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ABSTRACT

ii	
  

Current neurobiological models of adolescent decision-making suggest that
heightened risk taking during adolescence is a result of the asynchronous development of
neural regions underlying cognitive control and reward processing, particularly during
periods of heightened social and affective arousal (e.g., Casey, Getz, & Galván, 2008;
Steinberg, 2008). Despite the emphasis on the interplay of cognitive and emotional
processes during adolescence, the developmental literature has largely overlooked the
potential importance of maturational changes in the anterior insular cortex (AIC), a
region known for its role as a cognitive-emotional hub. In a recent review we proposed a
theory of adolescent risk-taking in which development of the AIC, and its connectivity to
other regions, biases adolescents towards engagement in risky behaviors (Smith,
Steinberg, & Chein, 2014b). The current studies provide a test of the proposed model
through an examination of specific aspects of AIC development and functioning,
including the trajectory of structural development within the AIC, the role of AIC
engagement in adolescents’ risky decision-making, and the impacts of affective arousal
on AIC recruitment. Results from Study 1 suggest that the AIC exhibits continued
developmental changes during adolescence that likely affect its involvement in cognitive
processes. Using a risk-taking task, Study 2 demonstrates the flexible role of the AIC
during adolescent decision-making and explores how affective arousal biases the AIC
towards engagement in risky behaviors. Implications for both the proposed model and
the developmental literature are discussed.
Keywords: Anterior insular cortex, risky decision-making, adolescence, affective arousal,
neuroimaging

	
  

	
  
iii	
  

To my family

	
  

	
  

ACKNOWLEDGMENTS

iv	
  

This dissertation would not have been possible without the help of many people
going back many years. First, I would like to thank my committee members, Jason Chein,
Larry Steinberg, and Ingrid Olson, for all your helpful insight and feedback. A special
thank you to my advisors, Jason Chein and Larry Steinberg, for your constant guidance,
support, and straightforward talk. It has helped me grow both personally and
professionally. Over the years and numerous projects, papers, and presentations you have
allowed me to grow as an independent researcher while teaching me the skills I need to
be successful (thanks for never giving up on that whole “teaching me to write” thing).
Importantly, you create an atmosphere that encourages learning together, where everyone
helps each other, is on the same team, and coworkers are more than just colleagues,
they’re family. Without Chein Lab members (past and present), none of this work would
have been possible. Whether it was bouncing around research ideas, helping run
participants, or simply being there for moral support (read: drinking beer) I can’t think of
a lab member who hasn’t there when needed. So thank you, Alex Morrison, Kaitlyn
Breiner, Kara Blacker, Alex Weigard, Nicole Strang, Liz Shulman, Harry Wilmer, Karol
Silva, Karla Fettich, Randy Miller, and last but not least, my work wife, Gail Rosenbaum.
The makings of this dissertation began long before I stepped on Temple’s
campus. I had mentors and colleagues who believed in me and pushed me to be a better
student and researcher from early in my career. Beginning with Dr. Douglas Riley, thank
you for realizing that therapy was not for me and encouraging me to pursue a career in
research, perhaps one of the most important pieces of advice I have ever received. Dr.
Gretchen Gotthard, thank you for putting up with me through my first research projects.

	
  

	
  

You not only taught me so much about research methods and data analysis, you

v	
  

helped me build an amazing foundation for my research career through your hands-on
help and constant encouragement. The majority of my early growth as a researcher came
during my years at the NIH. In particular, I would like to thank the late Daniel Hommer,
my mentor and personal cheerleader through the years. You are missed every day. Jodi
Gilman, thank you for taking so much time out of your days to help me learn
neuroimaging, start my own research project, and for continuing to be a constant
supporter and friend. Most importantly Jim Bjork. Thank you for the unbelievable
opportunities that you provided me. It’s impossible to imagine myself where I am today
without your guidance and support over the years. I cannot thank you enough.
While the relationships I developed with my colleagues have made significant
impacts on my life, I would not be where I am today without my family. To my parents,
thank you for your undying love, support, and encouragement. Thank you for believing in
me even when I doubted myself and for listening to my excitement about career
accomplishments, theories, and brain regions no matter how boring the conversation was.
Thank you to my brother and sister for being such an important part of my life no matter
how far from home I am. Most importantly, my best friend and husband, Shawn; thank
you for supporting me no matter what stress or life changes this mental and emotional
roller coaster of a career throws at us. My success is a reflection of your constant love,
support, and encouragement and I will always be grateful to have you in my life.
	
