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ABSTRACT 
Dustin Albert 

Doctor of Philosophy 
Temple University, 2011 

Doctoral Advisory Committee Chair: Laurence Steinberg, PhD 
 

 Prior research suggests that adolescents are drawn to the temptations of 

immediate rewards to a greater degree than adults, particularly when making decisions in 

the company of their peers.   Dual-systems models of adolescent decision making posit 

that this immediate reward bias derives from a developmentally normative imbalance in 

the neural dynamics characterizing the adolescent brain.   At a time when the brain’s 

“top-down” cognitive control system is still developing the processing efficiency and 

functional integration thought to support mature self-regulation in adulthood, changes in 

“bottom-up” dopaminergic functioning imbue adolescents with heightened sensitivity to 

environmentally salient rewards.  The resulting bias toward under-controlled, reward-

driven behavior may be further accentuated by the presence of peers, who are 

hypothesized to prime incentive processing circuitry to respond to opportunities for 

immediate rewards.   

 The present study utilized functional magnetic resonance imaging (fMRI) to 

examine age- and context-related differences between adolescents and adults in neural 

activity and choice behavior corresponding to the comparative evaluation of sooner-

smaller and larger-later rewards in an intertemporal choice task.  Half of the participants 

were scanned in a standard “alone” condition, and half were scanned in a “peer” 

condition, wherein two same-sex, same-age peers informed the participant that they 

would be observing task performance from the scanner control room.  Although 

behavioral results did not support the hypothesis that peer presence would accentuate 
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adolescents' bias toward immediate rewards, they confirm that, even when making 

decisions alone, adolescents are more inclined than adults to sacrifice the added value of 

a larger future reward in order to receive a smaller reward immediately.  Furthermore, 

fMRI results demonstrate at least three important differences between adolescents and 

adults in neural activity corresponding to the comparative evaluation of rewards. First, 

adolescents evince stronger activation than adults in regions implicated in incentive 

processing (including bilateral caudate), consistent with a bias toward reward-driven 

behavior.  Second, adolescents show stronger functional connectivity between a region in 

the orbitofrontal cortex (OFC) whose activity is correlated with impulsive choice and a 

region in the ventromedial prefrontal cortex (vmPFC) shown by prior research to 

represent the value of decision options.  This stronger OFC-vmPFC connectivity among 

adolescents is consistent with greater affective (OFC) influence on choice valuation and 

behavior (vmPFC).  Finally, adolescents show stronger deactivation of regions implicated 

in cognitive control (including anterior cingulate and dorsolateral prefrontal cortex) when 

evaluating rewards with relatively longer delays, consistent with a failure to carefully 

consider the value of future rewards.  Together, results suggest that neurodevelopmental 

theories of adolescent decision making would be improved by more explicit modeling of 

age differences in the neural processes underlying evaluation of the temporal properties 

of rewards. 
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CHAPTER 1 

INTRODUCTION 

Evidence overwhelmingly points to adolescence as a period of heightened risk 

taking in multiple domains, including experimentation with alcohol, tobacco, and other 

drugs, unprotected sexual activity, and reckless driving, each with potentially devastating 

consequences for adolescents’ health and well-being (Reyna & Farley, 2006; Steinberg, 

2008).  Early research into the developmental sources of this elevation in risk taking 

searched for differences between adolescents and adults in aspects of risk information 

processing assumed to underlie rational, risk-averse decision making (Quadrel, Fischhoff, 

& Davis, 1993), but found that adolescents possess the knowledge and processing 

capacity to evaluate risky decisions as competently as adults, at least when assessed in 

“cool” laboratory conditions (Reyna & Farley, 2006).  In response to this evidence, 

contemporary theory has posited that the distinguishing immaturity of adolescent 

decision making is not a lack of analytical capacity, but rather the frequent failure to 

apply this analysis to decisions made in the socially and emotionally charged (“hot”) 

contexts in which risk-taking opportunities present themselves (Albert & Steinberg, 

2011a).  In other words, adolescents are just as capable as adults of recognizing that a 

risky choice is not in their best interests, and yet more likely to make the risky choice 

anyway when presented with the real-world opportunity.  From this perspective, 

adolescents’ elevated propensity to take risks is likely to reflect immature regulation of 

contextual challenges to goal-relevant decision making.  In order to increase the efficacy 

of interventions aimed at improving adolescents’ decision making, it is imperative that 
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research identify the mechanisms by which specific contextual factors bias adolescents 

toward making risky choices. 

  A growing body of evidence points to the role of peer influences as a primary 

contextual factor contributing to adolescents’ heightened tendency to make risky 

decisions.  Forensic statistics indicate that adolescents typically commit crimes, ranging 

from vandalism and drug use to homicide, in peer groups, whereas adults typically do so 

alone (Zimring, 1998).  Although some have argued that the higher incidence of group 

risk taking in adolescence may be a simple function of the greater amount of time that 

adolescents spend in social groups, studies directly comparing the behavior of 

adolescents and adults in different social contexts suggest that the presence of peers 

differentially biases adolescents toward risky behavior.  For instance, a naturalistic 

observational study of driving behavior by adolescents and adults with varying numbers 

of passengers found that, unlike adults, adolescents drive recklessly to a greater degree 

when accompanied by one or more passengers than when alone (Simons-Morton, Lerner, 

& Singer, 2005).   

Importantly, a recent line of experimental investigation into age differences in the 

effect of peer context on risk-taking behavior provides clear behavioral evidence of 

adolescents’ heightened susceptibility to peer influences (Chein, Albert, Brien, & Uckert, 

2010; Gardner & Steinberg, 2005; O'Brien, Albert, Chein, & Steinberg, 2011).  In the 

first study to report this finding (Gardner & Steinberg, 2005), adolescents (mean age = 

14), youths (mean age = 19), and adults (mean age = 37) were tested on a computer 

driving task that mimicked the real-life experience of approaching a yellow light and 

deciding whether to stop and wait for the light to turn green again, or drive through the 
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intersection and risk being hit by an unseen car.  Peer context was manipulated by 

randomly assigning each group of three participants to play the game either individually 

(alone in the room), or with two same-aged peers in the room. When tested alone, the 

three age groups engaged in a comparable amount of risk-taking.  However, when tested 

with peers in the room, adolescents and youth showed a significant increase in risk-

taking, whereas adults did not.  Specifically, adolescents scored twice as high on an index 

of risky driving when tested with their peers in the room, relative to when they were 

alone, whereas the college-aged group was approximately 50% riskier, and adults showed 

no differences in risky driving related to context.  This experimental demonstration of 

heightened peer influence on risk taking in adolescence represents an important advance 

over prior studies correlating adolescents’ risk behavior with behavior reported by their 

peers, findings that are subject to alternative explanations such as differential selection or 

differential opportunity.   

The goal of this dissertation is to further understanding of the mechanisms by 

which the presence of peers differentially biases adolescents toward risky decision 

making.  Specifically, the study aims to further refine a neurodevelopmental model of 

adolescent decision making by examining the hypothesis that peer presence “primes” a 

reward-sensitive motivational state that increases the salience of immediately available 

rewards and thereby increases the probability that adolescents will favor the short-term 

benefits of a risky choice over the long-term value of a safe alternative (Albert & 

Steinberg, 2011b; Chein, Albert, O’Brien, Uckert, & Steinberg, 2010; O'Brien, Albert, 

Chein, & Steinberg, 2011; Steinberg, 2008).  In this chapter, I will introduce the broad 

conceptual model from which this hypothesis is derived by reviewing and synthesizing 
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research relevant to adolescent decision making from several distinct but related 

literatures.  I first describe current models of the role of socio-emotional influences on 

decision processing.  I then review neuroscientific research delineating the specific neural 

circuitries underlying core components of decision processing, with a focus on the 

respective and interactive contributions of motivational, regulatory, and social 

information processing systems to value representations of choice alternatives.   Building 

on this discussion, I describe behavioral and neuroscientific evidence suggesting that a 

disjunction in the maturational timing and functional integration of these core systems 

may underlie adolescents’ heightened susceptibility to peer influences on decision 

processing.   

The present study applies this neurodevelopmental framework to an experimental 

examination of differences between adolescents and adults in the influence of social 

context on neural and behavioral indices of choice evaluation and decision making.  

Specifically, the study utilizes functional magnetic resonance imaging (fMRI) to identify 

age- and context-related variation in neural activity and decision behavior corresponding 

to (a) evaluation of reward magnitude, (b) evaluation the timing of reward delivery, and 

(c) choices between smaller immediate rewards and larger delayed rewards (i.e., 

intertemporal choice, or delay discounting). 

Socio-Emotional Influences on Decision Making 

 Given the lack of evidence that increased risk taking in adolescence is a function 

of inadequate knowledge and/or immature information processing capacity, 

developmental researchers have called for greater empirical attention to socio-emotional 

and contextual factors that may differentially influence adolescents’ decision processing 
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(Fischhoff, 2008; Reyna & Farley, 2006; Steinberg, 2008).  Research based on adult 

populations has identified several candidate pathways by which affect is known to 

influence decision making (Loewenstein, E. U. Weber, Hsee, & Welch, 2001; Slovic, E. 

Peters, Finucane, & MacGregor, 2005; Winkielman, Knutson, Paulus, & Trujillo, 2007).  

For instance, the anticipated emotional outcome of a behavioral option -- how one 

expects to feel after making a given choice -- contributes to one’s cognitive assessments 

of its expected value (Loewenstein et al., 2001).  In addition, choice evaluation may be 

influenced by one’s direct, in-the-moment response to the stimulus characteristics of a 

behavioral option, referred to as anticipatory emotion (Loewenstein et al., 2001).  

Anticipatory emotions may influence decision making by biasing evaluation of the value 

of a choice alternative (e.g., “affect-as-information” (Schwarz & Clore, 1983); “the affect 

heuristic” (Slovic et al., 2005)) or providing subtle motivational cues in the form of 

“somatic markers” (Damasio, 1994).   

 Most importantly for the current study, decisions may also be influenced by 

socio-emotional factors not directly related to the decision itself – in other words, 

incidental emotion or background mood (Loewenstein & Lerner, 2003).  Building upon 

Zajonc’s (1980) ground-breaking affective priming studies, research on emotion-

cognition interactions has demonstrated the influence of pre-existing or experimentally 

elicited affective states on perception, memory, judgment, and behavior (Winkielman, 

Knutson, Paulus, & Trujillo, 2007). For instance, individuals surveyed on a sunny day 

rate their life satisfaction as higher than those contacted on a rainy day (Schwarz & Clore, 

1983), and experimental elicitation of positive or negative emotion is associated with 
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corresponding shifts toward optimistic or pessimistic judgments about risk (Johnson & 

Tversky, 1983).   

Indeed, evidence suggests that emotions do not even need to be consciously felt to 

influence behavior.  In a recent experiment that elicited unconscious positive or negative 

emotion by presenting masked happy or angry faces, participants who had viewed happy 

faces chose to pour and drink more of a novel beverage than those who had viewed angry 

faces, despite reporting no differences in subjective mood (Winkielman, Berridge, & 

Wilbarger, 2005).  Interpreting this finding in the context of neuroscience research 

showing that socio-emotional stimuli (especially faces) engage neural circuitry that 

broadly overlaps with circuitry mediating reward evaluation and motivational processing, 

the authors suggest that neural responses to socio-emotional stimuli may subsequently 

modulate neural sensitivity to unrelated motivational stimuli, biasing the individual 

toward approach- or avoidance-related behavior. 

Although this dissertation is not chiefly concerned with the role of emotional 

arousal in adolescent decision making, the “approach sensitization” hypothesis advanced 

by Winkielman and colleagues (2007) suggests a plausible and potentially testable 

hypothesis about the neurobiological mechanism by which peers may differentially bias 

adolescents toward risky decision making.  In short, given that adolescents show elevated 

behavioral and neural sensitivity to socio-emotional stimuli (Blakemore, 2008), an 

approach sensitization effect observed among adults is likely to be even stronger among 

adolescents, and may explain why the presence of peers is associated with a greater bias 

toward approach-related choice behavior among adolescents than among adults (Albert & 

Steinberg, 2011b).  To further elaborate this hypothesis, it is important first to review 
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what is understood about the neurobiological bases of decision making more generally.  

In the following section, I review research delineating the neural circuitries thought to 

underlie valuation of decision options and propose a theoretical framework that could 

account for the influence of socio-emotional factors on this competitive valuation 

process.  I then discuss how neurodevelopmental changes during adolescence in the form 

and function of these neural circuitries may confer specific susceptibility to the influence 

of socio-emotional stimuli, including the presence of peers, on choice evaluation and 

decision making. 

Neurobiological Substrates of Decision Making 

Learning and Representation of Reward Value 

Research into the neural mechanisms underlying learning and representation of 

the subjective value of decision options has consistently implicated two structures as 

“final common pathways”: the ventral striatum (VS) and the ventral frontal cortex (VFC), 

the latter of which is a summary designation intended to capture two inconsistently 

defined regions, the ventromedial PFC (vmPFC) and adjacent portions of medial 

orbitofrontal cortex (mOFC).  Although the VS and VFC are likely to perform somewhat 

different valuation functions (Hare, O'Doherty, Camerer, Schultz, & Rangel, 2008), the 

involvement of each structure in parametrically representing subjective reward value is 

supported by its own large body of evidence, including single-cell recordings from 

primates and fMRI assessment of humans (Glimcher, 2009; Haber & Knutson, 2010; 

Kable & Glimcher, 2009; Platt & Huettel, 2008; Rangel & Hare, 2010).  For instance, 

Kable and Glimcher (2007) reported parallel patterns of BOLD response in the VS and 

VFC corresponding to subject-specific subjective values of monetary offers with variable 
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delays, with subjective values derived from choice behavior in a separate offline task.  

Similarly, results from an fMRI study involving monetary gambles demonstrated BOLD 

responses in the VS and VFC that parametrically increased with the potential gain and 

decreased with the potential loss of gambles (Tom, Fox, Trepel, & Poldrack, 2007).   

 The VS and VFC are anatomically well-positioned to process reward-related 

information, serving as important nodes in a mesocorticolimbic circuit that has been the 

focus of research on the role of dopamine in reinforcement learning (Berridge, 2007; 

Glimcher, 2011; Schoenbaum, Roesch, Stalnaker, & Takahashi, 2009; Schultz, Dayan, & 

Montague, 1997).  The backbone of the circuit consists of neuronal projections from 

dopamine-producing cell bodies in the midbrain (including the ventral tegmental area 

(VTA) and substantia nigra (SN)), to portions of the basal ganglia (e.g., the ventral 

striatum (VS), including the nucleus accumbens (NAcc) and ventral pallidum (VP)) and 

frontal cortex, including the insula and VFC (Haber & Knutson, 2010).   In addition to 

direct projections from the midbrain to the PFC, midbrain signals are indirectly carried to 

the VFC via a striatal-thalamic relay projection (i.e., VTA � NAcc � VP � thalamus 

� VFC).  Dopamine-innervated regions of the VFC then project back to the same major 

input nuclei in the basal ganglia complex, including the VS, that receive dopamine input 

from the VTA, forming a feedback loop capable of integrating highly processed 

information from VFC with bottom-up motivational signals from the midbrain 

(Glimcher, 2011).   

Although open questions remain regarding the functional role of specific 

structures within this circuit, several global characteristics of the circuit are now widely 

agreed upon.  For instance, there is now consensus understanding that dopamine 
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transmission via midbrain neurons represents a central mechanism by which the brain 

modifies synaptic strengths in the mesocorticolimbic system in support of associative 

learning (Glimcher, 2011), with the NAcc playing a particularly important role in 

managing competition from frontal and limbic regions for learning resources (Grace, 

Floresco, Goto, & Lodge, 2007).  Phasic release of dopamine into the NAcc is known to 

strengthen synaptic inputs to the NAcc from the ventral subiculum of the hippocampus, 

an important limbic node for representing information about the contextual/affective 

properties of the stimulus environment (Grace et al., 2007).  In contrast, slow, tonic 

dopamine input to the NAcc attenuates the synaptic strength of inputs from the PFC 

(Grace et al., 2007).   In essence, the combination of tonic and phasic dopamine release 

into the NAcc appears to function as a signal to strengthen and positively value cue 

associations present in the immediate environment, while reducing top-down, 

deliberative control of motivational behavior.  Given direct and indirect (via striatal-

thalamic relay) projections of midbrain dopamine neurons to the VFC, it is also plausible 

that dopaminergic prediction error signals from the VTA serve to update value 

representations in the VFC, although this mechanism has not been well-studied. 

