
showed a significant linear increase in BAS drive scores with age for females 
(linear age term: b = .12, SE = .05, p < .01, quadratic age term: p = .62 ., cubic age 
term: p = .72), and a cubic age effect on BAS drive for males (linear age term: 
p = .10, quadratic age term: b = .02, SE = .01, p = .02, cubic age term: b = .00, SE 
= .00, p < .01).
	 A cubic model best described the relation between age and BAS fun 
seeking (p < .01, uncorrected for multiple comparisons; Figure 1D). There was 
no effect of sex in this model. Finally, the cubic model with a main effect of 
sex best explained the relation between age and BAS reward responsiveness. 
Females scored higher on BAS reward responsiveness than males (Figure 1E).

Table 1. 	 Descriptives for each measure

  N (females)   Age range (years)   ICC T1, T2, T3

Dependent 
variable T1 T2 T3 T1 T2 T3 ICC (95% CI)

Left NAcc 
Win > Lose

248  
(131)

226  
(112)

219  
(116)

8.41 - 25.96 9.92 - 26.36 11.94 - 28.46 0.30
(0.10  - 0.46)

Right NAcc 
Win > Lose

248  
(131)

226  
(112)

219  
(116)

8.41 - 25.96 9.92 - 26.36 11.94 - 28.46 0.21 
(-0.01 - 0.39)

Pleasure from 
Winning vs. 
Losing

260  
(133)

241  
(124)

224  
(116)

8.01 - 17.91 9.92 - 26.36 11.94 - 28.46 0.65 
(0.55  - 0.74)

BAS 
Drive

277  
(145)

273  
(141)

241  
(130)

8.01 - 25.96 9.92 - 26.36 11.94 - 28.46 0.62
(0.53  - 0.70)

BAS Fun 
Seeking

277  
(145)

273  
(141)

241  
(130)

8.01 - 25.96 9.92 - 26.36 11.94 - 28.46 0.60
(0.50  - 0.69)

BAS Reward 
Responsive-
ness

277  
(145)

273  
(141)

241  
(130)

  8.01 - 25.96 9.92 - 26.36 11.94 - 28.46  0.61
(0.51  - 0.69)

For each measure, number of observations, age range, and intraclass correlations (ICC) with 95% 

confidence interval (95% CI) at Time 1, Time 2, and Time 3.
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Figure 1. Development of (A) left and right NAcc activation during winning vs. losing, (B) 

self-reported pleasure from winning versus losing, (C) BAS drive, (D) BAS fun seeking, and (E) 

BAS reward responsiveness across development. The smooth lines represent the predicted 
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Table 2. 	AIC and BIC values for null, linear, quadratic, and cubic models

Model Null   Linear   Quadratic   Cubic   If best fitting model has an effect of Sex 

Dependent variable AIC BIC AIC BIC AIC BIC AIC BIC Effect Model AIC BIC

Left NAcc Win > Lose 3045 3059 3043 3062 3035 3057 3037 3064 - - - -

Right NAcc Win > Lose 3098 3112 3096 3114 3086 3109 3088 3115 - - - -

Pleasure from Winning vs. Losing 3519 3533 3500 3519 3500 3523 3502 3530 Main effect Linear 3491 3514

Interaction with Age Linear 3493 3514

BAS Drive 3440 3454 3436 3454 3437 3461 3435 3463 Main effect Cubic 3436 3469

Interaction with Age Cubic 3434 3480

BAS Fun Seeking 3174 3188 3176 3194 3177 3201 3169 3197 - - - -

BAS Reward Responsiveness 3180 3194 3181 3200 3183 3206 3178 3206 Main effect Cubic 3174 3207

                          Interaction with Age Cubic 3177 3224

The AIC and BIC values describe the relation with age and each of the measures reported. 

Note. Preferred models are in bold. 