  
	
  

	
  

	
  

TABLE OF CONTENTS

vi	
  

ABSTRACT ……………………………………………………………………………ii
DEDICATION …………………………………………………………………………iii
ACKNOWLEDGEMENTS ……………………………………………………………iv
LIST OF TABLES ……………………………………………………………………..viii
LIST OF FIGURES ……………………………………………………………………ix
CHAPTER
1. INTRODUCTION ………………………………………………………………..1
Current Neurobiological Theories of Adolescent Decision-Making …………......2
The Anterior Insular Cortex (AIC) as a Cognitive-Emotional Hub ……………...4
Proposed Theory of the Role of the AIC in Adolescent Risk-Taking ……………9
The Current Studies ……………………………………………………………..13
2. STUDY 1: THE STRUCTURAL DEVELOPMENT OF THE AIC
Introduction ……………………………………………………………………...15
Method …………………………………………………………………………..18
Results …………………………………………………………………………...23
Discussion ……………………………………………………………………….26
3. STUDY 2: THE ROLE OF THE AIC DURING ADOLESCENT DECISIONMAKING
Introduction ……………………………………………………………………...31
Method …………………………………………………………………………..39
Results …………………………………………………………………………..51
Discussion ………………………………………………………………………63	
  

	
  

	
  

4. CONCLUSIONS……………………………………………………………70
REFERENCES CITED …………………………………………………………74
APPENDICES
A. COEFFICIENTS FOR LINEAR REGRESSIONS RELATING AGE AND
CORTICAL THICKNESS INCLUDING SCANNING SITE………… ….90
B. MODEL SPECIFICATION WITH lPFC AND STRIATUM AS INITIATIOR
REGIONS…………………………………………………………………...91

vii	
  

	
  

	
  
viii	
  

LIST OF TABLES
TABLE

PAGE

1. Coefficients for linear regressions for age and cortical thickness ………………24
2. Whole brain analysis results: Main effect of decision (collapsed across wheel type
and social context ……………………………………………………………….54
3. Whole brain analysis results: Recruitment of regions by wheel type (collapsed
across decision and social context)..…………………………………………….58

	
  

	
  

LIST OF FIGURES
FIGURES

ix	
  

PAGE

1. Proposed model of AIC function during adolescent decision-making ………….13
2. Insular region of interest surface masks…………..…………..…………..……...20
3. Scatterplots of age and cortical thickness…………..…………..…………..……25
4. Probabilistic gambling task…………..…………..…………..…………..………44
5. Model specification for dynamic causal modeling of the AIC…………………..49
6. Probabilistic gambling task behavior by social context………………………….52
7. Whole brain analysis of main effect of decision making…………..…………….53
8. Bayesian Model Selection of the initiator region…………..…………..………..56
9. Bayesian Model Selection for decisions to pass and decisions to play………….57
10. Scatterplot of the relationship between AIC activation and percentage of plays on
safe wheel types…………..…………..…………..…………..…………..……...60
11. Scatterplot of the relationship between AIC activation and percentage of plays on
risky wheel types…………..…………..…………..…………..…………..……..61
12. Mediating role of the AIC on risk taking in the presence of peers………………62

	
  

	
  