Researchers also now largely agree that the properties of the phasic dopamine 

signal can be accurately and reliably modeled in terms of reward prediction error (RPE), 

such that dopamine firing rates increase in response to a reward (or reward cue) that is 

stronger in magnitude than what is expected at a given moment, thereby providing an 

iterative update of reward value for a given choice scenario in response to experienced 

feedback (Glimcher, 2011; Schultz, Dayan, & Montague, 1997; but see Berridge, 2007).  

This updated reward value does not fully replace the previously computed value for a 
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given stimulus, but does receive the strongest weighting in subsequent expected value 

computations in the VS and VFC, which can be described as an “exponentially weighted 

sum of previous rewards” (Glimcher, 2011, p. 5).  

Evidence also suggests that dopaminergic activity in the mesocorticolimbic circuit 

may specifically mediate feelings of incentive motivation (i.e., appetitive approach, or 

wanting), in contrast to the long-held assumption that the primary function of dopamine 

is to produce hedonic impact (i.e., liking) (Berridge, 2007; Burgdorf & Panksepp, 2006).  

For instance, manipulation of dopamine transmission within the mesolimbic pathway has 

a much larger effect on wanting than liking behavior, in some cases leading to a full 

behavioral dissociation, such that VS dopamine sensitization has been shown to result in 

elevated approach and consumption behavior in the absence of any behaviors indicating 

hedonic pleasure in both rodents (Wyvell & Berridge, 2000) and humans (Evans et al., 

2006).  This research has been cited as support for an incentive sensitization account of 

drug addiction, which proposes that addicts develop a hypersensitivity to drug cues that 

leads to excessive dopamine activity in the mesolimbic pathway, resulting in feelings of 

acute wanting and compulsive drug seeking behavior (Berridge, 2007). 

In sum, evidence from both animal and human research suggests that the 

incentive value of a given choice stimulus is encoded as relative activity within the VFC 

and VS, with the magnitude of activity positively correlated with the expected subjective 

value of a given choice1.  Although less is known about the systems-level neural 

processes influencing variation in VFC activity, extensive research on the role of the VS 

(and especially its NAcc subregion) within the mesocorticolimbic dopamine circuit 

suggests that the VS functions as a “locus of control” for integrating signals from 
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neocortical, limbic, and midbrain regions to generate variations in appetitive approach 

behavior appropriate to the current environment (Burgdorf & Panksepp, 2006).  Midbrain 

dopamine neurons first show increased firing to unexpected rewards and, following 

associative learning, to the presentation of cues that predict those rewards (Glimcher, 

2011).  This elevation in phasic dopamine transmission to the VS appears to strengthen 

“bottom-up” synaptic inputs to the VS from the limbic system while weakening “top-

down” inputs to the VS from the PFC (Grace et al., 2007), resulting in increased cue-

triggered appetitive approach behavior (Berridge, 2007).   

Significantly, evidence suggests that neural activity within this core reward 

processing circuitry functions as a general purpose mechanism for evaluating and 

representing the value of stimuli, regardless of whether the stimuli are conditioned or 

unconditioned.  Indeed, both PET and fMRI studies have demonstrated activity in the VS 

and/or VFC corresponding to the processing of a remarkably diverse spectrum of 

rewards, ranging from primary sensory rewards (e.g., pleasant tastes, sounds, odors) to 

more abstract secondary rewards like money (Haber & Knutson, 2010).  Most 

importantly for the current study, this valuation circuitry is also exceptionally sensitive to 

the reward value of social stimuli (Adolphs, 2003), a topic I return to at the end of this 

section. 

Modulation by Avoidance Responding 

Although downward shifts in midbrain dopamine activity (i.e., negative prediction 

errors) modulate value representations by signaling that a stimulus is less rewarding than 

expected, the characteristically low baseline firing rate of dopaminergic neurons means 

that the downward frequency spectrum available for signaling negative prediction errors 
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is constrained by a floor effect (Glimcher, 2011).  However, other neural circuits are 

thought to contribute to the coding of aversion or avoidance signals via modulatory input 

to the VS and VFC (Haber & Knutson, 2010).  Within the neuroeconomics literature, 

these avoidance circuits have mostly been examined in studies delineating the neural 

correlates of risk processing, wherein it is expected that risk- and uncertainty-related 

signals will dampen representations of subjective value and thus ultimately decrease the 

desirability of the corresponding behavior (Platt & Huettel, 2008).   Neuroimaging 

studies have consistently implicated the insular cortex as active when individuals 

evaluate uncertain or risky behavioral options (Kuhnen & Knutson, 2005; Paulus et al., 

2001; Paulus, Rogalsky, Simmons, Feinstein, & Stein, 2003; Sanfey, Rilling, Aronson, 

Nystrom, & J. D. Cohen, 2003). For instance, in an fMRI study of adults making 

decisions about whether to invest in “safe” bonds or “risky” stocks, individuals who 

exhibited high insular activity when evaluating the risky option were significantly more 

likely to choose a safer option (Kuhnen & Knutson, 2005).   In another fMRI study of 

risky decision making, insula activation corresponding to risky choices was most elevated 

in individuals reporting high levels of the harm avoidance trait, suggesting that the insula 

signals fear or expectation of a negative consequence (Paulus et al., 2003).  Finally, an 

fMRI study of healthy adults making decisions on whether to “chase losses” in a 

gambling game demonstrated heightened insula but attenuated VFC activity for trials on 

which subjects chose not to gamble when odds were not in their favor (Campbell-

Meiklejohn, Woolrich, Passingham, & Rogers, 2008).  Together, these findings suggest 

that the insula provides an avoidance signal about the potentially negative consequences 
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of a risky choice, consistent with the structure’s well-established role in visceral 

emotional responding (Platt & Huettel, 2008). 

Studies of Pavlovian conditioning have focused on the role of the amygdala in 

guiding choice behavior, via projection of learned avoidance signals to the VS and VFC 

(Seymour & Dolan, 2008).  In classic Pavlovian experiments, organisms learn to 

associate a cue (i.e., a conditioned stimulus (CS)) with subsequent receipt of a reward or 

punishment (i.e., an unconditioned stimulus (US)), which leads the organism to initiate 

approach or withdrawal responses to the CS even in the absence of the US.  Seymour and 

Dolan (2008) argue that learned associations regarding a cue’s reward and/or punishment 

value ultimately influence the subjective valuation of that cue, a process that is largely 

mediated by projections from the amygdala to the striatum and PFC (see also Cardinal, 

Parkinson, Hall, & Everitt, 2002).  

In the context of human decision making, a recent fMRI study demonstrated that 

patients with amygdala lesions evince impaired representations of the value of 

instrumental choices (Hampton, Adolphs, Tyszka, & O'Doherty, 2007), consistent with 

evidence from human and animal studies that the amygdala is capable of modulating 

value representations in the VS and VFC (Delgado, Jou, Ledoux, & Phelps, 2009; 

Delgado, Li, Schiller, & Phelps, 2008; Gottfried, O'Doherty, & Dolan, 2003; B. J. Weber 

et al., 2007).  For instance, research delineating the influence of regret on decision 

making implicates avoidance-related learning signals from the amygdala to down-

regulation of subjective value representations in the VFC (Coricelli, Dolan, & Sirigu, 

2007).  Furthermore, recent research suggests that the amygdala selectively responds to 

choices that are high in ambiguity (i.e., those with unknown probability for success), 
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more so than those high in risk (i.e., those with known but unfavorable probability), with 

ambiguity-related amygdala activity predictive of subjects’ decisions to avoid the 

ambiguous option (Hsu, Bhatt, Adolphs, Tranel, & Camerer, 2005).  Finally, research on 

the brain bases of antisocial behavior has consistently implicated deficient amygdala 

responsivity as a contributor to the failure to avoid harmful behaviors (Blair, 2006).   

In sum, avoidance-related inputs from the insula and amygdala to the VS and 

VFC are the most commonly identified pathways for lowering the subjective value of 

undesirable choice options and thereby decreasing the probability of engaging in 

suboptimal behavior.2   

Modulation by Cognitive Control 

In order to make decisions supporting long-term well-being, it is often necessary 

to over-ride approach or avoidance responses cued by the immediate environment and 

adjust one’s evaluation of choice options by considering their value for the attainment of 

superordinate goals.  In other words, optimal decision making frequently requires 

cognitive control, including the ability to plan a course of behavior to reach a goal, hold a 

goal plan in mind across time, inhibit goal-conflicting behaviors, and monitor and 

flexibly adjust the implementation of planned behaviors until the goal is attained or 

blocked (Aron, 2008).  Decades of research demonstrating self-regulatory deficits in 

patients with PFC lesions, as well as robust PFC activation patterns in fMRI studies of 

healthy adults during cognitive control tasks, indicates that these capacities are crucially 

supported by neural circuits involving the PFC (Badre, 2008; Damasio, 1994; E. K. 

Miller & J. D. Cohen, 2001; O'Reilly, Herd, & Pauli, 2010; Wood & Grafman, 2003). 
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An influential theory advanced by Miller and Cohen (2001) proposes that the 

cognitive control system is activated when the anterior cingulate cortex (ACC) detects 

competing response presentations and signals the PFC (especially lateral PFC (LPFC)3) 

to activate goal representations relevant to the response conflict (see Carter & van Veen, 

2007, for an updated but largely consistent interpretation of ACC function). This goal-

relevant activation is thought to function as a top-down “bias signal” to subcortical, 

posterior parietal, and other PFC circuits involved in valuation and choice (Badre & 

D'Esposito, 2009; B. T. Miller & D'Esposito, 2005; E. K. Miller & J. D. Cohen, 2001).  

Thus, to the degree that an individual’s superordinate goals are risk-avoidant, LPFC 

recruitment should bias choice evaluation circuitry toward downward modulation of 

subjective value representations for risky choices. Consistent with this model, several 

fMRI studies have reported DLPFC activation during decision making that is inversely 

correlated with risky behavior (Ernst et al., 2002; Fishbein et al., 2005; Rao, 

Korczykowski, Pluta, Hoang, & Detre, 2008), and selective modulation of DLPFC 

activity by transcranial magnetic stimulation (TMS) has been shown to cause 

corresponding shifts in choice behavior for decisions involving risk (Fecteau, Knoch, et 

al., 2007; Fecteau, Pascual-Leone, et al., 2007; Knoch & Fehr, 2007). 

A recent fMRI study of self-reported dieters making choices between healthy and 

tasty foods is illustrative of the role of LPFC in modulating value representations and 

ultimately choices (Hare, Camerer, & Rangel, 2009).  Dieters were scanned while first 

rating a series of food items (e.g., apple, candy bar, etc.) for health and taste, and then 

while choosing whether to accept healthy and/or tasty items relative to a neutral reference 

item, with the promise that one trial would be randomly chosen and the corresponding 
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food delivered at the end of the experiment.  Based on the degree to which they resisted 

tasty-but-unhealthy items, half of the participants were classified as self-controllers and 

half as non-self-controllers.  Consistent with previous studies of choice valuation, a 

common valuation signal was identified in the VFC that tracked with participants’ item 

ratings.  Whereas VFC activation tracked with both taste and health ratings for self-

controllers, VFC activation was only correlated with taste ratings for non-self-controllers.  

Furthermore, both groups demonstrated heightened DLPFC activation on trials in which 

they successfully resisted tasty-but-unhealthy foods, and this activation negatively 

predicted activity in the VFC, consistent with a downward modulatory influence on 

valuation of the goal-conflicting choice.  A functional connectivity analysis showed 

indirect connectivity from DLPFC to VFC through the inferior frontal gyrus, a region 

associated with goal representation.  This latter finding is consistent with predictions 

from Miller and Cohen (2001), such that PFC exerts cognitive control by biasing the 

activity of task-specific circuits. 

Findings from another recent fMRI study suggest that one mechanism by which 

LPFC may inhibit responding to an immediate reward stimulus when it conflicts with a 

superordinate goal is by down-regulating the responsivity of midbrain and VS circuits 

associated with reward motivation (Diekhof & Gruber, 2010).  Similar to the study by 

Hare and colleagues (2009), participants were scanned while making a series of choices 

that pitted an immediately rewarding choice against a choice more consistent with long-

term goals.  For trials on which participants successfully inhibited the goal-incongruent 

choice, functional connectivity analyses demonstrated that increased activity in the 

anteroventral PFC (avPFC; roughly corresponding to lateral OFC) was associated with 
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decreased activity in the VTA and NAcc, which the authors interpret as evidence for 

prefrontal down-regulation of the mesolimbic reward response.  This finding is consistent 

with animal data demonstrating PFC inhibition of DA turnover and activity in the 

mesolimbic reward pathway, resulting in reduced sensitivity to reward stimuli (e.g., 

Grace et al., 2007).   

Although less research has investigated PFC modulation of avoidance-related 

inputs to decision making, fMRI studies of emotion regulation have demonstrated LPFC 

modulation of amygdala and insula responsivity to aversive affective stimuli (Ochsner & 

Gross, 2005).  In studies of cognitive reappraisal of affective stimuli (i.e., directed re-

interpretation of stimulus content to reduce its unpleasant meaning), successful 

reappraisal has been correlated with increased activation of dorsal ACC and/or LPFC, 

coupled with decreased activation of amygdala and/or insula (Phan et al., 2005; S. M. 

Schaefer et al., 2002; Wager, M. L. Davidson, Hughes, Lindquist, & Ochsner, 2008).   

Similar findings of LPFC down-regulation of amygdala and/or insula activity have been 

reported for fMRI studies of pain regulation (Lieberman et al., 2004; Wager et al., 2004), 

and animal studies of reversal learning (J. S. Morris & Dolan, 2004) and extinction 

(Phelps, Delgado, Nearing, & Ledoux, 2004).  Importantly, one recent fMRI study found 

that successful down-regulation of negative emotion was related not only to LPFC 

inhibition of amygdala activity, but also an excitatory influence of the LPFC on the 

NAcc, a structure not commonly implicated in emotion regulation studies (Wager et al., 

2008).  Thus, LPFC may be capable of modulating the motivational value of a stimulus 

by simultaneously up-regulating approach signals and down-regulating avoidance 

signals.  
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In sum, accumulating evidence points to the capacity of ACC and LPFC to exert 

cognitive control over decision making via direct or indirect modulation of neural 

systems involved in representing the motivational value of a choice in VS and VFC.   

Potential Neural Mechanisms of Social Influence on Decision Making 

Although admittedly a simplistic account of the enormously complex system 

dynamics underlying neural computations of the expected value of choice options 

(Pessoa, 2008), the decision neuroscience framework outlined above provides an 

important starting point for considering pathways by which social contextual factors 

could influence decision processing in the brain.  As noted previously, the approach 

sensitization hypothesis suggests that neural responses to socio-emotional stimuli may 

subsequently modulate neural sensitivity to unrelated motivational stimuli, biasing the 

individual toward approach- or avoidance-related behavior (Winkielman, Knutson, 

Paulus, & Trujillo, 2007).   Although to my knowledge this hypothesis has yet to be 

directly tested at the level of human neural dynamics, at least three lines of evidence 

support the plausibility and applicability of this hypothesis to the influence of peer 

presence (which for the sake of simplicity I consider here as a positively valenced social 

stimulus, given the heightened significance of peers during adolescence and studies 

showing that adolescents moods are most positive when with their friends (Larson & 

Richards, 1991)) on the neural substrates of choice evaluation and decision making.   

First, positively valenced social cues are arguably among the most powerfully 

salient rewards available to humans and non-human animals (Adolphs, 2003; Burgdorf & 

Panksepp, 2006).  Indeed, fMRI studies of adult humans have shown that exposure to 

rewarding social cues (e.g., smiling or attractive faces; babies; lovers; signs of 
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cooperation, trust, or coordination) activates the same midbrain-VS-VFC dopaminergic 

circuitry that is engaged by non-social rewards (Adolphs, 2003; Knutson & Wimmer, 

2007), and research with rodents has convincingly demonstrated the central role of 

dopamine in mediating approach motivation related to social interaction (Burgdorf & 

Panksepp, 2006).  Thus, exposure to positively valenced social stimuli is likely to 

increase dopamine activity in the mesocorticolimbic system. 