Table 3. Statistical parameters for the best fitting models

Dependent variable Fixed effects b p 95% Confidence Interval ß

        Min Max

Left NAcc Win > Lose Intercept 1.65 < 0.001 1.43 1.87

Age, 1 -0.01 0.62 -0.06 0.04

Age, 2 -0.01 < 0.001 -0.02 -0.01

Right NAcc Win > Lose Intercept 1.78 < 0.001 1.56 2.00

Age, 1 -0.02 0.50 -0.06 0.03

Age, 2 -0.02 < 0.001 -0.02 -0.01

Pleasure from Winning 
vs. Losing

Intercept 4.31 < 0.001 3.96 4.62

Age, 1 -0.14 < 0.001 0.08 0.20

Sex 0.87 < 0.001 0.36 1.36

BAS Drive Intercept 10.99 < 0.001 10.66 11.31

Age, 1 0.13 0.01 0.03 0.23

Age, 2 0.00 0.61 -0.02 0.01

Age, 3 0.00 0.72 0.00 0.00

Sex -0.31 0.20 -0.77 0.16

Age, 1 x Sex -0.04 0.54 -0.19 0.10
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Dependent variable Fixed effects b p 95% Confidence Interval ß

        Min Max

Left NAcc Win > Lose Intercept 1.65 < 0.001 1.43 1.87

Age, 1 -0.01 0.62 -0.06 0.04

Age, 2 -0.01 < 0.001 -0.02 -0.01

Right NAcc Win > Lose Intercept 1.78 < 0.001 1.56 2.00

Age, 1 -0.02 0.50 -0.06 0.03

Age, 2 -0.02 < 0.001 -0.02 -0.01

Pleasure from Winning 
vs. Losing

Intercept 4.31 < 0.001 3.96 4.62

Age, 1 -0.14 < 0.001 0.08 0.20

Sex 0.87 < 0.001 0.36 1.36

BAS Drive Intercept 10.99 < 0.001 10.66 11.31

Age, 1 0.13 0.01 0.03 0.23

Age, 2 0.00 0.61 -0.02 0.01

Age, 3 0.00 0.72 0.00 0.00

Sex -0.31 0.20 -0.77 0.16

Age, 1 x Sex -0.04 0.54 -0.19 0.10

Dependent variable Fixed effects b p 95% Confidence Interval ß

        Min Max

BAS Drive (continued) Age, 2 x Sex 0.02 0.05 -0.04 0.00

Age, 3 x Sex 0.00 0.13 0.00 0.00

BAS Fun Seeking Intercept 11.56 < 0.001 11.37 11.76

Age, 1 0.07 0.02 0.01 0.13

Age, 2 0.01 0.01 0.00 0.02

Age, 3 0.00 < 0.01 0.00 0.00

BAS Reward 
Responsiveness

Intercept 17.25 < 0.001 17.00 17.50

Age, 1 0.07 0.02 0.01 0.13

Age, 2 0.01 0.07 0.00 0.02

Age, 3 0.00 0.02 0.00 0.00

  Sex -0.41 0.01 -0.74 -0.09

Statistical parameters (regression coefficient (b), significance level (p) and 95%-confidence 

interval for the bs) for the best fitting models testing the relation between age and each of the 

measures reported in the table. 

Note. ‘Age, 1’ = Linear age terms, ‘Age, 2’ = quadratic terms, ‘Age, 3’. = cubic terms.

Table 3. 	Continued
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Brain-Behavior Relations in Reward Sensitivity

Next, we tested the role of developmental differences in self-reported plea-
sure from winning vs. losing, and BAS subscales on NAcc activation in early to 
mid-adolescents (< 16 years of age) and mid-adolescents to young adults (≥ 16 
years of age) separately. We used a model fitting procedure in which the linear 
term of the variable of interest was added before the linear term of age. Table 
S3, Table 4, and 5 give a detailed overview of the significance levels of the 
model comparisons, model fits (AIC and BIC values), and the statistical parame-
ters of the best fitting models, respectively. Plots of the raw data can be found 
in Supplementary Figure S3.

Trait-level reward sensitivity (BAS scales) as predictors for NAcc activation
For the younger age group (early to mid-adolescents, < 16.0 years of age), the 
relation between left and right NAcc and BAS drive was best explained by a 
positive linear relation (p = .023 [left] and .020 [right], corrected significance 
threshold .014). There was no interaction with sex. These results show that 
participants who reported stronger BAS drive showed higher activity in NAcc 
for winning versus losing (Figure 2A). There was no such relation in the older 
age groups (> 16 years of age, mid-adolescence to adulthood). Furthermore, 
there were no relations between NAcc activation and the BAS fun seeking and 
BAS reward responsiveness subscale in either age group. 