CHAPTER 1

1	
  

INTRODUCTION
Adolescence is a period characterized by high rates of mortality and accidental
injury that result from heightened risk taking. Compared to adults, adolescents evince
higher rates of violent and non-violent crime (Piquero, 2007), automobile crashes and
fatalities (Twisk & Stacey, 2007), unprotected sex (CDC, 2012), and initial
experimentation with tobacco, alcohol, and illicit drugs (SAMSHA, 2012). In order to
create and implement interventions that are effective at decreasing risk taking during
adolescence it is important that we understand the mechanisms that contribute to
adolescents’ increased tendency to engage in these behaviors.
While there is a considerable body of prior work exploring the psychosocial
factors that contribute to heightened risk taking during adolescence, researchers have
recently focused greater attention on characterizing the neurobiological mechanisms that
might underlie this hallmark trait of adolescence. Much of this work has focused on
patterns of development in the prefrontal cortex, a locus for self-regulatory signaling, and
the striatum, a focal point for reward signaling. The current project attempts to extend
current neurodevelopmental models by considering how maturation within another brain
region, the anterior insular cortex (AIC), may also contribute to heightened risk taking
during adolescence. Although the AIC is known for its role in the integration of sensory
information into cognitive and affective processes, and is a key structure in some models
of self-regulation and reward-seeking (Cole & Schneider, 2007; Garavan, 2010; Menon
& Uddin, 2010; Naqvi & Bechara, 2009), the development of the AIC and its role in
adolescent risk-taking remain largely underexplored.

	
  

	
  

Current Neurobiological Theories of Adolescent Decision Making
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In order to understand how the development of the AIC and the networks in
which it participates might impact decision making, it is useful to first consider current
neurodevelopmental theories of adolescent decision-making, particularly with respect to
risk taking. Around the onset of puberty, the human brain is known to undergo a major
reorganization of neural structures, networks, and functioning (Dahl, 2004; Sisk & Zehr,
2005). While this dramatic neural reorganization begins early in adolescence, it does not
occur uniformly across the brain (Giedd et al., 1999). The distinct trajectories of
maturation exhibited by different brain regions and networks has been the focus of
several theories of adolescent risk-taking (Casey et al., 2008; Steinberg, 2008; Ernst,
Pine, & Hardin, 2006).
One class of models in particular, known as “dual systems” models, has occupied
a prominent position in the field (Casey et al., 2008; Steinberg, 2008; though see, Crone
& Dahl, 2012; Pfeifer & Allen, 2012). Dual systems models highlight the asynchronous
development of the neural systems that underlie sensation-seeking – the tendency to seek
varied, novel, complex, and intense sensations and experiences (Zuckerman, 1994) – and
self-regulation – the deliberate modulation of one’s thoughts, feelings, or actions in the
pursuit of planned goals (Smith, Chein, & Steinberg, 2013). Within this framework, the
maturation of reward centers in the brain, localized to midline dopaminergic regions,
including the striatum, is thought to occur early in adolescence, around the time of
puberty, and is hypothesized to evoke an increase in reward sensitivity that results in
more frequent sensation seeking (for review see, Galván, 2010). The major changes in
this reward processing system are thought to occur prior to the completion of a more

	
  

	
  

prolonged period of maturation exhibited by the brain regions involved in self-
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regulation, however, notably the lateral prefrontal cortex (lPFC; for review see, Luna,
Padmanabhan, & OHearn, 2010). The crux of the dual systems hypothesis is that the
maturational imbalance during adolescence between heightened sensation-seeking and a
still-maturing capacity for self-regulation makes adolescents particularly susceptible to
engage in risky behaviors (for review see, Steinberg, 2010).
Some theories of adolescent development have extended this basic model to
include brain regions involved in harm avoidance (Ernst, 2014). One such view, referred
to as the Triadic Model, highlights the blunted engagement of the amygdala during
adolescence (recent reviews also consider the potential role of the thalamus and insula in
the harm avoidance network, see Ernst, 2014). Thus, within this framework, adolescents’
tendency to engage in risky behavior is due not only to an imbalance between selfregulation and reward seeking, but also lower engagement of harm avoidance circuitry
during decision making.
A shared characteristic of the dual systems and Triadic models is that they both
treat adolescent risk-taking as the result of interactions among separate brain networks,
especially those involved in deliberative and affective information processing. However,
the mechanisms that govern the interactions among these brain systems are poorly
understood. Thinking about the mechanisms that might dictate how and when
deliberative and affective brain networks are engaged is what first led us to consider the
potential importance of the AIC in the normative development of decision making. This
region is thought to act as a hub involved in the integration of cognitive and emotional
information, and to have structural and functional connections to regions that feature