Second, research with animal models administering moderate-to-high levels of 

dopamine agonists to sensitize dopamine activity in the mesocorticolimbic system has 

demonstrated corresponding elevation in approach motivation behavior for both 

conditioned and unconditioned rewards (Berridge, 2007; Winkielman & Berridge, 2003; 

Wyvell & Berridge, 2000).  Although ethical considerations have limited such 

pharmacological manipulation in human research, administration of the dopamine agonist 

L-dopa has been associated with increased risk behavior and impulsivity in a 

subpopulation of Parkinson’s patients (Voon et al., 2010), and experimental 

administration of methylphenidate, another common dopamine agonist, has been shown 

to increase reports of sexual arousal among both cocaine addicted and healthy adults 

(Volkow et al., 2007).  Indeed, dopamine sensitization is frequently cited as a possible 

explanation for the elevated frequency with which chronic users of dopamine-

potentiating drugs (e.g., methamphetamine, cocaine) engage in non-drug-related 

compulsive reward-seeking (e.g., promiscuous sex, gambling) (Anselme, 2009; 

Frohmader, Pitchers, Balfour, & Coolen, 2010).  In sum, it is highly plausible that 

incidental, socially-cued elicitation of dopamine activity in the mesocorticolimbic system 

could increase the incentive salience of contemporaneous but unrelated reward cues in a 
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given choice environment.  Such a synergistic effect on reward processing is consistent 

with animal research showing enhancement of reward effects for nicotine (Thiel, 

Sanabria, & Neisewander, 2009) and cocaine (Thiel, Okun, & Neisewander, 2008) when 

rats are administered the drugs contemporaneous with engagement in social play. 

Finally, research suggests that elicitation of approach- or withdrawal-related 

affective states alters the efficacy of cognitive control systems to modulate decision 

making by biasing control activation toward supporting motivation-consistent behavior 

(Gray, 2001; R. L. C. Mitchell & L. H. Phillips, 2007; Papousek & Lang, 2009).  A 

recent review of this literature concluded that approach-related emotions specifically 

undermine performance on tasks requiring planning, updating, and switching, all of 

which can be viewed as critical for deliberative decision making (R. L. C. Mitchell & L. 

H. Phillips, 2007). Interestingly, this literature also suggests some degree of hemispheric 

specificity to these motivational influences on cognitive control, such that approach-

related affects associated with left frontal asymmetry (Harmon-Jones, Gable, & Peterson, 

2009) improve cognitive functions known to engage the left hemisphere (e.g., verbal 

working memory) and impair functions engaging the right hemisphere (e.g., spatial 

working memory) (Gray, 2001).  Given extensive research supporting the involvement of 

the right PFC in down-regulating risky or impulsive behavior (Fecteau, Knoch, et al., 

2007; Gianotti et al., 2009; Knoch & Fehr, 2007), socially-cued approach motivation 

resulting in increased left-frontal asymmetry could reasonably be expected to attenuate 

the effectiveness of top-down cognitive control of decision making mediated by right 

PFC. 
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In sum, research suggests that the presence of positive social cues could plausibly 

bias decision making by (1) eliciting a dopamine-mediated approach motivation response 

in the mesocorticolimbic system, which could subsequently “spill over” by (2) 

amplifying the incentive salience of unrelated reward cues and/or (3) attenuating the 

efficacy of cognitive control systems to guide decision behavior.4  What relevance does 

this framework have for understanding the exaggerated influence of peers on adolescent 

decision making?  As I outline in the following section, my proposal is, simply, that the 

normal course of adolescent brain development confers heightened susceptibility to each 

of these three effects. 

Adolescent Brain Development: Structure and Function 

Developmental Changes in Dopamine and Reward Processing 

Developmental neuroscience has now produced considerable evidence indicating 

dramatic structural and functional changes in the human brain occurring around the time 

of puberty.  One of the most important of these developments is the remodeling of 

dopaminergic circuitry within subcortical, limbic, and paralimbic areas (including 

midbrain structures, amygdala, VS, VFC, and superior temporal sulcus).  As noted 

previously, this network is centrally involved in the processing of social and emotional 

stimuli (e.g., face recognition, social judgments, social reasoning) and includes neural 

circuits implicated in the processing of both primary and social rewards (Adolphs, 2003; 

Spear, 2009). 

Animal research points to a pattern of proliferation and pruning of dopamine 

receptors in the striatum and PFC during adolescence (Spear, 2000), a pattern which is 

more pronounced in males that females (Sisk & D. L. Foster, 2004).  Dopamine receptor 
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binding in the rat striatum peaks in adolescence at levels that are 30-45% greater than 

levels observed in adulthood (Tarazi, Tomasini, & Baldessarini, 1998; Teicher, 

Andersen, & Hostetter, 1995).  Although basal levels of dopamine release actually appear 

lower in adolescent than adult rats (Andersen & Gazzara, 1993), adolescent rats evince a 

larger dopamine storage pool (Stamford, 1989) as well as greater dopamine release than 

adults in response to certain reward stimuli (Spear, 2000).  In addition, the density of 

dopamine transporters, which function to remove dopamine from the synapse, peaks in 

adolescence in the rat striatum (Meng, Ozawa, Itoh, & Takashima, 1999), which could 

contribute to a deficit in the capacity to maintain motivation for a reward over a delay 

(Castellanos & Tannock, 2002; Geier & Luna, 2009).    

The most common account of the implications of dopaminergic remodeling is that 

it underlies an observed hypersensitivity to immediate rewards in adolescence, relative to 

childhood and adulthood (Chambers, Taylor, & Potenza, 2003; Ernst & Fudge, 2009; 

Galvan, 2010; Somerville, Jones, & B. J. Casey, 2010).  Indeed, recent fMRI studies of 

age differences in reward processing have shown increased activation in adolescents of 

reward-relevant subcortical regions (especially the VS) corresponding to reward 

anticipation (Van Leijenhorst et al., 2010; but see Bjork et al., 2004, discussed below) 

and reward receipt (Ernst et al., 2005; Galvan et al., 2006; May et al., 2004; although see 

Forbes et al., 2010 for a null finding exception).  One recent fMRI study comparing 

adolescents to both children and adults utilizing a probabilistic learning task reported an 

elevated response for adolescents in the VS that specifically corresponded to a model 

derived index of prediction error, a finding that the authors interpret as strong evidence 

for non-linear increase in adolescence in the strength of phasic dopamine release in 
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response to unexpected reward (Cohen et al., 2010).  Notably, Galvan and colleagues 

(2006) also reported a significant correlation between reward-related VS activity and 

self-reported risk-taking behavior.   

This view of adolescence as a period of elevated reward sensitivity is further 

supported by self-report and behavioral evidence.  For instance, adolescents report higher 

levels of sensation-seeking than either children or adults (Harden & Tucker-Drob, 2011; 

Steinberg et al., 2008), an elevation that in one study was more closely related to pubertal 

development than age (Martin et al., 2002), consistent with the hypothesis that puberty-

coincident neurobiological changes influence reward-related behavior.  Indeed, recent 

research demonstrates peaks (followed by declines) in early-to-middle adolescence of 

self-reported risk preference (Steinberg, Cauffman, et al., 2009) and sensation-seeking 

(Steinberg et al., 2008), as well as behavioral indicators of reward sensitivity (on a 

modified version of the Iowa Gambling Task) (Cauffman et al., 2010) and preference for 

immediate over delayed rewards (Steinberg et al., 2009).   

Developmental Changes in Oxytocin and Social Information Processing 

Whereas there is little evidence for direct effects of gonadal hormones on 

dopaminergic remodeling, puberty-related increases in gonadal hormones have been 

linked to a proliferation of receptors for oxytocin within subcortical and limbic circuits, 

including such structures as the amygdala and NAcc (Spear, 2009).  Oxytocin 

neurotransmission has been implicated in a variety of social behaviors, including 

facilitation of social bonding and recognition and memory for positive social stimuli 

(Insel & Fernald, 2004).  This evidence for puberty-related increases in gonadal 
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hormones and oxytocin receptors is consistent with changes in a constellation of social 

behaviors observed in adolescence.   

Perhaps the most obvious puberty-coincident change in social behavior is a spike 

in interest in opposite-sex relationships (E. A. Smith, Udry, & N. M. Morris, 1985).  In 

addition, adolescents begin to spend much more time interacting with peers, and report 

the highest degree of happiness when they are doing so (Csikszentmihalyi, Larson, & 

Prescott, 1977).  This behavioral shift toward peer affiliation appears highly conserved 

across species; adolescent rats also spend more time than younger or older rats interacting 

with peers, while showing evidence that such interactions are highly rewarding 

(Doremus-Fitzwater, Varlinskaya, & Spear, 2010). Moreover, recent developmental 

neuroimaging studies indicate that, relative to children and adults, adolescents show 

heightened activation within the socio-emotional reward system in response to a variety 

of social stimuli, such as facial expressions and social feedback (Blakemore, 2008).  

Indeed, findings from one of the first longitudinal fMRI studies of adolescent 

development demonstrated a significant increase from ages 10 to 13 in VS and VFC 

activity corresponding to passive viewing of emotional faces (Pfeifer et al., in press).  

Finally, consistent with adolescent reports of heightened emotional intensity (Larson & 

Lampman-Petraitis, 1989), several recent studies have demonstrated puberty-related 

increases in emotional reactivity, as indexed by heightened startle reflex (Quevedo, 

Benning, Gunnar, & Dahl, 2009), pupillary reactivity (Silk et al., 2009), and cortisol and 

cardiovascular response (Gunnar, Wewerka, Frenn, Long, & Griggs, 2009; Stroud et al., 

2009). 

Developmental Changes in Cognitive Control 
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In contrast to the relatively sudden changes in social, emotional, and reward 

processing that occur around the time of puberty, cognitive capacities supporting mature 

self-regulation appear to develop in a gradual, linear pattern over the course of 

adolescence (B. J. Casey, Jones, & Somerville, 2011; Steinberg, 2008).  This 

maturational pattern closely parallels the timing of two fundamental components of 

structural brain development known to support efficient, integrative cognitive function, 

including (a) synaptic pruning, which is thought to increase the speed and efficiency of 

local processing and, by reducing “noise” in the system, contribute signals with higher 

fidelity to neural computations requiring distributed processing (Geier & Luna, 2009), 

and (b) increased axonal myelination, which supports efficient connectivity between 

distal locations within the brain and thereby improves functional integration of output 

from distributed processing hubs (Pessoa, 2008). 

Coincident with this structural maturation, developmental improvements in 

higher-order executive functions known to simultaneously recruit multiple cortical and 

subcortical regions are evident across the course of adolescence and into early adulthood.  

For instance, improved performance is evident in late adolescence on tasks assessing 

response inhibition (Luna et al., 2001), planned problem solving (Albert & Steinberg, in 

press; Luciana, Collins, Olson, & Schissel, 2009), flexible rule use (Crone, Zanolie, Van 

Leijenhorst, Westenberg, & Rombouts, 2008), impulse control (Steinberg et al., 2008), 

future orientation (Steinberg et al., 2009), and resistance to peer influence (Steinberg & 

Monahan, 2007).  Although research demonstrating direct brain-behavior associations 

during adolescence is in its infancy, evidence is beginning to accumulate linking white 

matter maturation (as assessed by diffusion tensor imaging (DTI)) with adolescent 



26 
 

cognitive gains, including processing speed (Silveri, Tzilos, & Yurgelun-Todd, 2008), 

general intelligence (Schmithorst, Wilke, Dardzinski, & Holland, 2005), working 

memory (Olesen, Nagy, Westerberg, & Klingberg, 2003), and response inhibition (Liston 

et al., 2006).   

Developmental fMRI research has provided further evidence for a processing 

efficiency account of the maturation of cognitive control.  Imaging studies utilizing a 

variety of cognitive control paradigms (e.g., Go-No/Go, Stroop, flanker tasks, 

antisaccade) suggest that adolescents recruit the control network – especially LPFC – less 

efficiently than adults (Casey et al., 2008).  In general, adolescents show stronger 

activation than children of LPFC while engaging in cognitive control tasks, consistent 

with structural maturation of the region in early adolescence (B. J. Casey, Giedd, & 

Thomas, 2000; Durston et al., 2002; Luna et al., 2001).  In contrast, between adolescence 

and adulthood, differences in task-related activation appear to reflect a process of 

refinement in the recruitment and coordination of structurally mature regions, rather than 

gross differences in level of activation (T. T. Brown et al., 2005).  Specifically, 

differences between adolescents and adults have been characterized as a shift from diffuse 

to focal engagement of task-relevant regions supporting cognitive control, thought to 

reflect increased integrity and efficiency of inter-regional signaling, a topic I review in 

greater detail below (Durston et al., 2006).    

Maturation of Functional Integration in Adolescence 

A complementary approach to examining age differences in reward processing 

and cognitive control systems in isolation is to investigate variation in markers of 

functional integration between the two systems – that is, the extent to which a decision 
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maker efficiently integrates bottom-up and top-down inputs (Pessoa, 2008).    The term 

functional integration (FI) is used as an umbrella construct to describe two related but 

distinct approaches to assessing coactivation of brain regions using fMRI, including 

functional connectivity (FC), which assesses the extent of regional coactivation but does 

not provide for causality inferences, and effective connectivity (EC), an exploratory 

statistical method used to identify causal relations underlying temporally extended 

regional activation patterns (Stevens, 2009).   Extant FI research has predominantly been 

of the FC variety, most often designed to identify coactivation of brain regions during a 

resting state (i.e., in an uninstructed portion of an fMRI experiment) or, in event-related 

experiments, as a post-hoc technique for exploring interactions between specific regions 

of interest (ROIs) showing main effects for a given contrast (e.g., functional coupling of 

DLPFC and VFC associated with self-control; Hare et al., 2009). 

Although few studies have examined age differences in task-related functional 

integration, recent work on the development of specialized networks supporting cognitive 

control has demonstrated a compelling pattern of findings (Stevens, 2009).  For instance, 

Stevens and colleagues used a dynamic causal modeling (DCM) approach to demonstrate 

ongoing maturation in adolescence of effective connectivity between networks 

underlying successful response inhibition on a Go/No-Go task, such that adults but not 

adolescents evinced top-down, fronto-parietal modulation of a mediofrontal-striatal-

parietal circuit (Stevens, Kiehl, Pearlson, & Calhoun, 2007).  In a functional integration 

analysis of error-processing data from the same task, adults demonstrated greater 

engagement than adolescents of a circuit involving ACC, amygdala, and anterior 

temporal lobe, suggesting increased processing of affective feedback related to error 



28 
 

recognition (Stevens, Kiehl, Pearlson, & Calhoun, 2009).  Other studies of age 

differences in task-related functional integration have demonstrated associations between 

FI and the development of intellectual ability (Schmithorst & Holland, 2007), language 

ability (Booth, Mehdiratta, Burman, & Bitan, 2008), and memory (Menon, Boyett-

Anderson, & Reiss, 2005).   

Less work has examined the development of functional integration supporting 

mature socio-emotional processing.  In an fMRI study examining developmental changes 

in the neural correlates of fear processing using an “emotional Go/No-Go” task, 

adolescents, relative to both children and adult, showed elevated amygdala responses to 

fearful faces (Hare, Tottenham, et al., 2008).  Furthermore, individual differences in the 

coordinated inverse activity between ventral PFC and amygdala, interpreted as effective 

inhibitory regulation of the fear response, predicted habituation of amygdala responding 

over the course of the experiment.  Another study comparing adolescents and adults on 

the neural correlates of social and basic emotional responding found that both groups 

showed greater connectivity in a presumed “mentalizing” network (e.g., mPFC and 

posterior superior temporal sulcus) when processing social, relative to basic, emotions, 

but that the strength of this connectivity was greater among adolescents than adults 

(Burnett & Blakemore, 2009).  Most importantly for the current study, a recent fMRI 

study of individual differences in emotional responding among a sample of 10-year-old 

children provides preliminary support for the proposed association between improved 

functional integration and parallel gains in resistance to peer influence (Grosbras et al., 

2007). Children reporting a relatively high degree of resistance to peer influence 

demonstrated greater functional connectivity in their responses to emotional video clips, 
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such that activity in regions associated with motor control (e.g., dorsal premotor cortex) 

was correlated with activity in regions associated with cognitive control (e.g., DLPFC).   