State-level reward sensitivity (pleasure from winning versus losing) as a 
predictor for NAcc activation 
There was no relation between NAcc activation and pleasure from winning 
vs. losing in the younger age group (early to mid-adolescence). For mid- to 
late adolescents and young adults (≥ 16.0 years of age), the relation between 
left and right NAcc activation and pleasure from winning vs. losing was best 
explained by a positive linear relation (model: ps < .001, remain significant after 
correction for multiple comparisons; bs: p = .047 for left NAcc, uncorrected for 
multiple comparisons, and p = .0025 for right NAcc, significant after correc-
tion for multiple comparisons). Sex did not explain additional variance. Thus, in 
mid- to late adolescence and early adulthood, participants who reported less 
pleasure for winning money showed less NAcc activation for winning versus 
losing (Figure 2B). 
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Figure 2 . Relation between left and right NAcc activation during winning versus losing and 

(A) BAS drive scores from early to- mid adolescents, and (B) pleasure from winning vs. losing 

corrected for the main effect of age from mid- to late adolescents and young adults. The 

smooth lines represent the predicted values and the light grey ribbon their 95%-confidence 

interval according to the best fitting model. A black fitted line indicates general age effects (no 

effects of sex).
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NAcc activation as a function of predictor x age group interaction
We also tested whether the strength of the relation between NAcc activation 
and individual differences in BAS drive, and pleasure from winning vs. losing 
was significantly different for the younger age group (< 16.0 years) and the 
older age group (≥ 16.0 years). We built separate models containing a main 
effect of the predictor of interest (BAS drive or pleasure from winning versus 
losing) and a predictor of interest x age group interaction term. The anal-
yses revealed no significant interaction between age group and BAS drive, 
and age groups and pleasure from winning vs. losing (ps > .06). Possibly, the 
interaction was under powered to detect changing contributions over age. 
Therefore, effects per age group should not be interpreted as specific age 
effects. 

Table 4.	 AIC and BIC values for null, linear, quadratic, and cubic models

Dependent variable Left NAcc Win > Lose Right NAcc Win > Lose

Model Null Predictor Predictor + Age Null Predictor Predictor + Age

Predictor AIC BIC AIC BIC AIC BIC AIC BIC AIC BIC AIC BIC

Early to Mid-Adolescents

Pleasure from 
Winning vs. Losing

1631 1643 1631 1646 1633 1652 1662 1674 1662 1677 1663 1683

BAS Drive 1581 1593 1578 1594 1580 1599 1629 1641 1626 1641 1627 1647

BAS Fun Seeking 1581 1593 1580 1595 1581 1601 1629 1641 1630 1646 1632 1651

BAS Reward Responsiveness 1581 1593 1583 1598 1584 1603 1629 1641 1630 1646 1632 1651

Mid-Adolescents to Young Adults

Pleasure from 
Winning vs. Losing

1201 1212 1195 1211 1174 1193 1223 1234 1211 1226 1187 1205

BAS Drive 1369 1380 1371 1386 1352 1371 1380 1391 1382 1397 1360 1379

BAS Fun Seeking 1369 1380 1370 1386 1352 1371 1380 1391 1382 1397 1360 1379

BAS Reward Responsiveness 1369 1380 1370 1385 1352 1370 1380 1391 1381 1396 1360 1379

Note. Preferred models are in bold. 
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Table 5.	 Statistical parameters for the best fitting models

    b p 95% Confidence 
Interval ß

  Fixed effects     Min Max

Early to Mid-Adolescents

Pleasure from Winning vs. Losing

   Left NAcc Intercept 1.46 < 0.001 1.19  1.73

   Right NAcc Intercept 1.58 < 0.001 1.31  1.84

BAS Drive

   Left NAcc Intercept 0.05 0.94 -1.14  1.24

BAS Drive 0.13 0.02 0.02  0.24

   Right NAcc Intercept 0.10 0.87 -1.18  1.27

BAS Drive 0.14 0.02 0.03  0.25

BAS Fun Seeking

   Left NAcc Intercept 1.39 < 0.001 1.12  1.67

   Right NAcc Intercept 1.53 < 0.001 1.26  1.81

BAS Reward Responsiveness

   Left NAcc Intercept 1.39 < 0.001 1.12  1.67

   Right NAcc Intercept 1.53 < 0.001 1.26  1.81

Mid-Adolescents to Young Adults

Pleasure from Winning vs. Losing

   Left NAcc Intercept 4.72 < 0.001 3.20  6.24

Pleasure from Winning vs. 
Losing 0.08 0.05 0.00  0.15

Age -0.19 < 0.001 -0.26 -0.11

   Right NAcc Intercept 4.85 < 0.001 3.32  6.38

Pleasure from Winning vs. 
Losing 0.12 <   0.01 0.04  0.20

  Age -0.20 < 0.001 -0.27 -0.12

Statistical parameters (regression coefficient (b), significance level (p) and 95%-confidence 