	
  

	
  

prominently in current developmental models of adolescent decision-making (e.g., the
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lPFC and striatum). Thus, the AIC is very likely to play a role in the development of
processes that involve the interplay of cognitive and affective systems, as is thought to
occur in the context of risky decision-making.
The AIC as a Cognitive-Emotional Hub
Evidence from both structural and functional imaging offers support for the
conceptualization of the AIC as a cognitive-emotional hub and provides a useful starting
point for understanding the potential importance of the AIC in adolescent development.
Located at the base of the sylvian fissure, this large cortical area separates the frontoorbital, frontoparietal, and temporal opercular regions (Ture, Yasargil, Al-Mefty, &
Yasargh, 1999). The insula is known to receive direct input from somatosensory cortex
and to then project outputs to both cortical and subcortical regions, including the PFC
(lPFC and vmPFC), striatum, anterior cingulate cortex (ACC), amygdala, and superior
temporal sulcus (Augustine, 1996; Mesulam & Mufson, 1982; Mufson & Mesulam,
1982). Thus, the insula sends its outputs to many of the brain structures that are essential
to deliberative and affective processing and that are already implicated in the dual
systems and Triadic models of adolescent decision-making.
Research has identified two distinct regions within the insula, the anterior and
posterior portions, which differ from each other in both structure and function. The
posterior insula receives an abundance of projections directly from somatosensory
regions and is involved in visceral sensations, such as pain and disgust (Craig, 2009). The
anterior portion of the insula also receives direct projections from somatosensory regions,
but is involved in the conscious representation of these bodily sensations, and in the

	
  

	
  

regulation of arousal (Craig, 2009; Critchley, 2005). Accordingly, one view of AIC
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function highlights its involvement in the subjective experience of arousal (i.e., feelings
experienced as a result of an event or stimulus; Critchley, Elliot, Mathias, & Dolan, 2000;
Critchley, Wiens, Rotshtein, Öhman, & Dolan, 2004; Damasio et al., 2000). For example,
a study by Lovero and colleagues (2009) showed that increased AIC activation (i.e., as
reflected in BOLD signal) during anticipation of touch was positively associated with
self-reported ratings of the intensity of the stimulus (Lovero, Simmons, Aron, & Paulus,
2009). Further supporting the role of the insula as an important region for emotional
states and experiences is a recent primate study by Caruana and colleagues (2011) where
electrical stimulation of the insula was used to evoke emotional responses. Stimulation of
the insula increased both social, affiliative (i.e. eye gazing behavior and disgust-related
behaviors, dependent on the specific simulation site (Caruana, Jezzini, Sbriscia-Fioretti,
Rizzolatti, & Gallese, 2011). Together these findings suggest that the AIC plays an
important role in the perception of affective arousal (Jabbi & Keysers, 2008; Seeley et al.,
2007) and the associated emotional state (Caruana et al., 2011).
More recently, theorists have proposed that AIC function goes beyond simply
interpreting signals of arousal, and have argued that this region acts as an “integrative
hub” that is centrally involved in coordinating the recruitment of task- and contextrelevant brain networks in response to arousal (Menon & Uddin, 2010). That is, at least in
adulthood, this region participates in multiple brain networks and varies its functional
involvement with these networks according to the nature of the stimulus environment and
task demands. The hub model thus highlights the ability of the AIC to process and
interpret physiological signals and project information regarding the experience to the

	
  

