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Abstract Humans are sophisticated social beings. Social cues
from others are exceptionally salient, particularly during ado-
lescence. Understanding how adolescents interpret and learn
from variable social signals can provide insight into the ob-
served shift in social sensitivity during this period. The present
study tested 120 participants between the ages of 8 and
25 years on a social reinforcement learning task where the
probability of receiving positif

cortex and the putamen when receiving positive social feed-
back regardless of the expected outcome, suggesting that peer
approval may motivate adolescents toward action. While dif-
ferent amounts of positive social reinforcement enhanced
learning in children and adults, all positive social reinforce-
ment equally motivated adolescents. Together, these findings
indicate that sensitivity to peer approval during adolescence
goes beyond simple reinforcement theory accounts and sug-
gest possible explanations for how peers may motivate ado-
lescent behavior.
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Introduction

Humans are unique and sophisticated social beings (Herr-
mann, Call, Hernandez-Lloreda, Hare, & Tomasello, 2007)
whose daily interactions require the ability to decipher and
learn from a range of social signals. The impact of these
signals is magnified during adolescence, a developmental
period in which the social environment is shifting, with more
time spent with peers and less time with parents (Larson &
Richards, 1991). This change is associated with a tendency to
rely on peers rather than parents for guidance and approval.
Perhaps it is not surprising that adolescents, as compared with
children and adults, show increased attention and neural acti-
vation in response to peer acceptance (Guyer, Choate, Pine, &
Nelson, 2012; Silk et al., 2012). Feelings of relatedness with
others and perceived acceptance during adolescence are asso-
ciated with higher self-esteem, better adjustment in school,
and greater self worth (Rudolph, Caldwell, & Conley, 2005;
Vanhalst, Luyckx, Scholte, Engels, & Goossens, 2013;
Wentzel & Caldwell, 1997). In contrast, peer rejection in the
adolescent is associated with school withdrawal, aggression,
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and mental health problems (Dodge et al., 2003; Laird,
Jordan, Dodge, Pettit, & Bates, 2001; Prinstein & Aikins,
2004; Veronneau, Vitaro, Brendgen, Dishion, & Tremblay,
2010; White & Kistner, 2011). Understanding how adoles-
cents interpret and learn from variable social signals can
provide insight into the observed shift in social sensitivity
during this period and how peers can impact quality of life
and outcomes in the adolescent.

Social contexts are acutely salient to adolescents, which
can ultimately can lead to altered decision-making abilities
around one’



by the Wechsler Abbreviated Intelligence Scale (Wechsler,
1999) did not differ by age and is reported in Table 1999



or the right eye. This behavioral element was included to ensure
attention to the cues and to acquire an objective reaction time
measure of learning about the reinforcement contingencies for
each of the three peers across the experiment. After a jittered
interstimulus interval of a picture of a folded note (2, 4, 6, or
8 s), three hands appeared at the bottom of the screen, with one
hand holding a note for 2 s (feed



Milwaukee,WI) with a quadrature head coil. A high resolution,
3-D magnetization prepared rapid acquisition gradient echo
anatomical scan was acquired (256 × 256 in-plane resolution,
FOV = 240 mm; one hundred twenty-four 1.5-mm sagittal
slices). Blood oxygenation level dependent (BOLD) functional
scans were acquired with a spiral in and out sequence (Glover
& Thomason, 2004) (repetition time TR = 2,000 ms, echo
time = 30 ms, flip angle = 90°). Twenty-nine 5-mm-thick
contiguous coronal slices were acquired per TR, for 129 TRs
per functional run with a resolution of 3.125 × 3.125 mm (64 ×
64 matrix, FOV = 200 mm) covering the entire brain except for
the posterior portion of the occipital lobe.