In sum, the development of analytical techniques for assessing functional 

integration has initiated a promising trend toward attempting to map the complex network 

dynamics underlying the brain bases of behavior, as well as examining the quality of 

system-level changes supporting maturation across the adolescent transition to adulthood.   

Model Integration 

Research on adolescent neurobehavioral development suggests at least four 

aspects of adolescent immaturity that could confer heightened susceptibility (relative to 

adults) to the effects of peers on decision processing.  First, adolescents show elevated 

sensitivity to social stimuli, suggesting that they are more likely than adults to generate a 

baseline state of heightened approach motivation when exposed to peers in a decision-

making scenario.  Second, adolescents also evince an exaggerated response in the ventral 

striatum when processing non-social reward stimuli.  Consistent with the notion that 

responses to social rewards potentiate concurrent responding to non-social rewards 

through a process of synergistically amplifying phasic dopamine firing from the midbrain 

to the VS (Thiel et al., 2008; 2009; Winkielman, Berridge, & Wilbarger, 2005), this 

elevated responding to both social and non-social rewards is likely to contribute a larger 

interactive effect for adolescents relative to adults. Third, evidence suggests that 

adolescents do not possess the same cognitive control capacity as adults to “put the 

brakes on” impulsive responding and take time to carefully evaluate the short- and 

longer-term costs and benefits of behavioral alternatives.  Finally, recent research on age 

differences in functional integration suggest that adolescents, relative to adults, are less 
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efficient at integrating bottom-up and top-down neural inputs during decision processing.  

For an adolescent in a reward-sensitized state as a result of exposure to peers, inadequate 

functional integration between motivational and control networks could decrease the 

probability that he or she will respond to a difficult choice between a high-risk/high-

reward and a low-risk/low-reward option by activating “cool” long-term goals and 

modulating his evaluation of options accordingly.   

Findings from two recent fMRI studies provide direct evidence for the differential 

influence of socio-emotional factors on the neural processing of reward and associated 

behavior.  First, in a comparison of children, adolescents, and adults on a task that 

requires participants to either produce or inhibit a motor response to pictures of calm or 

happy faces, Somerville, Hare, and Casey (in press) not only found elevated VS activity 

for adolescents in response to happy faces, which the authors discuss as an “appetitive” 

cue, but also a corresponding increase in failures to inhibit motor responses to the happy 

relative to the calm facial stimuli.  Thus, adolescents’ exaggerated response to positively-

valenced social cues is shown here to directly undermine their capacity to inhibit 

approach behavior.  The second key piece of evidence derives from an fMRI study that 

scanned adolescents and adults while they played a first-person driving game consisting 

of a series of decisions on whether to run yellow stoplights (and risk crashing while 

crossing through an intersection) in order to finish a driving course as quickly as possible 

(Chein, Albert, O’Brien, Uckert, & Steinberg, 2010).  All subjects played the game in the 

scanner twice (with order counterbalanced) -- once in a standard “alone” condition, and 

once in a “peer” condition, wherein they were made aware that their performance was 

being observed by two same-age, same-sex peers who had accompanied them to the 
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experiment.  Consistent with findings from Gardner and Steinberg (2005), adolescents 

but not adults took significantly more risks when observed by peers than when alone.  

Furthermore, analysis of neural activity at the moment when participants had to choose 

whether or not to run the stoplight showed elevated VS and OFC activity for adolescents 

in the peer relative to the alone condition, an effect that was not apparent for adults.  

Given the additional finding that VS activity during decision making directly predicted 

risky driving behavior, this study represents the first evidence suggesting that the 

presence of peers accentuates risky decision making in adolescence by modulating the 

sensitivity of the VS-VFC valuation system. 

Study Overview and Aims 

Although the research described above represents a considerable advance toward 

describing the interactive contributions of social, cognitive, and neurobiological factors 

shaping adolescents’ decision making, current neurodevelopmental models remain in 

need of fundamental empirical specification to gain tractability as an explanatory 

framework.  For instance, whereas several prominent theories point to adolescents’ 

elevated neural sensitivity to rewards as a mechanism underlying heightened risk taking 

(Bava & Tapert, 2010; B. J. Casey, Jones, & Somerville, 2011; Chambers et al., 2003; 

Steinberg, 2008), it is unclear how a generalized hypersensitivity to rewards impacts 

choices between two rewarding options.  Consider the decision-making scenario wherein 

an individual must choose between a relatively small reward (e.g., one marshmallow) 

available immediately and a relatively large reward (e.g., two marshmallows) available 

after some delay.  A remarkable line of research based on exactly this decision scenario 

suggests that the degree to which a child opts to wait for the larger reward represents an 
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enduring marker of processing maturity that predicts a wide array of positive social and 

cognitive outcomes in adolescence and adulthood (Mischel et al., 2011).  Even with this 

simple decision scenario, it is difficult to predict how variation in reward sensitivity 

would influence comparative evaluation of reward options that vary in both magnitude 

and delay to delivery.  

An analogous process of comparative reward evaluation has been extensively 

studied using intertemporal choice (i.e., delay discounting) tasks, which assess 

individuals’ preferences for relatively small immediate rewards vs. relatively larger 

delayed rewards.  Studies utilizing intertemporal choice tasks consistently demonstrate 

that the tendency to exhibit greater preference for smaller-sooner rewards as the delay to 

the larger-later reward increases (i.e., delay discounting rate) is positively associated with 

impulsive behaviors like substance use (Bickel & Marsch, 2001) and negatively 

associated with self-reports of temporal orientation and anticipation of future 

consequences (Steinberg, Graham, et al., 2009).  Furthermore, the propensity to discount 

delayed rewards decreases over the course of adolescence (Steinberg et al., 2009).  Given 

the additional finding that the tendency to opt for immediate over delayed rewards in 

adolescence is further accentuated by the presence of peers (O'Brien, Albert, Chein, & 

Steinberg, 2011), the delay discounting paradigm appears to be a promising framework 

for examining the neural correlates of adolescent susceptibility to peer influences on 

comparative reward evaluation.   

In the only extant fMRI investigation of age differences in the neural correlates of 

intertemporal choice, age-related reductions in discounting behavior were associated with 

(a) stronger activity in the vmPFC and lesser activity in the VS, insula, and ACC during 
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immediate choices, (b) stronger connectivity between vmPFC and VS during immediate 

choices, and (c) stronger connectivity between vmPFC and insula, DLPFC, and parietal 

cortex during delayed choices (Christakou, Brammer, & Rubia, 2010). Although this 

finding provides suggestive evidence that increased coordination of valuation processing 

by the vmPFC is an important marker of mature intertemporal reward evaluation, the 

authors’ separate examination of neural activity corresponding to immediate and delayed 

choices obscures interpretation of age differences.  For instance, given evidence that 

vmPFC activity parametrically scales with the value of evaluated rewards, age-related 

increases in vmPFC activity corresponding to immediate choice trials could reflect the 

fact that, when adults opted for smaller-sooner rewards, these rewards were of higher 

absolute value than those accepted by adolescents.  Even if the absolute value of rewards 

accepted in these immediate choice trials was equivalent across age groups, the age-

related differences in neural activity reported by the study would merely describe 

variation in neural processing leading to the same decision outcome, and would therefore 

provide little information regarding the quality of neural processing that supports mature 

decision making.  Thus, studies are needed that identify age changes in neural activity 

corresponding to reward evaluation that is independent of choice, as well as the neural 

activation patterns that mediate age differences in choice. 

The current study utilized fMRI to characterize age- and context-related variation 

in delay discounting and its neural correlates among a sample of adolescents and adults 

(ages 13-34).  Following an established procedure for manipulating peer influence in the 

fMRI environment (Chein, Albert, O'Brien, Uckert, & Steinberg, 2011), half of the 

participants completed tasks in the scanner under standard conditions (i.e., “alone”), and 
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half completed tasks after learning that two friends who accompanied them to the 

experiment would be observing their behavior from the scanner control room.   

Behavioral and neural indicators of comparative reward evaluation on delay discounting 

tasks were examined in order to address the following four aims: 

Aim 1: Characterize differences between adolescents and adults in relative 

recruitment of incentive processing and cognitive control structures corresponding to 

comparative reward evaluation.  Behavioral evidence suggests that adolescents exhibit a 

stronger immediate reward bias than adults, but the neurodevelopmental mechanisms 

underlying this reward bias are poorly understood.  One model of the neural bases of 

delay discounting proposes that both reward and control systems interact to determine 

discounting behavior, with reward-associated structures (e.g., VS, VFC: the Beta system) 

preferentially involved with choices involving an immediate reward option, and control-

associated structures (e.g., ACC, LPFC: the Delta system) recruited for all evaluations of 

rewards with different delays (McClure, Laibson, Loewenstein, & Cohen, 2004).  

Although both systems are thought to be involved in discounting, the first study 

examining this model found that, among adults, impulsive choice was specifically 

associated with lesser recruitment of cognitive control structures (McClure et al., 2004), a 

finding that has been replicated by more recent studies correlating immediate reward bias 

with decreased activation of the Delta system (and the LPFC in particular) (Boettiger et 

al., 2007; Peters & Büchel, 2010) and ACC (Peters & Büchel, 2010).  Given this pattern 

of findings, it is plausible to predict that adolescents’ bias toward immediate rewards is 

related to immature recruitment of cognitive control.  However, evidence for VS 

hypersensitivity to reward in adolescence suggests that elevated Beta system responses to 
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immediate reward offers could also reasonably underlie adolescents’ immature 

discounting behavior. By examining neural activity corresponding to the evaluation phase 

of a delay discounting task, this study seeks to identify age differences in relative 

activation of reward- and control-related structures underlying comparative reward 

evaluation.   

Aim 2: Characterize differences between adolescents and adults in neural 

representations of the differential magnitude and the differential delay of competing 

rewards.  Although the literature is reasonably consistent in indicating that adolescence is 

a period of heightened sensitivity to rewards, particularly in peer contexts, it is unclear 

how such reward hypersensitivity would differentially influence the evaluation of 

immediate vs. delayed rewards.  Indeed, to the degree to which one exhibits a preference 

bias for immediate over delayed rewards, even when the magnitude of the delayed reward 

is much larger than the immediate alternative, one might be considered hyposensitive to 

reward magnitudes (i.e., deficient in considering the differential magnitude of delayed 

and immediate rewards).  An alternative, although not mutually exclusive, hypothesis is 

that delay discounting behavior represents a hypersensitivity to the reward properties of 

time, such that the relative immediacy of reward delivery (i.e., the differential delay) is 

valued more than the differential magnitude of the reward.  Indeed, extant results from 

two fMRI studies that have differentiated between neural responses to delay and 

magnitude among adults are largely consistent with this hypothesized pattern, such that 

individual differences in immediate reward preference are positively correlated with 

neural sensitivity to delay parameters (e.g., stronger delay-related deactivation of both 

reward- and control-related structures) and negatively correlated with neural sensitivity to 
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magnitude parameters (e.g., weaker magnitude-related activation of reward-related 

structures, including the VS) (Ballard & Knutson, 2009; Pine, Shiner, Seymour, & Dolan, 

2010).  To clarify the mechanisms underlying age differences in comparative reward 

evaluation, the study will examine differences between adolescents and adults in neural 

activity corresponding to differential magnitude and differential delay of competing 

rewards.  Results will provide suggestive evidence for age differences in the relative 

salience (and neural substrates) of magnitude and immediacy as dimensions of 

comparative reward valuation. 

Aim 3:  Characterize age differences in the influence of peer observation on the 

neural correlates of reward evaluation, including neural representations of the 

differential magnitude and the differential delay of competing rewards.  Although recent 

research indicates that adolescents more strongly activate neural regions associated with 

reward processing while making decisions about whether to take risks when observed by 

their peers, relative to when they are alone, research has not yet identified the component 

of reward processing that is modulated by social context.  In order to directly examine 

age differences in the influence of peer observation on the neural substrates of reward 

valuation, the study will examine neural activity corresponding to reward evaluation 

generally, and neural representations of the differential magnitude and differential delay 

of competing rewards specifically, in both social and non-social conditions.  Results will 

inform the question of whether peer observation specifically influences neural activity 

underlying adolescents’ reward processing by modulating the salience of magnitude 

and/or immediacy dimensions of rewards.  
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 Aim 4:  Identify patterns of functional connectivity that best account for age- and 

context-specific differences in preference for immediate over delayed rewards.  Based on 

prior research demonstrating age and age-by-context differences in intertemporal choice, 

it is expected that adolescents will exhibit a stronger bias than adults toward immediate 

rewards regardless of peer context, but that the greatest differences between age groups 

will be evident when participants make choices while observed by their peers.  Whereas 

the first three aims of this proposal seek to identify age and context effects on 

comparative reward evaluation irrespective of preference choices, Aim 4 seeks to identify 

the patterns of functional connectivity that best characterize mature decision making, and 

then to examine variation in these patterns related to age, context, and the hypothesized 

age-by-context interaction.  Results will potentially indicate whether age and/or context 

differences in comparative reward evaluation are manifested as relative shifts in the 

connectivity of value-representing regions (e.g., VS and VFC) with neural circuits 

mediating social/motivational processing and/or cognitive control.  
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CHAPTER 2 

METHODS 

Participants 

Multiple recruitment strategies (e.g., on-line advertisements, emails to university 

staff and students, local flyer postings) were utilized to recruit a sample of 52 

participants, each of whom underwent fMRI assessment for this experiment.  Six 

participants were excluded from analysis due to fMRI data loss related to technical 

problems with image transfer.  One additional participant was excluded due to an error in 

image acquisition resulting in incomplete coverage of the brain.  The final available 

sample consisted of 45 participants between the ages of 13 and 34, including 20 middle 

and late adolescents (ages 13-21) and 25 adults (ages 22-34).  In order to strengthen 

comparisons between adolescents and adults (and to satisfy statistical assumptions of 

balanced experimental design for fMRI tests of Age-by-Context interactions), the five 

youngest participants in the adult sample were also excluded from analysis.  Thus, the 

final analytic sample consisted of 20 middle and late adolescents (10 female; ages 13-21; 

M = 16.6) and 20 adults (10 females; ages 25-34; M = 26.9).  The final sample was 

ethnically diverse (28% White; 25% Black; 15% Asian-American; 32% Other or Not 

Indicated).  Because the age groups differed significantly with respect to ethnicity (χ2 (4) 

= 11.54, p = 0.021), all behavioral analyses specify ethnicity as a covariate.  The 

demographic composition of each subsample is described in Table 1.  Analyses presented 

in this dissertation represent findings from the first wave of this study, for which data 

collection is ongoing. 
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Table 1
Sample Composition

Peer Alone Total Peer Alone Total
Age (M ) 16 17.2 16.6 26.9 26.8 26.85
Age (S.D.) 1.94 2.15 2.09 2.42 2.7 2.5

Male 60% 40% 50% 50% 50% 50%
Female 40% 60% 50% 50% 50% 50%

White 10% 10% 10% 60% 30% 45%
Black 50% 30% 40% 10% 10% 10%
Asian-American 10% 40% 25% 0% 10% 5%
Other/Not Indicated 30% 20% 25% 30% 50% 40%

Adolescent Adult

 

Each participant was asked to bring two friends (i.e., peers) of the same gender 

and approximate age (within two years of their own age) to the experiment.  All 

participants, including peers (who did not undergo fMRI assessment), provided informed 

consent according to a protocol approved by the Institutional Review Board of Temple 

University.  Participants younger than 18 also provided parental consent.  All participants 

received $65 monetary compensation at the conclusion of the experiment, including a 

$50 guaranteed base payment and a $15 incentive bonus (described in the procedures 

below). 

Experimental Tasks and Apparatus 

Two different delay discounting tasks were consecutively administered in the 

scanner.  First, participants completed a scanner version (Scanner DD) designed to assess 

the neural correlates of reward evaluation for a representative (but limited) sample of 

choice decisions.  Next, participants completed a titrated version (Titrated DD) of the 

task that included a denser sampling of choices, providing a more precise behavioral 

measure of intertemporal choice.  Task stimuli were presented and behavioral data were 
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recorded and temporally aligned to fMRI acquisitions using EPrime 2.0 (Psychology 

Software Tools, Pittsburgh, PA), interfaced with display goggles, headphones, and a key-

press unit.    