	
  

specific brain networks that are most suited to achieve the desired behavioral
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response, a role that is particularly important in situations that require an integration of
cognitive and emotional processes, often referred to as cognitive-emotional interactions
(Menon & Uddin, 2010; Sridharan, Levitin, & Menon, 2008).
The notion that the AIC may govern the engagement of specialized brain
networks to which it is connected finds support in evidence that activation of the AIC is
believed to drive activation of control regions during response inhibition (Hwang,
Velanova, & Luna, 2010; Jahfari et al., 2011) and activation of the reward processing
regions during anticipation of reward (Cho et al., 2013). Such findings are especially
relevant to neurodevelopmental models of decision making, since they implicate the AIC
in the initiation of activity within the separate deliberative and affective brain circuits that
are the focus of current theories of adolescent decision-making. Moreover, this account
of AIC functioning is consistent with the fact that activity in the AIC is commonly
reported in studies of cognitive control and inhibitory processing (Aron, Robbins, &
Poldrack, 2004; Brass & Haggard, 2010; Cole & Schneider, 2007; Swick, Ashley, &
Turken, 2008), reward sensitivity (Garavan, 2010; Naqvi & Bechara, 2009), and risk
taking (Venkatraman, Payne, Bettman, Luce, & Huettel, 2009; Xue, Lu, Levin, &
Bechara, 2010).
In fact, the importance of AIC engagement during response inhibition and rewardseeking behaviors is also supported by lesion studies. Within the cognitive control
literature patients with lesions of the AIC and pars operculum show response inhibition
deficits (Aron, Fletcher, Bullmore, Sahakian, & Robbins, 2003; Swick et al., 2008). For
instance, a recent study found that patients with AIC damage had more response

	
  

	
  

inhibition errors then non-lesion controls and OFC-lesion controls in both a simple
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and complex versions of a Go/No-Go task (Swick et al., 2008). These lesions also
mapped onto AIC regions commonly activated during inhibition, as demonstrated by an
ALE meta-analysis of response inhibition studies. Furthermore, a recent transcranial
magnetic stimulation (TMS) study showed that temporarily deactivating the pars
operculum resulted in response inhibition deficits (Chambers et al., 2006), further
supporting the importance of the AIC in the cognitive control network.
Not only is the AIC an important region for execution of control processes but it
is also vital in reward-seeking behaviors, such as reward-related urges and reward-based
decision-making (e.g., Clark et al., 2007; Garavan, 2010; Weller, Levin, Shiv, &
Bechara, 2009).Findings from the primate and rodent literature also highlight the value of
the AIC in goal-directed behaviors. Specifically, the influence of direct projections from
the AIC to the striatum in the integration of primary reward information through
associative reward learning, valuation adjustments, and reward-related memory (Balleine
& Dickinson, 2000; Chikama, McFarland, Amaral, & Haber, 1997; Gottfried, ODoherty,
& Dolan, 2003). In a seminal study by Naqvi and colleagues (2007) they found that
tobacco-dependent individuals that suffered AIC lesions were able to easily quit cigarette
smoking, without relapsing, and without the persistent urge to smoke; an effect the
authors credited with the inability to attribute bodily urges with the desire or motivation
to smoke. Additionally, decision-making studies of patients with insular lesions show
irrational patterns of decision-making in that lesion patients maintain high levels of risktaking despite changes in expected value of the decision (Clark et al., 2007; Weller et al.,
2009). In both studies the authors suggest that higher rates of risk-taking in patients with

	
  