Data analysis

Age effects

The goal of the present study was to determine whether there
were developmental differences in learning the positive rein-
forcement contingencies associated with each peer. Dependent
variables were analyzed for two distinct patterns of continuous
age contingent changes: (1) quadratic, representing U or
inverted-U effects for which adolescents differ from both chil-
dren and adults and (2) linear, progressively increasing or
decreasing age effects. A linear function was calculated by
mean-centering age (in the behavioral sample,M = 15.86 years;
in the fMRI sample,M = 16.69 years), and a quadratic function
was calculated by squaring the mean-centered linear age vari-



Vt + αδt for given trial t. Reaction time has been shown in
previous studies to be a reliable indicator of learning contin-
gencies and speeding to cues predicting higher value and
slowing to cues predicting lesser value has been associated
with conditioning as predicted by reinforcement learning
models (Bray & O'Doherty, 2007; Seymour et al., 2004). We
extended the standard Rescorla–Wagner learning model and
used separate learning rates for positive social feedback (α+)
and no positive social feedback (α−) (Caze & van der Meer,
2013; Kahnt et al., 2009):

V tþ1 ¼ V t þ αþδt; if δt ≥0
V tþ1 ¼ V t þ α−δt; if δt < 0

�

We separately estimated learning parameters for the two



activity that positively or negatively correlated with prediction
error and that positively or negatively correlated with cue



peers did not significantly change from before to after the task
(main effect of attractiveness, p > .58). There was a significant
interaction between linear age and probability of reinforce-
ment on attractiveness ratings, F(2,220) = 3.18, p < .05. Post
hoc correlations were not significant (ps > .13).

Accuracy

Accuracy of detecting the wink in the left or right eye was
high for all participants (M = 94 %, SD = 4.9 %), and as was
expected, accuracy increased with age, with a main effect of
linear age, F



(x = −19, y = −40, z = 68; 92 voxels), the anterior caudate (x =
−7, y = 20, z = 8; 60 voxels), and the uncus that extends into
the amygdala (x = −22, y = 5, z = −22; 52 voxels), as compared
with adolescents. There were no sex differences in these re-
gions (ps > .36). The greater positive correlation (U-shaped
curve) in these regions across age is consistent with the ob-
served behavior changes with age where adolescents demon-
strated lower positive learning rate values. Whole-brain analy-
ses demonstrated no linear age effects to cue value learning.

Adolescent-specific response to positive social feedback
without parametric modulation

Motivated by the finding that adolescents show lower positive
learning rates, an additional set of GLMs were estimated using
task timings and no learning parameters. These analyses were
conducted to identify developmental shifts in the neural re-
sponse pattern to receiving positive feedback, independent of
learning-related parameters. Adolescents showed greater activ-
ity in the supplementary motor cortex and in the putamen when
receiving positive social reinforcement, regardless of which
peer gave the feedback (Table 3; Fig. 5). Adolescent-specific
effects in the putamen and supplementary motor cortex

remained significant when controlling for SNR within these
regions. Greater parameter estimates in the insula during pos-
itive prediction error learning were positively correlated with
greater activation in the putamen to positive feedback, r(76) =
.27, p < .02, Bonferroni-adjusted α = .025 (Fig. 5c), but not in
the supplementary motor area (p = .44). The correlation be-
tween the insula and putamen remained when controlling for
SNR in these two regions. It is important to note that activation



continuous cue and premotor activity (ps > .23) or with the
putamen for all of the three cues (ps > .37). The trend for an
association between reaction times to the rare cue in the late
trials and activity in the premotor region remained significant
when controlling for SNR in the premotor area. There were no
significant sex differences in the supplementary motor cortex
and putamen. Together, these results suggest that elevated
activity within a motor circuit in adolescents when receiving
positive social feedback is associated with speeding responses
to cues of the least reinforcing peer.