Titrated Delay Discounting Task 

The Titrated DD task asks respondents to make a series of self-paced choices 

indicating their preference for immediate vs. delayed rewards within each of six choice 

blocks corresponding to six delay intervals (1 day, 1 week, 1 month, 3 months, 6 months, 

and 1 year), presented in a random order.  Within each choice block, the initial value of 

the immediate reward offer is either $200, $500, or $800, pseudo-randomly selected such 

that each initial offer will be presented for two blocks for each participant.  For each trial, 

the respondent is asked to choose between an immediate reward of variable magnitude 

and a delayed reward of fixed magnitude ($1,000) and variable delay (e.g., “Would you 

rather have $500 today or $1,000 in six months?”).  If the participant responds to the 

initial offer by indicating preference for the immediate reward, the next trial reduces the 

immediate offer such that it falls mid-way between the accepted offer and zero (e.g., if 

the previous offer was $500, the following offer is $250).  If the participant responds to 

the first offer by choosing the delayed reward, the next trial increases the immediate 

reward offer, such that it falls midway between the prior offer and $1,000 (e.g., if 

previous offer was for $500, the following offer is for $750).   Subsequent offers are then 

iteratively adjusted based on responding, such that each time the immediate reward is 

chosen, the following trial adjusts the value of the immediate offer to the midpoint 

between the just accepted offer and the last previously declined immediate offer, and 

each time a delayed offer is chosen, the following trial increases the immediate offer to 
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the midpoint between the just accepted delayed offer and the last previously declined 

delayed offer.  For each of the six delay intervals, this cycle is iteratively repeated until 

the respondent’s choices converge.  At this indifference point, the value of the immediate 

reward offer is equivalent to the subjective value of the delayed reward offered for the 

given delay interval.    

In sum, the Titrated DD task was utilized to determine each participant’s 

indifference point at six different delay intervals, providing the necessary data to estimate 

each individual’s discount rate (i.e., “k”), which represents the degree to which an 

individual’s rate of discounting increases as a function of the length of delay.  

Specifically, each participant’s discount rate was estimated using the nonlinear regression 

module in SPSS 18.0, which utilizes an iterative least-squares-reduction procedure to fit 

the participant’s  indifference data to the hyperbolic function [V = A/(1+kD)], where V is 

the value of the indifference point at a given delay, A is the actual value of the delayed 

reward, D is the delay interval, and k is the discounting factor (Green, Myerson, & 

Macaux, 2005; Ohmura, Takahashi, Kitamura, & Wehr, 2006).  Because the full-sample 

distribution of k was highly positively skewed (6.12), a natural log transformation was 

applied to reduce the skew to an acceptable level (-0.78), a frequently-applied correction 

in the delay discounting literature (Steinberg et al., 2009). 

Scanner Delay Discounting Task 

Parallel to the Titrated DD task, the Scanner DD task presents a series of choices 

between an immediate reward with variable value and a delayed reward with a fixed 

value of $1000 and a variable delay interval.  To support detection of BOLD signal in the 

fMRI analysis phase, the Scanner DD task differs from the Titrated DD task in that each 
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trial offer is (a) independent of prior choices made by the participant, (2) presented 

following a variable inter-trial interval, and (c) repeated four times.  The Scanner DD task 

includes two blocks of 40 trials each (total = 80 trials), with each trial presenting a choice 

between one of five different immediate reward values ($250, $500, $650, $750, or $950) 

and a delayed reward of $1000 at one of four different delay intervals (1, 3, 6, or 12 

months).  Based on a 5*4 factorial combination of reward and delay values, these 20 

unique trials are presented four times each for a total of 80 trials.  Inter-trial intervals 

quasi-randomly vary from 1-6 seconds.  

Procedure 

 Upon meeting and obtaining consent forms from each member of the participant 

group, including the primary participant (i.e., the participant who has agreed to undergo 

scanning) and his/her two peers, experimenters accompanied the group to a waiting room 

to describe the procedures and demonstrate the tasks.  Groups were told that each 

participant would be completing the same series of computerized decision-making tasks, 

with the primary participant completing the tasks while undergoing fMRI and the peers 

doing so on laptop computers in a separate location.  In addition to the guaranteed $50 

compensation for each individual’s participation, participants were informed that each 

had the possibility of earning up to an additional $15 based on their individual 

performance on the experimental tasks. (Experimenters noted that part of the bonus was 

contingent on how much was “won” on a card guessing game that is not the focus of the 

present report, and part was contingent on merely making a good faith effort to indicate 

one’s preferences on the delay discounting tasks.  It was stressed that there were no 
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responses on the delay discounting tasks that were “correct” and therefore rewarded more 

than others.) 

Following task demonstration, the primary participant was provided confirmatory 

screening for fMRI safety and escorted to an adjacent room housing the scanner, where 

an MRI technician insured appropriate and comfortable positioning on the scanner bed.  

Following this separation of participants, all experimental procedures involving the fMRI 

scan were administered by a primary experimenter trained in fMRI acquisition; 

procedures involving peer participants were administered by an assistant trained to 

deliver the social context manipulation.  All primary participants underwent fMRI 

assessment while completing the Scanner DD and Titrated DD tasks.  Although 

behavioral data from the Titrated DD task was collected during scanning (in order to 

preserve the social context manipulation), task design parameters did not permit analysis 

of corresponding neural activation. 

Manipulation of Social Context 

Participant groups were randomly assigned to one of two social context 

conditions. For fMRI sessions in the Alone condition, the primary participant completed 

the tasks under the assumption that the peers who accompanied them to the experiment 

were in a separate room in the facility, completing the tasks themselves on laptop 

computers.  Prior to initiating scanning within sessions in the Peer condition, the 

experimenter informed the primary participant that their peers would be observing their 

live, on-screen task performance from a computer monitor in the adjacent control room.  

To reinforce the primary participant’s understanding that he or she was being observed, 

peers were asked to briefly communicate with the participant via an audio/video feed 
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from a webcam and intercom, prior to the initiation of each experimental task (i.e., once 

before the card guessing task, and once before the block of DD tasks).  Peers were 

instructed to follow a checklist of topics to cover in this otherwise unscripted 

communication, including (a) a greeting that included mention of the peer’s name (e.g., 

“Hey man, it’s Chris), (b) verification that the peer could see the same computerized task 

environment on the experimental control monitor that the primary participant was 

viewing through the task-presentation goggles (e.g., “I can see the screen that says 

‘Waiting for Experimenter’”), and (c) delivery of the information that the peers had made 

predictions about the participant’s performance on the subsequent task (e.g., “So, they 

had us make predictions about what you’re going to do on the next game…”).  Although 

the peers were allowed to speak authentically in order to preserve the ecological validity 

of the manipulation, they were instructed to avoid comments that might explicitly bias the 

participant’s task-related behavior.   

fMRI Data Acquisition and Preprocessing 

Image Acquisition 

Participants were scanned using a Siemens 3 Tesla Verio magnet and 4-Channel 

phased array head coil, located at Temple University Hospital. A T1-weighted 

magnetization-prepared rapid-acquisition gradient echo (MPRAGE) scan was collected in 

the sagittal plane to provide high resolution (1mm3) 3D structural imaging of the whole 

head, for use in subject co-registration. Each functional scan corresponding to 

performance on the scanner version of the delay discounting task acquired 256 images 

with a whole brain T2*-weighted echoplanar imaging (EPI) sequence (TR=2.0s, 
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TE=30ms, flip=70º, 30 slices, 4mm slice thickness with no gap, 3x3mm in-plane 

resolution). 

Image Preprocessing 

Preprocessing and analysis of fMRI data was performed using the open-source 

software package Analysis of Functional NeuroImages (AFNI; Cox, 1996).  

Preprocessing of functional data began with a 6-parameter rigid-body motion correction 

in 3 dimensions. The quality of functional and structural alignment was then visually 

examined and manually corrected when necessary.  Data were then temporally 

interpolated to correct for slice acquisition order effects, normalized to Montreal 

Neurological Institute (MNI) coordinates, percentized relative to the mean signal value of 

each run, and spatially smoothed with a 6mm full-width at half-maximum Gaussian 

kernel.  

Individual-Level Analysis 

Following correction, voxel-wise functional data from each participant were 

analyzed with an event-related general linear model (GLM) to identify the degree to 

which fMRI estimates of blood oxygen level dependent (BOLD) signal change were 

predicted by task-related events of interest.  Activation corresponding to the choice 

evaluation epoch of each Scanner DD trial was modeled as a Trial-Onset-by-Duration 

stimulus event, defined as the temporal period beginning at the presentation of the choice 

screen (which includes both the Now and Later offers) and ending at the moment when 

the participant indicated a choice.  Trials were convolved to the hemodynamic response 

function, based on a duration modulated block model (i.e., dmblock).   The resulting 

activation map represents the neural regions exhibiting changes in BOLD response 
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corresponding to the choice evaluation epoch relative to inter-trial intervals, independent 

of variation in trial characteristics or subsequent decisions.  I will henceforth refer to this 

map as the Choice Evaluation map. 

To model activity that is parametrically related to hypothesized valuation 

processes, each choice evaluation epoch was further characterized in terms of the 

Differential Magnitude and Differential Delay of the immediate and delayed reward 

offers, and these parameters were separately convolved with the Trial-Onset-by-Duration 

regressor using an amplitude modulation procedure (i.e., stimtimesAM2).  Differential 

Magnitude was calculated as the difference in magnitude of the delayed relative to the 

immediate reward offer (i.e., Later - Now); because the delayed offer was constant across 

trials, larger Differential Magnitude values are equivalent to smaller immediate offers.  

Differential Delay was calculated as the difference in the length of delay required to 

receive the delayed offer.  In sum, for each individual, three separate statistical 

parametric maps were estimated, representing the degree to which voxel-wise variance in 

BOLD response was predicted by (1) the generic choice evaluation period; (2) the 

differential magnitude of offers within a given trial; and (3) the differential delay of 

offers within a given trial.  

Activation patterns corresponding to Choice Evaluation, Differential Magnitude, 

and Differential Delay were first examined with t-tests comparing the full sample, 

collapsed across age group and context conditions, against zero.  Main and interactive 

effects of age group and context were subsequently examined with a 2*2*10 linear 

mixed-effects ANOVA, with age group and context specified as fixed effects and the 10 

subjects within each age-by-context cell as a random effect of no interest.  Type 1 error 
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rates were controlled via cluster-based statistical thresholding (Forman et al., 1995), with 

a minimum cluster-size of four significant voxels at a voxel-wise threshold of p<.01, 

contiguous within a 3.5mm center-to-center radius.  
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CHAPTER 3 

RESULTS 

Behavioral Results 

Utilizing preference responses on the Titrated DD task, indifference points were 

computed at each of the six delay periods, as well as the participant’s discount rate (k), 

following procedures described in the study methods.  Age- and context-related variation 

in indifference points were analyzed with a repeated-measures ANCOVA, with 

indifference points at the six delay periods (i.e., the time factor) as the repeated measure, 

age (adolescent vs. adult) and context (alone vs. peer) as the between-subjects factors, 

and dummy variables for sex and ethnicity specified as covariates.  Interactions of 

between-subjects factors with the repeated measure indicate group differences in the rate 

of discounting, and main and interactive effects of between-subjects factors independent 

of the time factor indicate group differences in the average indifference point.  An alpha 

level of .05 was applied for the repeated measures ANCOVA, as well as follow-up 

polynomial contrasts and univariate ANCOVAs of significant omnibus effects.  Results 

related to sex and ethnicity are discussed only when significant.  Behavioral outcome data 

for the full sample, and by age and context conditions, are summarized in Table 2. 

Group Differences in Indifferent Points at Six Delay Intervals 

Consistent with differential discounting of offers at variable delay intervals, 

results demonstrate a significant repeated-measures effect for indifference point across 

the full sample (F(5, 150) = 5.28, p < .001, η2
p = .150).   Furthermore, a polynomial 

contrast of indifference points at each of the six delay periods show a significant linear 

effect of delay (F(1, 30) = 12.89, p < .001, η2
p = .301), such that indifference points (i.e.,  
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Table 2
Group Differences in Delay Discounting Behavior

Age Group Outcome Mean S.D. Mean S.D. Mean S.D.

Adolescents Indiff Pt: 1d 946.77 36.67 966.36 37.51 956.57 26.54
Indiff Pt: 1wk 926.16 79.27 859.49 81.1 892.82 57.38
Indiff Pt: 1mo 811.1 56.97 753.35 58.29 782.23 41.24
Indiff Pt: 3mo 659.46 85.5 521.24 87.48 590.35 61.89
Indiff Pt: 6mo 612.94 102.37 385.18 104.73 499.06 74.09
Indiff Pt: 12mo 579.07 105.12 350.3 107.55 464.69 76.09
Indiff Pt: Avg 755.92 54.86 639.32 56.13 697.62 39.71

k 0.008 0.012 0.025 0.012 0.017 0.009
k (log) -5.779 1.763 -4.696 1.45 -5.238 1.666

IC Ratio 0.403 0.082 0.683 0.084 0.543 0.059

Adults Indiff Pt: 1d 984.44 38.86 976.86 37.92 980.65 28.62
Indiff Pt: 1wk 798.58 84.01 982.37 81.99 890.47 61.1
Indiff Pt: 1mo 932.42 60.38 883.97 58.93 908.19 43.91
Indiff Pt: 3mo 884.3 90.62 762.36 88.44 823.33 65.91
Indiff Pt: 6mo 761.79 108.49 688.08 105.88 714.94 78.91
Indiff Pt: 12mo 800.81 111.41 653.33 108.73 727.07 81.03
Indiff Pt: Avg 860.39 58.14 821.16 56.74 840.78 42.29

k 0.006 0.013 0.005 0.012 0.006 0.009
k (log) -8.162 2.616 -6.639 1.561 -7.401 2.316

IC Ratio 0.319 0.084 0.351 0.078 0.335 0.059
Descriptive statistics are based on estimated marginal means, covarying for sex and ethnicity.

Peer Alone Total
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the amount of money that a person would accept now rather than wait for $1000 at a 

given delay) linearly decline with increasing delay.  No higher order polynomial contrasts 

are significant. 

As predicted, the repeated-measures ANCOVA also reveals a significant 

between-subjects main effect for age group (F(1, 30) = 5.10, p = .031, η2
p = .145), 

indicating greater discounting by adolescents relative to adults of delayed rewards 

(collapsed across all delay intervals).  Follow-up univariate ANCOVAs assessing age 

differences in discounting at each delay interval demonstrate significantly lower 

indifference points for adolescents relative to adults for rewards offered at 3 months (F(1, 

32) = 5.24, p = .029, η2
p = .141) and 12 months (F(1, 32) = 4.20, p = .049, η2

p = .116) 

delays, and marginally lower indifference points for rewards at 1 month  (F(1, 32) = 3.65, 

p = .065, η2
p = .102) and  6 months  (F(1, 32) = 3.03, p = .092, η2

p = .086) delays (see 

Table 2 for group means).  No age differences in discounting are apparent at shorter (i.e., 

1 day, 1 week) delays.  This pattern of variable age differences at different delays is 

consistent with an interaction between age and increasing delay, although the within-

subjects test of the interaction between age group and the repeated measure of delay is 

only marginally significant (F(5, 150) = 2.19, p = .059, η2
p = .068). 

Contrary to predictions, the repeated-measures ANCOVA does not indicate 

significant differences in discounting behavior as a function of social context or of the 

interaction between social context and age group.   

Group Differences in Discount Rate (k) 

Age- and context- related variation in delay discounting was further examined 

with a two-way ANCOVA (adolescent vs. adult, alone vs. peer, controlling for sex and 
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ethnicity) on the log-transformed value of the discount rate, k.   Results indicate 

significantly higher k values for the adolescent relative to the adult group (F(1, 30) = 

5.18, p = .030, η2
p = .147), consistent with a more rapidly accelerating discounting rate 

for adolescents as delay intervals increase.  In addition, a main effect of social context 

(F(1, 30) = 4.90, p = .035, η2
p = .140) indicates that individuals in the peer condition 

discount at a lower rate than those in the alone condition, contrary to predictions.  Results 

provide no evidence for an age-by-context interaction effect in discounting rate (F(1, 35) 

= 0.28, p = .603, η2
p = .008). 