	
  

insular lesions are a result of the inability to integrate information regarding the
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potential benefits and negative consequences associated with a decision. Together
findings from several areas of research support the broader role of the AIC in the
perception and integration of information during cognitive and emotional processes, and
its characterization as a cognitive-emotional hub.
However, it should be noted that the hub theory is one of many theories of insular
function, ranging from its involvement in language and vocalization (Ackermann &
Riecker, 2004; Price, 2010), disgust (Wicker et al., 2003), gustation (Small et al., 1999),
addiction & reward-seeking (Garavan, 2010; Naqvi & Bechara, 2009), pain (Peyron,
Laurent, & Garcia-Larrea, 2000), love (Bartels & Zeki, 2000), and more broadly on
introceptive awareness (Craig, 2009) to name a few. While most of these theories have
emotional components and may be grouped together under the broader cognitiveemotional hub theory of AIC function, there are prominent non-affective theories of
insular function. For example, within the language and vocalization literature
(Ackermann & Riecker, 2004; Price, 2010), the AIC is involved in articulatory planning
of both words and pseudowords, including communicating information to the putamen,
pre-SMA, and SMA where the execution of language takes place (Price, 2010). This
effect is lateralized in the left hemisphere for both planning (AIC) and execution
(putamen, pre-SMA, SMA) of language.
Admittedly, the language theory and several of the affective theories may have a
developmental component, however, the hub model is the most appropriate theory for
testing the AIC’s role in adolescent risk-taking for several reasons. First, this model
highlights the interplay of cognitive and emotional processes, which play a pivotal role in

	
  

	
  

current developmental models of adolescent decision-making (for reviews, see
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Albert, Chein, & Steinberg, 2013; Loewenstein, Weber, Hsee, & Welch, 2001; Miller &
Byrnes, 1997). Second, it does not make assumptions about the valence of emotions that
are integrated in the AIC, but instead the AIC is involved in the perception of emotional
information that is positive (e.g., rewarding) and negative (e.g., anxiety, disgust) and the
integration of this information to regions involved in initiating risk-seeking and riskavoidant behaviors, whose development is already well-documented in developmental
theories. Finally, this model provides an established framework for our understanding of
individual differences in the perception and experience of affective arousal during
adolescence, which are known to influence adolescent risk-taking (Albert et al., 2013;
Loewenstein et al., 2001; Miller & Byrnes, 1997).
Proposed Theory of AIC Involvement in Adolescent Risk-Taking
Evidence of AIC involvement in coordinating the interplay between cognitive and
affective processes made this region a prime candidate for further investigation in
developmental studies. Accordingly, we recently reviewed the corpus of developmental
neuroimaging studies specifically looking for information regarding age-related
differences in AIC structure, activation, and connectivity. While few studies in the
neurodevelopmental literature explicitly focus on the AIC, our search found that the AIC
does indeed consistently exhibit significant functional and structural changes across
development (for full review see, Smith, Steinberg, & Chein, 2014b). Specifically, our
review showed that the AIC undergoes change across adolescence with respect to cortical
thickness (Churchwell & Yurgelun-Todd, 2013; Shaw et al., 2008) as well as both
structural (Dennis et al., 2013; Herting, Maxwell, Irvine, & Nagel, 2012) and functional

	
  

	
  

connectivity (Fair et al., 2007; Somerville, Hare, & Casey, 2011; Stevens, Pearlson,
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& Calhoun, 2009; Strang, Pruessner, & Pollak, 2011).
Similar evidence comes from studies of response inhibition – a common index of
cognitive control where individuals are required to withhold a prepotent response. These
studies consistently demonstrate greater inhibition errors in adolescents compared to
adults (e.g., Andrews-Hanna et al., 2011; Bunge, Dudukovic, Thomason, Vaidya, &
Gabrielli, 2002; Rubia, Smith, Taylor, & Brammer, 2007; Rubia et al., 2006) and blunted
engagement of the AIC and lPFC during successful inhibition in adolescents compared to
adults (e.g., Andrews-Hanna et al., 2011; Bunge et al., 2002; Rubia et al., 2006; 2007).
Importantly, higher AIC activation on inhibition trials is related to better task
performance (i.e., Bunge et al., 2002; Casey, Thomas, Davidson, Kunz, & Franzen, 2002;
Durston et al., 2006). These findings suggest that lower recruitment of the AIC in
adolescents, compared to adults, during control processes may contribute to
developmental differences in self-regulation. Meanwhile, the literature on studies of
reward processing, albeit scarce, suggests that connectivity between the AIC and reward
processing regions may have reached an adult-like state by adolescence (Cho et al., 2013;
Hwang et al., 2010) . This relatively early maturation of pathways linking the AIC to
reward structures may encourage adolescents to over-engage the AIC and reward
processing regions during reward anticipation (Galván & McGlennen, 2013; Van
Leijenhorst et al., 2010). Additionally these studies suggest that development of the AIC
during adolescence may be specific to its involvement with control, rather than reward,
regions and processes (i.e., Bunge et al., 2002; Cho et al., 2013; Churchwell &