interval for the bs) for the best fitting models testing the relation between Nacc activation and 

each of the measures reported in the table.
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DISCUSSION

The goal of this three-wave accelerated longitudinal study was to test the 
developmental trajectory of reward-related NAcc activation across ages 8-29 
years, and how behavioral state- and trait-level reward-sensitivity related to 
these changes. The results confirmed that NAcc activity to rewards peaks in 
mid-adolescence consistent with our previous findings based on data from 
the first two waves of the study reported by Braams et al. (2015). In addi-
tion, it was found that developmental differences in self-reported motiva-
tion to approach rewards (trait-level reward sensitivity), and the immediate 
pleasure from winning (state-level reward sensitivity) contributed to these 
changes. Below, we set out how these two different types of reward sensi-
tivity explained NAcc activation in early to mid-adolescence and in mid-ado-
lescence to early adulthood. 
	 Consistent with previous studies, we found that NAcc activation during the 
receipt of a reward peaks in mid-adolescence (Braams et al., 2015; Galvan 
et al., 2006; Silverman et al., 2015; Telzer, 2016; Van Leijenhorst et al., 2010a). 
Our results demonstrate that mid-adolescents respond to a greater extent to 
rewards than children, early adolescents, late adolescents, and young adults, 
and extend previous findings by showing that this developmental trajectory 
continues until at least into the late twenties. It has previously been argued 
that adolescence is a time of stronger dopamine release, which may also 
contribute to the greater reward sensitivity in the NAcc in mid-adolescence 
(Wahlstrom et al., 2010). This study is the first to show results of NAcc activation 
during receipt of rewards measured at three time points, and the accelerated 
longitudinal design of the study precludes influence of cohort-effects (Crone & 
Elzinga, 2015; Ordaz, Foran, Velanova, & Luna, 2013). 
	 Given that the peak of reward activation was predicted around the age 
of 16 years, we separately tested whether variance in NAcc activity could be 
explained between ages 8-16 years, and between ages 16-29 years by trait-
level reward sensitivity as measured with the BAS scales (Urošević et al., 2012) 
and state-level reward sensitivity as measured with a scale assessing imme-
diate pleasure from rewards (Salimpoor, Benovoy, Larcher, Dagher, & Zatorre, 
2011). In younger adolescents (8-16 years of age), higher levels of a self-reported 
drive to pursue and achieve personal goals, i.e., trait-level reward sensitivity, 
were associated with stronger NAcc activity to rewards. This finding suggests 
that the rise in NAcc activity is stronger for adolescents with a higher motiva-
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tion to obtain rewards (Simon et al., 2010), such as the drive to obtain rewards 
or the desire for rewards (Braams et al., 2015; Van Duijvenvoorde et al., 2014). 
Our finding suggests that higher NAcc responses to rewards may relate to 
the drive to seek out novel experiences. It should be noted that in the current 
study the relation between reward drive and NAcc activation was not signifi-
cant after Bonferroni correction for multiple comparisons and should therefore 
be replicated in future studies. In addition, the longitudinal design allows for a 
better estimation of brain-behavior relations than cross-sectional studies, but 
does not allow for causal inferences, because patterns may coincide over time 
in relation to a third factor, such as changes in pubertal hormones (Braams et 
al., 2015; Forbes et al., 2010; Op de Macks et al., 2011). Nonetheless, the findings 
are consistent with prior studies (Braams et al., 2015; Urošević et al., 2012; Van 
Duijvenvoorde et al., 2014) and show that individual differences in reward drive 
are an important factor to investigate in future research. 
	 Another important question for future research is to test why effects were 
specific for reward drive. No significant relation was found between NAcc 
activity and other forms of trait-level reward sensitivity measured in our study, 
such as fun-seeking tendencies (cf. Van Duijvenvoorde et al., 2014) and affective 
responses to rewards. Possibly, these forms of reward sensitivity are distinctly 
related to NAcc responses to rewards and, by extension, to novelty seeking 
behaviors. In addition, this implies that they are distinct constructs within trait-
level reward sensitivity. However, to test this question of specificity of reward 
drive in more detail, it will be important to test relations with multiple reward 
types in future research. 
	 A final question concerns the relation between neural responses to rewards 
and measures of state- and trait-level reward sensitivity between mid-adoles-
cence and adulthood. In older adolescents and young adults (16-29 years of 
age), reducing levels of NAcc activity were associated with less reward plea-
sure experiences when receiving rewards in the task (i.e., state-level reward 
sensitivity). This suggests that the age-related decrease in state-level reward 
sensitivity can possibly be explained by a decrease in NAcc activation. This 
finding fits with previous findings showing that ventral striatum activation and 
dopamine release from the striatum were related to pleasure experienced 
during listening to music and during winning money in a simple estimation 
task (Dohmen et al., 2011; Salimpoor et al., 2011). The incentive in these types of 
simple reward tasks may be lower for late adolescents and young adults than 
early adolescents. Possibly, NAcc activity scales with the reduction in pleasure 
obtained when gaining rewards in a simple gambling task in adulthood.
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	 This study also had several limitations that deserve attention. First, although 
we have often linked ventral striatum activation to explorative behaviors, 
we did not assess these behaviors in our study. Prior studies have found that 
increased self-reported risk propensity (Galvan, Hare, Voss, Glover, & Casey, 
2007) and risky decision-making (Van Duijvenvoorde et al., 2014) are associ-
ated with increased reward-related ventral striatum activity. In future research, 
it will be important to include measures that represent real-life explorative 
behaviors. Second, we could not identify an interaction on NAcc activation 
between the self-report measures of state- and trait-level reward sensitivity 
measures and the two age groups. Therefore, we cannot conclude that the 
relations between NAcc activation and state- and trait-level reward sensitivity 
are significantly different between the two age groups. Third, in this study we 
contrasted NAcc activity for winning and losing. This manner of presenting the 
results does not allow for distinguishing whether NAcc activity was driven by 
wins or losses (Braams et al., 2015). Hence, the results should be interpreted as 
a relative difference, and future studies should include an appropriate baseline 
condition, for example, in which participants do not win or lose coins.
 