Group Differences in Impulsive Choice Ratio 

Finally, based on data from the Scanner DD task, a behavioral index of immediate 

reward preference was computed as a simple ratio of Now choices, relative to the total 

number of trials.  The resulting Impulsive Choice Ratio (IC Ratio) was subjected to a 

two-way ANCOVA (adolescent vs. adult, alone vs. peer, controlling for sex and 

ethnicity).   Results again show a main effect of age group (F(1, 32) = 5.30, p = .028, η2
p 

= .142), such that the smaller-sooner offer is chosen over the larger-later offer more 

frequently by adolescents (M = 54.3%)  than adults (M = 33.5%).  Collapsing across age 

groups, IC Ratios are marginally higher in alone context than in peer context (F(1, 32) = 

3.67, p = .064, η2
p = .103), but the interaction between age and context is not significant 

(F(1, 32) = 2.42, p = .129, η2
p = .070).  

fMRI Results 

 In order to describe group-level imaging results as comprehensively as possible, 

the current section reports significant neural activation patterns corresponding to each of 

the three primary regressors of interest: (a) the main effect of age (adolescents > adults), 
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(b) the main effect of context (peer > alone), and (c) the age-by-context interaction 

(adolescents (peer-alone) > adults (peer-alone).  All significant results are described in 

detail in corresponding tables.  Activated regions are described in the text when 

corresponding to regions implicated by prior fMRI research as important to delay 

discounting.  These include regions implicated in the representation of reward values 

(e.g., ventral and dorsal striatum, OFC, vmPFC, medial PFC, posterior cingulate, lateral 

parietal), regions shown to respond to variations in delay (e.g., amygdala, striatum, 

insula, subgenual ACC, lateral OFC, DLPFC, posterior parietal), and regions involved in 

cognitive control (DLPFC, VLPFC, lateral OFC, ACC) (Ballard & Knutson, 2009; 

Carter, Meyer, & Huettel, 2010; Figner et al., 2010; Kable & Glimcher, 2009; Peters & 

Büchel, 2010b; Pine et al., 2010).  Images of relevant activation patterns are included 

selectively to illustrate findings of particular interest. 

Choice Evaluation 

 The first goal of fMRI analysis was to identify neural regions evincing differential 

activity in the Choice Evaluation phase of the delay discounting task, and to examine 

differences in this activity as a function of age, context, and the age-by-context 

interaction (see Table 3 for the full list of findings).  Results of a full-sample, voxel-wise 

t-test of beta coefficients for the Choice Evaluation regressor (representing % signal-

change in activity for the decision-making epoch relative to the null hypothesis) reveal a 

broad network of limbic corticostriatal regions as differentially engaged during Choice 

Evaluation, consistent with extensive prior fMRI results from delay discounting studies.  

Furthermore, ANOVA results for the main effect of age group (i.e., adolescents > adults) 

during Choice Evaluation demonstrate stronger engagement among adolescents of 
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Table 3
Neural Activity During Choice Evaluation

Group Contrast  Location BA Side Max† x y z Volume
Full Sample > 0  Medial Frontal Gyrus 32 L 0.5498 -1.5 7.5 47.5 403947

 Anterior Cingulate Cortex L -0.258 -1.5 40.5 -3.5 35910
 Superior Temporal Gyrus R -0.1591 55.5 -58.5 29.5 17658
 Middle Temporal Gyrus L -0.138 -61.5 -7.5 -6.5 7236
 Precentral Gyrus R -0.1758 16.5 -22.5 71.5 6264
 Middle Frontal Gyrus R -0.2089 37.5 43.5 -12.5 5130
 Inferior Frontal Gyrus 11 L -0.2367 -43.5 31.5 -9.5 5103
 Caudate L -0.1091 -19.5 -40.5 14.5 4374
 Middle Temporal Gyrus L -0.196 -46.5 -61.5 26.5 4320
 Parahippocampal Gyrus L -0.2617 -19.5 -16.5 -24.5 2133
 Posterior Cingulate 30 L -0.12 -4.5 -52.5 17.5 1809
 Superior Temporal Gyrus R -0.1452 40.5 19.5 -30.5 1107
 Parahippocampal Gyrus R -0.1401 13.5 -4.5 -12.5 918
 Caudate R -0.083 19.5 -34.5 17.5 837
 Uncus R 0.1552 31.5 -10.5 -27.5 567
 Superior Frontal Gyrus 6 R -0.1055 10.5 28.5 56.5 540
 Superior Temporal Gyrus 38 L -0.1302 -43.5 19.5 -24.5 351
 Medial Frontal Gyrus 6 R -0.0503 7.5 -22.5 50.5 270
 Inferior Frontal Gyrus 47 R -0.1716 22.5 16.5 -18.5 189
 Superior Frontal Gyrus R 0.1969 22.5 61.5 5.5 189
 Superior Frontal Gyrus L 0.2667 -25.5 61.5 -0.5 162
 Anterior Cingulate Cortex 25 L -0.1669 -1.5 7.5 -3.5 135

Talairach Coordinates
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Table 3 (Continued)
Neural Activity During Choice Evaluation

Group Contrast  Location BA Side Max† x y z Volume
Adolescent > Adult  Lingual Gyrus L 0.306 -16.5 -85.5 -6.5 783

 Putamen L 0.1465 -22.5 1.5 -3.5 432
 Declive R 0.5594 46.5 -67.5 -18.5 243
 Fusiform Gyrus L -0.2728 -46.5 -19.5 -24.5 189
 Putamen R 0.1555 22.5 1.5 -6.5 189
 Cuneus 18 L 0.2647 -16.5 -91.5 20.5 189
 Precuneus L 0.2062 -22.5 -58.5 50.5 189
 Inferior Frontal Gyrus R -0.1694 55.5 22.5 14.5 162
 Caudate/Caudate Body R 0.1386 13.5 -1.5 20.5 162
 Middle Frontal Gyrus R 0.1508 40.5 22.5 26.5 135
 Inferior Frontal Gyrus 47 R 0.1889 46.5 16.5 -3.5 108
 Insula and  Claustrum L 0.1562 -28.5 16.5 14.5 108
 Caudate/Caudate Body L 0.1575 -10.5 1.5 17.5 108
 Precentral Gyrus L 0.1545 -34.5 -1.5 35.5 108

Peer > Alone  Insula 13 R 0.1071 37.5 -1.5 17.5 432
 Insula R 0.1598 46.5 -28.5 20.5 405
 Superior Frontal Gyrus 8 L 0.1704 -16.5 31.5 50.5 405
 Cingulate Gyrus R 0.0918 10.5 4.5 26.5 189
 Inferior Frontal Gyrus 47 L 0.1366 -37.5 13.5 -9.5 162
 Superior Temporal Gyrus L 0.1219 -52.5 -7.5 -0.5 162
 Cingulate Gyrus L 0.0718 -10.5 -7.5 32.5 162
 Superior Frontal Gyrus 8 L 0.1942 -7.5 40.5 50.5 162
 Precentral Gyrus 4 R 0.1567 28.5 -25.5 62.5 162
 Lingual Gyrus R 0.7456 13.5 -91.5 -15.5 135
 Inferior Parietal 40 L 0.1003 -40.5 -31.5 32.5 135
 Middle Frontal Gyrus 8 R 0.1181 28.5 22.5 47.5 135

Talairach Coordinates

 



55 
 

Table 3 (Continued)
Neural Activity During Choice Evaluation

Group Contrast  Location BA Side Max† x y z Volume
Peer > Alone  Middle Temporal Gyrus R 0.1426 61.5 -16.5 -6.5 108

 Superior Frontal Gyrus R 0.1079 13.5 55.5 23.5 108
 Superior Frontal Gyrus R 0.1157 10.5 31.5 50.5 108

Talairach Coordinates

All reported clusters consist of at least four significant voxels at a voxel-wise threshold of p<.01, contiguous within a 
3.5mm center-to-center radius.  †Max = maximum intensity values, which for the full sample contrast represent the 
highest voxel-wise beta coefficient among all voxels in the cluster; for age and condition contrasts, values indicate 
the largest difference in beta coefficients between the groups under comparison.  
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several regions implicated in reward processing, including the left insular cortex and 

portions of the basal ganglia (i.e., bilateral caudate (dorsal striatum) and putamen; see 

Figure 1).  In addition, the map corresponding to the main effect of social context (i.e., 

Peer > Alone) indicates stronger trial-related activation by participants in the Peer 

condition across a number of regions, particularly right lateralized portions of the 

cingulate gyrus and insular cortex (see Figure 2).  Interestingly, a single cluster 

representing lesser activation in the VS in the Peer relative to the Alone condition runs 

contrary to predictions of social accentuation of reward responsivity in the VS (see 

Figure 3).   

Results of the test of the interaction between age group and social context on 

neural responding during the Choice Evaluation epoch also run counter to predictions.  

Specifically, each of 22 clusters showing significant age-by-context variation in activity 

are characterized by (a) mean activation levels that are higher among adolescents in the 

peer relative to the alone condition (but only significantly higher in three locations, 

including two foci within right ACC and one within left DLPFC; see Figure 4) and (b) 

mean activation levels that are lower – but not significantly lower -- among adults in the 

peer relative to the alone condition.  This pattern of results suggests that the significant F-

statistic produced by the interaction test within the omnibus ANOVA is a product of the 

opposite directionality of the peer-vs-alone comparisons for the two respective age 

groups, a pattern of results that should be interpreted cautiously, given the lack of 

statistically significant differences for all but three of the within-age-group comparisons.  

Nonetheless, the finding that adolescents in the peer condition activate right ACC and left 

DLPFC to a greater extent than adolescents in the alone condition clearly contradicts  



57 
 

 

 
 

 
 



58 
 

 
 
 
 



59 
 

 
 
 
 
 
 
 



60 
 

 
 
 
 

 

 



61 
 

study predictions that peer observation would result in a bias toward reward-driven 

processing among adolescents.   

Differential Magnitude 

 The next step of fMRI analysis was to identify neural regions whose activity 

varies parametrically with the differential magnitude of immediate and delayed offers, 

and to evaluate age- and context-related differences in the strength and directionality of 

this neural responding (see Table 4 for the full list of findings).  Results of the t-test 

examining neural responses to differential magnitude in the full sample show that, as the 

difference in magnitude between the immediate and delayed offers grows larger (i.e., the 

smaller the immediate offer), neural activity is proportionately weaker in the right 

striatum (caudate), consistent with a downward modulation of reward responding.  

Results also show activity in several regions, including the right posterior insula, that is 

positively correlated with differential magnitude.  The comparison of magnitude-related 

activity in the adolescent versus the adult groups did not reveal any age-related variation 

in striatal activity, but rather demonstrated stronger responses to differential magnitude 

among adolescents in posterior regions, including left posterior cingulate and bilateral 

precuneus (see Figure 5).  In addition, the main effect of social context map revealed 

stronger deactivation correlated with differential magnitude among the peer condition in 

a region of the left medial frontal gyrus consistent with the vmPFC, suggesting stronger 

downward adjustment of valuation representations as the immediate reward offer 

decreased (see Figure 6).  The test of interaction between age group and context revealed 

only a single activation cluster in the left cuneus, which showed a similar pattern of 

group-based activation as the regions showing interactive effects for Choice Evaluation. 
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Table 4
Neural Activity Correlated with Differential Magnitude

Group Contrast Location BA Side Max† x y z Volume
Full Sample > 0 Insula 13 R 0.1855 52.5 -31.5 20.5 999

Cuneus L 0.3001 -1.5 -94.5 14.5 729
Postcentral Gyrus 43 R 0.1347 49.5 -13.5 14.5 513
Lingual Gyrus R 0.1682 10.5 -70.5 -6.5 297
Cuneus 19 L 0.3264 -4.5 -88.5 29.5 243
Superior Temporal Gyrus 22 R 0.297 64.5 -10.5 5.5 162
Caudate R -0.1671 4.5 4.5 14.5 108

Adolescent > Adult Precuneus R 0.4519 1.5 -61.5 44.5 2106
Postcentral Gyrus L 0.635 -10.5 -43.5 68.5 351
Posterior Cingulate 31 L 0.2263 -16.5 -64.5 17.5 270
Inferior Frontal Gyrus 45 L 0.4905 -55.5 19.5 14.5 216
Middle Temporal Gyrus L 0.2804 -55.5 -52.5 8.5 108

Peer > Alone Superior Temporal Gyrus 38 L -0.4486 -46.5 10.5 -24.5 243
Fusiform Gyrus 18 L 0.6267 -25.5 -91.5 -15.5 243
Culmen R 0.2527 16.5 -55.5 -9.5 243
Medial Frontal Gyrus 25 L -1.1153 -7.5 10.5 -15.5 216
Culmen L 0.4472 -40.5 -43.5 -21.5 135

Talairach Coordinates

All reported clusters consist of at least four significant voxels at a voxel-wise threshold of p<.01, contiguous 
within a 3.5mm center-to-center radius.  †Max = maximum intensity values, which for the full sample contrast 
represent the highest voxel-wise beta coefficient among all voxels in the cluster; for age and condition 
contrasts, values indicate the largest difference in beta coefficients between the groups under comparison.

  



63 
 

 
 
 
 
 
 
 
 
 



64 
 

 
 



65 
 

Specifically, whereas the adult/alone group showed positive activation and the adult/peer 

group showed deactivation, the opposite pattern was seen for adolescents, such that the 

adolescent/alone group showed deactivation in contrast to positive activation for the 

adolescent/peer group.  Given that none of the four group activation means were by 

themselves significantly different from zero, this effect is unlikely to reflect meaningful 

age-dependent modulation of processing by the contextual manipulation. 

Differential Delay 

 The full-sample map of neural activation patterns correlating with parametric 

variation in the length of delay to the larger-later reward demonstrates a selective effect 

in the right amygdala, such that amygdala activity during the choice evaluation period 

correlates with the length of the temporal interval that an individual would have to wait to 

receive the delayed reward, consistent with a delay aversion signal (see Table 5 for the 

full list of findings).  Although the contrast of adolescents and adults did not reveal age 

differences in amygdala activation as a function of length of delay, several differences 

between the age groups in processing of the temporal features of reward are apparent.  

Specifically, whereas adults show stronger activation of left ACC and right DLPFC in 

response to longer delay intervals, adolescents show deactivation in these same cognitive 

control regions as delays increase, suggesting that adults engage more than adolescents in 

deliberative evaluation of temporally distant rewards (see Figure 7).  In contrast, 

adolescents show stronger activity than adults in left vmPFC (see Figure 8) and an 

anterior portion of the left superior temporal gyrus.  Investigation of the activation map 

corresponding to the main effect of social context revealed greater delay-related activity 

in the peer condition in posterior regions implicated in the processing of visual stimuli 
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Table 5
Neural Activity Correlated with Differential Delay

Group Contrast Location BA Side Max† x y z Volume
Full Sample > 0 Amygdala R 0.1582 16.5 -7.5 -9.5 189

Adolescent > Adult Anterior Cingulate Cortex L -0.2295 -7.5 31.5 32.5 810
Anterior Cingulate Cortex L 0.5656 -4.5 19.5 -3.5 135
Superior Temporal Gyrus 38 L 0.3786 -37.5 16.5 -30.5 108
Middle Frontal Gyrus 9 R -0.2898 43.5 22.5 35.5 108

Peer > Alone Fusiform Gyrus 19 R 0.3299 22.5 -64.5 -9.5 486
Fusiform Gyrus 37 R 0.351 37.5 -52.5 -15.5 432
Posterior Cingulate 23 L 0.3748 -1.5 -58.5 14.5 405
Parahippocampal Gyrus 36 L 0.1938 -22.5 -43.5 -6.5 378
Declive L 0.291 -25.5 -73.5 -12.5 351
Superior Temporal Gyrus 38 L 0.3741 -34.5 13.5 -18.5 135
Fusiform Gyrus 37 L 0.1742 -37.5 -46.5 -12.5 135
Inferior Temporal Gyrus 20 R 0.5631 46.5 -13.5 -30.5 108

Talairach Coordinates

All reported clusters consist of at least four significant voxels at a voxel-wise threshold of p<.01, contiguous 
within a 3.5mm center-to-center radius.  †Max = maximum intensity values, which for the full sample contrast 
represent the highest voxel-wise beta coefficient among all voxels in the cluster; for age and condition 
contrasts, values indicate the largest difference in beta coefficients between the groups under comparison.
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 (e.g., bilateral fusiform gyrus), but no differential activity in regions associated with 

temporal or reward processing.  The age-by-context interaction test did not identify any 

significant clusters of differential activity. 