	
  

	
  

Yurgelun-Todd, 2013; Galván & McGlennen, 2013; Rubia et al., 2006; 2007; Strang

11	
  

et al., 2011; Van Leijenhorst et al., 2010).
In summary, the neurodevelopmental literature suggests that there may be
disparate development of the AIC’s contribution to cognitive control and reward
processing systems and processes make it a critical region to consider in theories of
adolescent development, particularly those that highlight the interplay of cognitive and
emotional processes. The proposed theory suggests that during risky decision-making the
relative immaturity of the AIC as a cognitive-emotional hub biases adolescents towards
affectively driven decisions. In particular, we posit that:
1.

The immaturity of the AIC-lPFC relationship contributes to
adolescents’ inability to adequately engage the brain’s cognitive control
system and the associated self-regulatory processes;

2.

The adult-like state of the AIC-striatal relationship during adolescence
results in heightened co-activation and/or functional connectivity
between of the AIC and reward processing regions during periods of
heightened arousal;

3.

The combination of adult-like connectivity between the AIC and the
striatum, and still developing connectivity between the AIC and
prefrontal regions, promotes risk taking in adolescence by biasing the
AIC to respond more readily to affective or rewarding stimuli;

4.

Further adding to this affective bias during adolescence is the weak
connectivity that exists between the reward and cognitive control
systems.

	
  

	
  

In other words, during adolescence the maturational imbalance between the
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adult-like AIC-striatal connectivity and the still-developing AIC-lPFC connectivity
increases the likelihood that when faced with a risky choice information is more readily
communicated to reward processing regions, rather than cognitive control regions. The
biased communication of affective information to reward processing regions increases the
likelihood that adolescents will engage in impulsive behavior in the pursuit of immediate
rewards, rather than more deliberative, goal-directed behaviors. See Figure 1 for a
graphical depiction of the proposed model.
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Figure 1. Proposed model of AIC function during adolescent
decision making. Black arrows represent structural connections
that have reached an adult-like state. Orange arrows represent
connection paths that are undergoing developmental changes.

The Current Studies
This dissertation attempts to characterize AIC development across adolescence
through two neuroimaging studies. In the first study I examine the AIC’s structural
development (in terms of cortical thickness), focusing on the specific pattern of change
within separate AIC subregions that are believed to be differentially involved in affective
and deliberative actions. While there is evidence that the structure and connectivity of the

	
  