To conclude, in the current study we demonstrated that reward-related 
NAcc activation peaks in mid-adolescence and declines again in late adoles-
cence and early adulthood. We show that the increase in NAcc activation to 
rewards in early to mid-adolescence is driven by developmental differences 
in a general (trait-level) drive to pursue personal goals. The decrease in NAcc 
activation in late adolescence and adulthood was related to a decrease in 
state-level hedonic reward ratings. A strength of this study was the use of 
longitudinal measurements, which are pivotal for understanding trajectories of 
change, given that these reduce cohort effects and provide more power for 
detecting change (Crone & Elzinga, 2015; Ordaz et al., 2013). Furthermore, longi-
tudinal measurements are essential for testing how changes in neural activity 
co-vary with individual differences (Telzer, Fuligni, Lieberman, & Galván, 2013). 
Most studies on ventral striatum activity to date are based on cross-sectional 
studies, but there are some exceptions that are based on assessments from 
two time points (Braams et al., 2015; Lamm et al., 2014; Van Duijvenvoorde et 
al., 2014). Importantly, with the third time point included in the current study, we 
were not only able to study adolescence but also to capture the transition from 
late adolescence to early adulthood. Future longitudinal studies should further 
examine (a) how individual differences in NAcc sensitivity to rewards in adoles-
cence relate to real-life explorative behaviors and future achievements, and (b) 
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what motivates older adolescents and adults to obtain rewards and how this 
relates to NAcc reward responses. Importantly, future longitudinal studies should 
examine how rewards in different contexts, for example when participants 
gain rewards for others or play a more complex reward task, affect neural 
reward mechanisms and behavior across adolescence and early adulthood 
(Rosenbaum, Venkatraman, Steinberg, & Chein, 2017). Together, our findings set 
the stage for future research into unique contributions of motivational factors 
for the neural underpinnings of explorative behaviors, which might ultimately 
help adolescents and young adults to become successful adults. 
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