Discussion

Using a paradigm that manipulated the probability of receiv-
ing positive social feedback, we observed adolescent-specific
age differences in reinforcement learning behavior and neural

response patterns. While different amounts of positive social



receiving positive and negative feedback. Prior studies
(Christakou et al., 2013; van den Bos et al., 2012) generated
learning rates based on choice behavior and used nonsocial
reinforcers (i.e., points or money). In the present study, posi-
tive learning rates showed a quadratic pattern. There are two
possible explanations for this difference: (1) Adolescents did



(Gardner & Steinberg, 2005; Weigard et al., 2014). Alterna-
tively, lower positive learning rates could be explained in part
by increased motivation toward that which is socially the least
reinforcing, which would mean an equal speeding toward the
least and most reinforcing peers. This explanation aligns with
work suggesting that adolescents engage in risky behavior
when they perceive themselves to be less socially accepted
(Prinstein, Boergers, & Spirito, 2001). Future work will be
necessary to differentiate between these two possible expla-
nations. In addition, comparing monetary and social reward
learning (Kohls, Peltzer, Herpertz-Dahlmann, & Konrad,
2009)—specifically, in adolescents—would help to illuminate
the unique nature of the social learning rate differences ob-
served across age and distinguish social reinforcement learn-
ing from other types of reinforcement learning (Christakou
et al., 2013; Cohen et al., 2010; van den Bos et al., 2012).

Imaging data provide further insight into the observed age-
related differences in social learning. We demonstrated that in
adolescents, the anterior to mid insula response is correlated
with positive prediction error fluctuations, more than in chil-
dren and adults. Elevated activity in the insula to social cues
during adolescence has been reported in a number of studies
(Guyer et al., 2012; Guyer et al., 2009; Masten, Telzer,
Fuligni, Lieberman, & Eisenberger, 2012), and the insula is
considered to play an important role in processing emotional
salience. For instance, the insula has been implicated in pro-
cessing subjective feelings and awareness about one’s body
(Craig, 2009; Critchley, Wiens, Rotshtein, Ohman, & Dolan,
2004; Damasio, 2003), feelings of distress or pain
(Eisenberger, Lieberman, & Williams, 2003; Lamm, Batson,
&Decety, 2007), and overall processing of affective states that
are the result of interacting with other people (Lamm &
Singer,



to peer approval and learning in the adolescent (Crone &
Dahl, 2012; Somerville, 2013).

In conclusion, we show an adolescent-specific effect of
positive social feedback from peers on learning and neural
activation patterns. Differing amounts of positive reinforcement





Veronneau, M. H., Vitaro, F., Brendgen, M., Dishion, T. J., &
Tremblay, R. E. (2010). Transactional analysis of the recip-
rocal links between peer experiences and academic achieve-
ment from middle childhood to early adolescence.
Developmental Psychology, 46(4), 773–790.

Wechsler, D. (1999). Wechsler abbreviated scale of intelligence. San
Antonio, TX: The Psychological Corporation.

Weigard, A., Chein, J., Albert, D., Smith, A., & Steinberg, L. (2014).
Effects of anonymous peer observation on adolescents' preference
for immediate rewards. Developmental Science, 17(1), 71–78.

Wentzel, K. R., & Caldwell, K. (1997). Friendships, peer acceptance, and
group membership: relations to academic achievement in middle
school. Child Development, 68(6), 1198–1209.

White, B. A., & Kistner, J. A. (2011). Biased self-perceptions, peer
rejection, and aggression in children. Journal of Abnormal Child
Psychology, 39(5), 645–656.

Wiese, H., Stude, P., Nebel, K., de Greiff, A., Forsting, M., Diener, H. C.,
& Keidel, M. (2004). Movement preparation in self-initiated versus
externally triggered movements: An event-related fMRI-study.
Neuroscience Letters, 371(2–3), 220–225.

Cogn Affect Behav Neurosci (2014) 14:683–697 697


	Adolescent-specific patterns of behavior and neural activity during social reinforcement learning
	Abstract
	Introduction
	Method
	Participants
	Experiment cover story
	Task parameters
	Image acquisition
	Data analysis
	Age effects
	Preference ratings
	Mean accuracy and reaction times
	Reinforcement learning model
	Neuroimaging preprocessing and first-level modeling
	Reinforcement learning model neuroimaging analyses
	Neuroimaging analyses independent of reinforcement learning model


	Results
	Behavioral data
	Likeability and attractiveness ratings
	Accuracy
	Reinforcement learning

	Imaging
	Cue values and prediction errors
	Adolescent-specific response to positive social feedback without parametric modulation


	Discussion
	References