Decision-Related Neural Activity during Choice Evaluation 

 In order to identify patterns of neural activation most relevant to delay 

discounting behavior, a full-sample regression was conducted utilizing participants’ 

behavioral index of impulsive decision making in the Scanner DD task (i.e., Impulsive 

Choice Ratio) to predict between-subjects variation in neural activity during choice 

evaluation.  Several clusters of activity were negatively correlated with impulsive choice, 

including portions of the left temporal lobe and right posterior parietal cortex (see Table 

6).  In addition, a cluster of activity in the left OFC (IFG/BA 11) showed a positive 

correlation with impulsive choice (see Figure 9), a particularly compelling result given 

findings from a previous study showing heightened activation of this region by 

adolescents deciding whether or not take risks while being observed by their peers (Chein 

et al., 2011).  Although ANOVA results examining main and interactive effects of age 

and context on these behavior-related regions do not provide evidence for univariate 

group-level differences in activation, this cluster of activation in left OFC was selected as 

a “seed” region from which to examine group differences in functional integration of 

neural activity during choice evaluation. 

Age and Context Variation in Decision-Related Functional Integration 

 Analysis of group-level variation in functional connectivity proceeded in several 

steps.  First, a region of interest (ROI) seed was created corresponding to the cluster of 

voxels in the left OFC shown to positively correlate with impulsive choice, and mean  
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Table 6
Neural Activity During Choice Evaluation Correlated with Impulsive Choice Behavior

Location BA Side Max† x y z Volume
Middle Temporal Gyrus 21 L -0.3 -40.5 4.5 -6.5 1080
Superior Temporal Gyrus L -0.2753 -64.5 -25.5 5.5 432
Middle Temporal Gyrus L -0.35 -61.5 -31.5 -3.5 216
Cuneus L 0.2913 -10.5 -85.5 14.5 216
Inferior Parietal Lobule R -0.2706 37.5 -31.5 38.5 189
Lingual Gyrus R 0.3759 22.5 -70.5 -0.5 162
Superior Temporal Gyrus L -0.2535 -49.5 -49.5 11.5 135
Inferior Frontal Gyrus 11 L 0.7243 -13.5 28.5 -18.5 108
All reported clusters consist of at least four significant voxels at a voxel-wise threshold of 
p<.01, contiguous within a 3.5mm center-to-center radius.  †Max = maximum intensity 
values, representing the highest voxel-wise beta coefficient among all voxels in the cluster, 
corresponding to the prediction of activity in the region by individual differences in 
Impulsive Choice Ratio.  Positive values represent a positive correlation between Impulsive 
Choice Ratio and voxel activation during choice evaluation.

Talairach Coordinates
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ROI activation values were extracted from each participant’s Choice Evaluation map.  

These values were then entered for each participant in a whole-brain voxel-wise 

regression to identify regions with temporally correlated activation profiles during the 

choice evaluation epoch.  Results of this regression identified several clusters of seed-

correlated activity within regions shown by extant research to be engaged by reward- and 

control-relevant aspects of decision making, consistent with functional integration of 

activity between reward and control circuitry (see Table 7). 

 To identify age- and context-related variation in decision-related functional 

integration, five of these OFC-correlated regions – including left and right DLPFC, right 

dorsal ACC, right insula, and left vmPFC/subgenual ACC -- were defined as ROIs and 

subjected to group-level analysis.  These specific ROIs were chosen from the result set 

due to their established role in the delay discounting literature, while other OFC-

correlated clusters were omitted due to redundancy and/or lack of clear interpretability, 

and to limit risk of Type 1 error from multiple testing.  Mean activation levels 

corresponding to the Choice Evaluation epoch were extracted for each participant from 

each of the five ROIs.  Next, for each ROI, a regression was conducted to model 

between-subjects variation in the degree and directionality of co-activation between the 

ROI and the OFC seed, in three steps.  Step 1 predictors included terms corresponding to 

(a) mean ROI activity, (b) age group, and (c) social context condition.  Step 2 added 

interaction terms for (d) ROI-by-age-group and (e) ROI-by-context.  Step 3 added the 

three-way interaction term for ROI, age group, and context.   A significant effect in the 

second or third steps constitutes evidence for group-related variation in the strength of 

correlated activity between the ROI and the OFC seed region. 
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Table 7
Neural Activation Correlating with Activation in the OFC Seed

Location BA Side Max† x y z Volume
Thalamus L -0.3742 -1.5 -16.5 -12.5 8235
Putamen L -0.2543 -19.5 4.5 2.5 5454
Cingulate Gyrus R -0.2882 1.5 -4.5 32.5 3402
Insula R -0.238 43.5 -1.5 -3.5 2916
Inferior Frontal Gyrus 11 L 1.2474 -13.5 31.5 -18.5 2241
Culmen R -0.318 31.5 -37.5 -18.5 1242
Middle Frontal Gyrus 9 L -0.3386 -52.5 19.5 26.5 837
Culmen R -0.3898 31.5 -52.5 -18.5 324
Anterior Cingulate 25 L 0.5093 -1.5 10.5 -6.5 297
Inferior Frontal Gyrus 47 L 0.5065 -25.5 13.5 -18.5 270
Lingual Gyrus 17 R -0.5667 7.5 -91.5 2.5 270
Insula 13 R -0.1545 37.5 -22.5 8.5 243
Superior Temporal Gyrus 18 R 0.5201 49.5 16.5 -27.5 189
Cingulate Gyrus 32 R -0.2433 1.5 16.5 38.5 189
Precuneus R -0.2267 16.5 -61.5 23.5 162
Middle Frontal Gyrus 9 R -0.209 34.5 43.5 26.5 162
Inferior Temporal Gyrus L 0.4408 -49.5 -1.5 -27.5 135
Middle Temporal Gyrus R -0.3479 40.5 4.5 -30.5 108
Cingulate Gyrus 32 R -0.2463 1.5 25.5 32.5 108
Superior Parietal Lobule L 0.2727 -16.5 -55.5 62.5 108

Talairach Coordinates

All reported clusters consist of at least four significant voxels at a voxel-wise threshold of 
p<.01, contiguous within a 3.5mm center-to-center radius.  †Max = maximum intensity 
values, representing the highest voxel-wise beta coefficient among all voxels in the 
cluster, corresponding to the prediction of activity in the region by individual differences 
in OFC seed activity.  Positive values represent a positive correlation between OFC seed 
activity and voxel activation during choice evaluation.
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Results demonstrate significant between-group variation in OFC co-activation to one 

ROI: the vmPFC (See Figure 10).  Specifically, the vmPFC-by-age-group interaction 

term predicted unique variance in OFC seed activity (β = 0.55, t = 2.37, p = .024), 

representing greater co-activation of vmPFC and OFC among adolescents, relative to 

adults.  Indeed, the introduction of this interaction term to the regression caused the full-

sample vmPFC-OFC connectivity effect (i.e., the beta for mean ROI activity) to drop 

from significance in step 1 (β = 0.49, t = 3.82, p = .002) to non-significance in step 2 (β = 

0.11, t = 0.39, p = .697), suggesting that the adolescent subsample accounts for the full-

sample connectivity association between the two regions.  Connectivity results for each 

ROI are summarized by age and context in Table 8. 

 Results did not show variation related to age group or context in ROI-OFC 

connectivity for any of the other four ROIs.  To insure that age or context effects were 

not being masked due to the loss of statistical power inherent when simultaneously 

examining multiple predictors within a regression framework, a second set of regressions 

was conducted to separately examine age and context differences in functional 

integration.  To separately examine the effect of age group, step 1 predictors included (a) 

mean ROI activity and (b) age group, and step 2 examined (c) the ROI-by-age-group 

interaction, providing a more powerful test of age-related variation.  The pattern of 

results remained the same, demonstrating a stronger correlation between vmPFC (but no 

other ROIs) and OFC activation profiles for adolescents relative to adults.  Results of the 

parallel set of regressions separately examining the effect of context did not demonstrate 

significant context-related variation in connectivity.  
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Table 8
Group Differences in Coactivation of OFC Seed with Target ROIs

ROI Side x y z Peer Alone Total Peer Alone Total
ACC R 1.5 -4.5 32.5 -0.78 -0.45 -0.58 -0.67 -0.58 -0.62
DLPFC L -52.5 19.5 26.5 -0.55 -0.54 -0.52 -0.38 -0.61 -0.47
vmPFC L -1.5 10.5 -6.5 0.71 0.73 0.73 -0.02 0.17 0.07
Insula R 37.5 -22.5 8.5 -0.38 -0.44 -0.44 -0.59 -0.12-0.46
DLPFC R 34.5 43.5 26.5 -0.56 -0.41 -0.48 -0.33 -0.85 -0.59

Adolescent Adult
ROI-OFC Coorelation by Group

Talairach Coordinates

Pearson correlation coefficients are derived from covariation of individual differences in mean 
activation levels of the OFC seed and the ROI during choice evaluation.   All significant correlations (p 
< .05) are presented in boldface.  
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CHAPTER 4 

DISCUSSION 

Prior research suggests that adolescents are drawn to the temptations of 

immediate rewards to a greater degree than adults, particularly when making decisions in 

the company of their peers.  Although behavioral results from the present study do not 

replicate the previous finding that peer presence accentuates adolescents' bias toward 

immediate rewards (O’Brien et al., in press), they confirm that, even when making 

decisions alone, adolescents are more inclined than adults to sacrifice the added value of 

a larger future reward in order to receive a smaller reward immediately (Christakou et al., 

2011; Steinberg et al., 2009).   Indeed, study results demonstrate a more pronounced bias 

toward immediate rewards among adolescents relative to adults on every behavioral 

index of delay discounting assessed, including indifference points and discounting rate 

derived from a titrated discounting task designed for optimal sensitivity to individual 

differences in behavior, as well as the ratio of impulsive choices on the scanner-calibrated 

task. 

Beyond replicating these consistently observed age differences in choice 

behavior, the present study sought to elucidate developmental changes in the neural 

substrates of comparative reward evaluation and choice, as well as the potential 

modulation of these age differences by social context.  Given the demands on reward 

evaluation and cognitive control resources inherent in comparing and choosing between 

rewards of variable magnitude and temporal availability, it should come as no surprise 

that I find a complex pattern of differences in neural activation between adolescents and 

adults making choices either alone or with their peers.    
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Age Differences in Neural Correlates of Comparative Reward Evaluation 

The first aim of this study was to examine differences between adolescents and 

adults in relative recruitment of incentive processing and cognitive control structures 

corresponding to comparative reward evaluation.  Results of fMRI analyses demonstrate 

that, at least at this global level, adolescents are best distinguished from adults by their 

relatively stronger engagement of the reward processing system.  Specifically, whereas 

no age differences are apparent in the engagement of cognitive control regions during the 

choice evaluation period, adolescents demonstrate significantly greater activation of right 

anterior insula and portions of the striatum (including bilateral caudate) known to respond 

to reward cues; indeed, the caudate is frequently shown to co-activate with the nucleus 

accumbens in fMRI studies of reward processing (Haber & Knutson, 2010).   

Although this finding is consistent with the growing fMRI literature 

demonstrating elevated striatal responding to reward cues among adolescents relative to 

adults (Galvan, 2010), two caveats limit its illumination of the nature of the adolescent 

bias toward immediate rewards.  First, as noted previously, because intertemporal choice 

paradigms involve evaluation and discrimination between two competing rewards, group 

differences in activation at the global choice-evaluation level (i.e., without regard for 

trial-by-trial variation in magnitude and delay parameters) cannot distinguish between 

reward responses to smaller-sooner versus larger-later rewards.  The striatal and insular 

regions in which adolescents show elevated responding have been reported to show 

heightened activation corresponding to processing of both immediate and delayed 

rewards, in isolation and together (Carter et al., 2010).  Thus, there is no concrete basis 

for inferring that greater activation of these regions implicates over-responding to 
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immediate rewards as the source of adolescent’s greater frequency of impulsive choice; 

the results simply indicate that adolescents are more reward-sensitive than adults, 

regardless of whether the rewards are immediate and relatively smaller or delayed and 

relatively larger.  Second, in addition to the striatum and insula, adolescents show 

relatively elevated responding in numerous other regions that have not been consistently 

implicated in intertemporal choice, including several left posterior cortical areas (e.g., 

lingual gyrus, fusiform gyrus, precuneus, cuneus) and right inferior and middle frontal 

gyrus.  In fact, in every region wherein age differences were observed, adolescents show 

stronger activation than adults, suggesting a plausible alternative to the account that 

adolescents’ choice evaluation is dominated by striatal and insular responding to rewards 

– namely, that adolescents show more diffuse (i.e., less efficient and coordinated) 

activation than adults across broad swaths of the brain.   Given this observation of 

widespread age-related variation in neural responding corresponding to the generic 

decision making epoch, it becomes particularly important to examine whether 

adolescents are distinguished from adults by their responses to the delay and/or 

magnitude dimensions of rewards. 

Distinct Variation in Neural Responding to Reward Magnitude and Delay 

 In one of the first studies to relate functioning within the mesocorticolimbic 

reward system to delay discounting behavior, Hariri and colleagues (2006) found that 

individual differences in ventral striatal activation to reward cues in a basic reward 

processing task predicted immediate reward bias on a delay discounting task 

administered outside of the scanner.  Supported by early fMRI research on intertemporal 

choice showing increased striatal activation corresponding to choices wherein one of the 
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offers was available immediately (in contrast to both offers entailing some delay) 

(McClure et al., 2004), this view of impulsive choice as resulting from elevated striatal 

responding to immediate rewards guided early research on the neural correlates of 

discounting behavior.  However, more recent research has begun to distinguish between 

neural responses to magnitude versus temporal dimensions of reward, suggesting that 

impulsive choice is in some cases subserved by exaggerated deactivation of both reward 

and control circuitry to delay information (Ballard & Knutson, 2009), a hypersensitivity 

to delay that may specifically characterize shortsighted choice behavior among 

individuals with dysregulated or pharmaceutically elevated dopamine function (Pine et 

al., 2010).  In other words, impulsive individuals may be reacting less to the irresistible 

pull of immediate rewards than to the intolerability of waiting for delayed rewards.  

 Findings from the current study suggest that adolescents (but not adults) 

disengage controlled processing circuitry when evaluating choices involving rewards that 

are not available until after a relatively lengthy delay, evincing a pattern of neural 

processing that is remarkably similar to that shown by the dopamine-dyrsregulated 

individuals described above.  Specifically, whereas adults demonstrate stronger 

engagement of DLPFC and ACC when evaluating choices with relatively longer delays 

to the larger offer, consistent with increased deliberation regarding the offer’s subjective 

value, adolescents show deactivation of these same regions on trials with longer delays, 

suggesting a premature dismissal of the delayed offer from consideration.   Moreover, 

this finding is consistent with the proposition that the core deficit underlying 

developmental delays in impulse control involves a failure of intertemporal bridging, 
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including the use of a future self perspective to carefully evaluate reward opportunities 

not present in the immediate environment (Christakou et al., 2011). 

 Although more challenging to interpret, the results also show stronger delay-

related activation among adolescents relative to adults in the vmPFC, a region 

consistently implicated in the delay discounting literature as representing the subjective 

value of both immediate and delayed rewards. However, given that these studies 

overwhelmingly report delay-related decreases in vmPFC activity that are consistent with 

the lower subjective value of temporally discounted rewards, there is little basis for 

inferring that adolescents are responding to greater delay by increasing associated value 

representations.  The most likely source of this discrepant finding is methodological; 

whereas fMRI studies of adult discounting typically utilize experimental designs that 

isolate presentation of immediate and delayed offers, the present study presented both the 

immediate and delayed offers together, limiting the degree to which neural activity in 

regions known to represent subjective value can be attributed with confidence to either 

choice.  Nonetheless, based on the evidence that adolescents more strongly disengage 

cognitive control circuitry in response to increasing delay offers, one can reasonably 

speculate that adolescents’ parallel elevation of responding in vmPFC could represent a 

subjective value signal corresponding to the immediate reward. 

 Observed age differences in activation corresponding to trial-by-trial variation in 

the differential magnitude of the immediate and delayed rewards are also challenging to 

interpret.  Relative to adolescents, adults evinced stronger deactivation to trials with 

greater differential magnitude (i.e., lower immediate reward offers) in several regions 

within frontal, temporal, and parietal/occipital cortex, of which only the posterior 
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cingulate cortex (PCC) has been consistently implicated in previous delay discounting 

research.  Extant research has demonstrated a role for the PCC in coding the subjective 

value of potential rewards (in a manner similar and often parallel to vmPFC), and has 

also shown PCC involvement in self-directed thought (Carter et al., 2010).  That adults 

show significant deactivation in the PCC and other posterior cortical regions (in contrast 

to no significant magnitude-related changes in activity for adolescents) could represent 

the inverse of the adolescent tendency to deactivate cognitive control regions in response 

to increasing delay, such that adults more quickly disengage from deliberation in 

response to unacceptably low immediate reward offers. 

 In sum, despite the challenge of interpreting neural activation patterns 

corresponding to evaluation of two rewards that differ in both magnitude and delay, 

analysis of age differences in neural responding to magnitude and delay suggest that 

adolescents are relatively more sensitive than adults to the reward-devaluing aspects of a 

delayed offer, whereas adults are relatively more sensitive than adolescents to the lower 

absolute value of immediate rewards. 

Age Differences in Functional Connectivity Related to Choice Behavior 

 One of the central aims of the present study was to move beyond characterization 

of age differences in the neural pathways taken to accomplish equivalent behavior, and 

instead to focus analysis on identifying the neural activation profiles that best distinguish 

mature from immature decision making.  Results not only demonstrate that relative 

activity during choice evaluation within a portion of the OFC is a marker of impulsive 

choice behavior, but also that the degree of co-activation between the OFC and the 

vmPFC distinguishes adolescent processing from that of adults.  Although this 
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correlational finding does not provide direct evidence that OFC-vmPFC connectivity 

mediates age differences in choice behavior, in light of similar findings showing peer 

enhancement of OFC and VS activity among adolescents making risky decisions (Chein 

et al., 2010), the age-dependent pattern of correlations seen here suggests that the OFC 

may play an important functional role in guiding adolescent behavior toward the pursuit 

of immediate rewards.  Although the introductory review of dopaminergic reward 

processing considered the OFC and vmPFC as subregions of a broadly defined VFC, this 

anterior portion of the OFC can be considered distinct from the more posterior and 

medial vmPFC.  In contrast to the vmPFC, which is the portion of VFC most consistently 

identified as a final common pathway for representing the subjective value of rewards, 

regardless of their immediate availability, this anterior portion of the OFC has been 

implicated in more emotionally guided representations of the motivational value of a 

given choice behavior (Damasio, 1994).  Thus, while recognizing the lack of current 

evidence for causation and the risk of oversimplifying a complex and dynamic neural 

system, it is possible to speculate that the elevated functional coupling of OFC and 

vmPFC observed for adolescents is a marker of the potentially greater influence of 

affectively salient reward cues (integrated by OFC) on the coding of expected reward 

value in the vmPFC. 

Contextual Modulation of Intertemporal Choice and its Neural Correlates 

Adolescents are more likely to take risks when in the company of their friends, an 

effect that experimental evidence suggests is not dependent on explicit peer “pressure,” 

but rather is observable in response to even the mere presence of peers.  In the 

introductory chapter of this dissertation, I presented a neurobiological framework for 
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examining this peer influence effect on decision making.  Converging evidence from 

animal and human research suggests that the expected values of choice alternatives are 

represented in a neural circuit involving the VS and VFC, which functionally integrates 

inputs from neural networks mediating approach (e.g., the mesocorticolimbic dopamine 

system) and avoidance (e.g., amygdala and insula) motivation, as well as modulatory 

input from networks associated with cognitive control (e.g., ACC and LPFC).  Moreover, 

related research also demonstrates that adolescence is a period of elevated neural 

sensitivity to positively valenced social stimuli, which engages the same approach-

motivating networks as primary rewards.  Given evidence from animal and adult human 

research that exposure to positively valenced social stimuli may sensitize approach 

circuitry and thereby shift the balance of network dynamics toward greater valuation of 

salient reward opportunities, adolescents’ hypersensitivity to social stimuli provides a 

plausible and testable hypothesis to explain the risk-promoting influence of peers – 

namely, that adolescents are more susceptible to the approach-sensitizing effect of peers 

than are adults.  

Perhaps the most surprising outcome of the present study is the lack of evidence 

supporting the hypothesized role of peer exposure on the neural correlates and behavioral 

outcomes of adolescents’ choice evaluation and decision making.  Indeed, behavioral 

findings indicate a main effect of context in the opposite direction of predictions, such 

that, regardless of age group, individuals making decisions while being observed by their 

peers evince a lower discount rate (k) than individuals making decisions in the standard 

alone condition (although this finding was not significant for the other two indices of 

discounting behavior).  Furthermore, among the few meaningfully significant interaction 
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effects revealed by fMRI analysis, the most statistically robust and interpretable show 

that adolescents evaluating choices in the peer condition recruited cognitive control 

regions (DLPFC and ACC) to a greater degree than those in the alone condition, whereas 

adults showed no differences in activation related to context.  Thus, to the degree that 

adolescents were sensitive to context in this study at all, peer observation appears to have 

accentuated their deliberative evaluation of rewards, rather than priming them to 

“approach” the most immediate reward available. 

This lack of support for the predicted approach sensitization effect of peers, in the 

full sample or specifically among adolescents, could result from one or more of several 

factors.  Recall that the crux of the approach sensitization hypothesis is that arousal of 

dopaminergic reward circuitry by positively valenced social stimuli will prime this 

circuitry to respond more strongly to other salient reward opportunities in the decision-

making environment.  Thus, approach sensitization would depend upon both (a) social 

arousal of reward circuitry and (b) an additional salient reward opportunity, in order to 

induce a synergistic effect on approach motivation.  It is plausible that the experimental 

manipulation and tasks utilized in the present study did not produce the necessary arousal 

in one or both of these domains.  Specifically, although the social context manipulation 

was modeled after a prior study that successfully identified a differential effect of peer 

observation on adolescent risk taking on a simulated driving task (Chein et al., 2010), the 

mere knowledge of peer observation may not have been strong enough of a social reward 

stimulus to induce the requisite dopaminergic response to interact with a relatively “cool” 

delay discounting task.  Unlike the simulated driving task used previously, the 

discounting tasks lacked any of the video-game-like qualities, such as music, first-person 
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movement through virtual space, and the risk of sudden punishment (e.g., crashing), that 

presumably induced enough reward arousal (i.e., variance) among adolescents in the prior 

study to allow for sensitivity to contextual modulation.  Moreover, because the delay 

discounting task involves a choice between two hypothetical rewards, it is possible that 

any peer-elicited approach sensitization that was achieved was diffused due to the lack of 

a single, salient “target” for transfer.  It is possible that an experimental design that 

separated the presentation of immediate and delayed rewards – for instance, by offering 

the choice to eat the one marshmallow sitting on a plate in front of you or to wait for the 

two marshmallows on a plate in a separate room – would have been more sensitive to the 

influence of peer observation.   

Finally, of course, it is possible that the approach sensitization hypothesis does 

not accurately describe the influence of peers.  Given evidence from the current study 

that adolescents observed by their peers engaged cognitive control circuitry to a greater 

degree than their unobserved counterparts, it may be the case that peer contexts have a 

more generalized effect of further accentuating adolescents’ “impression management” 

concerns in a manner that is responsive to the specific behavioral display opportunities 

available in the present context.  Thus, when playing a driving game with opportunities to 

display one’s boldness by running through yellow lights, peer observation could 

accentuate the reward value of this risky decision by directing attention toward its status 

implications.  On a delay discounting task consisting of a series of choices between 

variable monetary amounts offered at variable delay intervals, where there are no obvious 

status implications of one or another choice, perhaps the effect of peers is merely to boost 

motivation to make decisions that appear intelligent.  In the present study, such a status- 
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motivation effect could be responsible for the elevated activation of cognitive control 

circuitry among peer-observed adolescents.  There is clearly a great need for future 

research to disambiguate the task-dependent quality of peer influences on adolescent 

decision making. 

Limitations 

 Several limitations of the current study have already been discussed in the context 

of interpreting specific findings, including the challenge of interpreting neural activation 

patterns corresponding to evaluation of two rewards that simultaneously vary in both 

magnitude and immediacy, as well as the potential methodological weakness contributing 

to the failure to support predictions of contextual modulation of adolescents’ choice-

related neural activity and behavior.  One other important limitation of the current study 

is its use of a between-subjects design, which could have limited the ability to detect 

modulatory effects of context on the neural correlates of intertemporal choice.  Many 

fMRI studies bolster their statistical power to detect variation related to experimental 

manipulations by utilizing repeated-measures designs that eliminate the “noise” inherent 

in comparing the activity of brains with different structural morphology and functional 

properties.  Although a within-subjects design was carefully considered for the current 

study, the time cost of assessing participants completing all experimental tasks in the 

scanner in both the peer and alone conditions was deemed excessive for a single scanning 

session, and would have been unlikely to produce quality data.   Moreover, prior research 

identifying a between-subjects effect of peer presence on adolescents’ delay discounting 

behavior did not find a within-subjects effect in the same sample of participants (O’Brien 

et al., in press), such that participants in both starting conditions (alone or peer) reported 
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consistent choice preferences during repeated assessment in the alternate condition.  

Given that additional subject data is being added to the present study sample, future 

analyses of the questions considered in this dissertation will benefit from increased 

statistical power to detect significant between-groups differences. 

Conclusion 

Explanatory models of adolescent judgment and decision making must account 

for both the developmental course and the contextual quality of adolescents’ “real-world” 

risk behavior – that is, the characteristic rise in risk taking from childhood through 

adolescence and subsequent decline in adulthood, and the particular sensitivity to peer 

influence observed in adolescence. Several influential models of adolescent development 

have sought to account for the course and quality of adolescent decision making by 

pointing to normative maturational processes occurring in the brain across the transition 

from childhood to adulthood (Casey, Jones, & Somerville, 2011; Chambers, Taylor, & 

Potenza, 2003; Geier & Luna, 2009; Spear, 2000; Steinberg, 2008).  Specifically, risk 

taking is posited to increase around the time of puberty due to changes in the brain’s 

incentive processing system that result in increased sensitivity to reward stimuli, a 

sensitivity that may be accentuated within peer contexts.  Risk taking is posited to 

decrease in the transition to adulthood due to a decrease in reward sensitivity, gradual 

improvements in processing efficiency within systems involved in cognitive control, and 

gains in functional integration within and between reward and control systems, 

supporting advancements in self-regulatory control over goal-directed behavior.   

Considerable evidence supports this parsimonious account of adolescent decision 

making as under-regulated and over-responsive to salient rewards.  However, several 
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aspects of this broad theoretical framework remain in need of empirical specification.  

For instance, despite frequent discussion of risky decision making in adolescence as an 

interactive neurodevelopmental product of hypersensitivity to reward and immature 

cognitive control, few studies have directly examined age differences in the neural 

substrates of behaviors known to simultaneously engage both reward processing and 

cognitive control systems.  Neither has research described developmental changes in 

neural function supporting evaluation and preference discrimination between alternative 

rewards that vary on multiple dimensions, such as magnitude and immediacy.  Finally, 

despite the compelling evidence suggesting that adolescents are differentially susceptible 

to the approach-sensitizing effect of positively valenced social stimuli, research has yet to 

directly demonstrate the effect of peer presence on the neural dynamics of comparative 

reward evaluation. 

Results of the current study represent a small step toward addressing these gaps in 

understanding, and suggest that the prevailing high-reward/low-control account of 

adolescent decision making could benefit from subtle refinement.  Most importantly, 

current theory has perhaps overemphasized the degree to which adolescents are 

irresistibly drawn to immediate rewards, while neglecting to carefully consider how 

adolescents respond to the timing properties of reward delivery.  The finding of elevated 

neural sensitivity among adolescents to variation in the length of delay to non-immediate 

reward options suggests that a heightened aversion to the prospect of waiting for a 

delayed reward could cause adolescents to curtail deliberative consideration of all choice 

alternatives (i.e., to disengage cognitive control mechanisms) and default to reward 

opportunities that are immediately available.  This interpretation is further supported by 
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the lack of meaningful age differences in neural activation related to the magnitude of 

immediate reward offers, suggesting that adolescents were not more “focused” than 

adults on immediate offers to the exclusion of delayed offers.  Moreover, consistent with 

prior research showing few age-related changes in delay discounting for reward offers 

with relatively short delays (Steinberg et al., 2009), adolescents in the current study 

showed a stronger bias toward immediate rewards only for trials wherein the larger offers 

were delayed by one month or longer; no age difference were apparent for offers with 

delays of one week or one day.   

Together, these results suggest that adolescents are not merely captive to the 

power of the immediate reward, but rather that their responding to immediate rewards is 

highly dependent upon their still-maturing capacity to persist in carefully considering the 

value of rewards available only in some far-away future.  This ability to evaluate delayed 

rewards is perhaps dependent upon a more fundamental capacity to fully imagine one’s 

future self, to bridge the representational gap between an abstract future quantity of 

“$1000 in 1 year” and a future me with a thousand dollars in my wallet.  This 

fundamental question of how adolescents differ from adults in their perception of time 

and their ability and willingness to project themselves into it (i.e., their capacity for 

“intertemporally bridging” to the future) has remained largely unexplored by 

developmental cognitive neuroscience.  The next generation of theory seeking to explain 

the subtle differences between adolescent and adult decision making must rise to the 

challenge of describing the maturational trajectory and behavioral implications of this 

complex domain of neurocognitive development. 
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ENDNOTES 

1. Neuroimaging studies have identified other brain regions that appear to represent 

reward values, most notably the pregenual cingulate cortex (PCC), which shows 

increased activity when individuals view pictures of rewarding stimuli; furthermore, 

the degree of PCC activation in response to a given stimulus is positively correlated 

with its self-reported value (Rolls & Grabenhorst, 2008; Rolls, McCabe, & Redoute, 

2008). 

2. Other brain regions have also been implicated in avoidance learning, including the 

ventrolateral PFC, dorsomedial PFC, and anterior cingulate cortex (ACC) (e.g., 

Coricelli et al., 2007). 

3. I use the general term lateral PFC (LPFC) to capture the modulatory influence of both 

DLPFC, which is typically a focus of research on cognitive control, and VLPFC, 

which has more frequently been implicated in emotion regulation paradigms.  When 

appropriate for describing the findings of specific studies, I note the dorsal vs. ventral 

distinction.  

4. In order to limit the complexity of this model, I chose to omit a thorough review of 

the social neuroscience literature detailing the pathways by which peer exposure 

might decrease avoidance responding.   However, it is worth noting that compelling 

evidence points to the fear-reducing effects of positively-valenced social stimuli.  For 

instance, women whose husbands held their hand while they underwent an fMRI scan 

showed reduced activation in the hypothalamus and insula and reported less 

subjective distress in response to the threat of an electric shock, relative to women 

holding the hand of a stranger, or no hand at all (Coan, Schaefer, & Davidson, 2006).  



113 
 

Such a fear-reducing effect may be mediated by the effects of increased oxytocin 

release in response to positive social cues (Insel & Fernald, 2004).  Specifically, 

recent experiments examining the effects of elevated oxytocin levels (typically 

manipulated via intranasal administration) have shown reduced fear responding to a 

variety of threat cues in subcortical circuits involved in avoidance motivation -- 

particularly pathways linking the amygdala to brainstem sites mediating autonomic 

responding (Domes et al., 2007; Kirsch et al., 2005).   Thus, it is possible that peer 

exposure may influence evaluation of decision alternatives by dampening 

responsivity in avoidance circuits, instead of (or in addition to) sensitizing activity in 

approach circuits.  Nonetheless, given reciprocal connectivity between approach- and 

avoidance-motivation systems, social effects that dampen avoidance responding (e.g., 

in the amygdala) will likely result in downstream accentuation of approach 

responding (e.g., via reduced inhibition of dopaminergic activity in the striatum), 

resulting in the net effect described in this dissertation.  Furthermore, research with 

animals has shown an experimental effect linking oxytocin to activity within 

approach circuitry, such that animals administered oxytocin show elevated 

dopaminergic firing in the NAcc and VP (Insel & Fernald, 2004). 

 

 