AIC continues to mature during adolescence, identifying the specific locus and timing
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of this development provides essential traction in understanding the changing functional
role of the AIC during this period of life. The second study focuses on the activation of
the AIC, and the regions to which it is connected, during decisions to take risks and
decisions to avoid risk. To establish the AIC as a hub region during adolescent decisionmaking, I examine functional connectivity between the AIC and other key regions
implicated in developmental theories of decision-making (i.e., striatum and lPFC).
Finally, given the importance of the AIC in cognitive-emotional interactions, and the
prevalence of social and affective arousal during adolescence, I consider how affective
arousal alters the AIC’s role in the decision making process.
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STUDY 1: THE STRUCTURAL DEVELOPMENT OF THE AIC
Introduction
Study 1 examines age-related changes in the cortical thickness of the AIC.
Previous developmental studies suggest that the structure of the AIC changes during
adolescence, as does its connectivity with other regions (Dennis et al., 2013; Fair et al.,
2007; Herting et al., 2012; Shaw et al., 2008; Stevens et al., 2009). To date, most studies
have focused on the entire AIC, treating it as one uniform region. However, recent
evidence suggests there are at least two structurally and functionally distinct subregions
within the AIC (Chang, Yarkoni, Khaw, & Sanfey, 2013; Deen, Pitskel, & Pelphrey,
2011). In particular, recent meta-analyses provide evidence that the ventral portion of the
AIC (vAIC) is primarily recruited coincident with the processing of emotional
experiences, and that the vAIC is structurally and functionally connected to regions
implicated in affective processes, including the striatum, amygdala, and mPFC (Chang et
al., 2013; Deen et al., 2011). On the other hand, studies suggest that the dorsal portion of
the AIC (dAIC) is engaged primarily in cognitive processes, including inhibition, and is
connected to the lPFC, dACC, and TPJ (Chang et al., 2013; Deen et al., 2011).
Moreover, there is preliminary evidence that these distinct subregions of the AIC
may mature at different times during adolescence. A study by Shaw and colleagues
(2008) examined cortical thickness patterns (often used as a proxy for brain maturation)
across the whole brain in a large sample of children and adolescents. Their findings
showed a linear pattern of cortical thinning from childhood into adulthood in the most
anterior portion of the insula, whereas slightly ventral and posterior portions followed a

	
  

	
  

curvilinear pattern of thinning. Shaw and colleagues did not anatomically define these
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subregions, but the portions of the AIC showing a linear pattern of development closely
correspond to the dAIC subregion believed to be involved in cognitive processes, and
those showing curvilinear development correspond to the vAIC region more closely
linked to affect. These findings may suggest that the AIC’s connectivity with regions
involved in cognitive and emotional processes may reach an adult-like state at different
points in development.
Consistent with the Shaw (2008) findings, there is also evidence from recent
functional connectivity studies that the AIC’s involvement in self-regulatory processes is
undergoing maturational change across adolescence, while its involvement in affective
processes may have reached an adult-like state by mid-adolescence. For instance, Strang
and colleagues (2011) found that the AIC and lPFC are co-activated (an index often used
as a proxy for functional connectivity) to a greater degree in adults, compared to
adolescents, during a cognitive challenge task. In contrast, by adolescence the AIC
demonstrates adult-like functional connectivity with the striatum during anticipation of
reward (Cho et al., 2013) and during response inhibition (Hwang et al., 2010). Not only is
the relationship between the AIC and striatum established by adolescence, but the
strength of connectivity between the insula and the striatum during reward anticipation
did not differ between adolescents and adults, suggesting that this connection may have
reached a state of maturity by mid-adolescence that is adequate to support adult-like
functions.
While the literature seems to indicate the continuing maturation during late
adolescence of cognitive, but not affective, subregions of the AIC, differences in

	
  

	
  

developmental timing of these two subregions has yet to be examined directly. The
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current study utilizes cortical thickness to examine the developmental trajectories of the
AIC and its ventral and dorsal subregions.
Cortical thickness, the distance between the white/grey matter boundary and the
pial surface, is often used as a measure of neural maturation in developmental studies
(Churchwell & Yurgelun-Todd, 2013; Shaw et al., 2008). During development, cortical
thinning is believed to reflect decreases in the density of grey matter, a result of synaptic
pruning and a reflection of overall changes in the grey-to-white matter ratio (Asato,
Terwilliger, Woo, & Luna, 2010; Gogtay et al., 2004).. Together, decreases in grey
matter and increases in white matter, a result of myelination, across development are
associated with increased efficiency of processing, both within and between brain regions
(Asato et al., 2010; Gogtay et al., 2004; O’Donnell et al., 2005).
In line with recent developmental findings (Churchwell & Yurgelun-Todd, 2013;
Dennis et al., 2013; Shaw et al., 2008) and the proposed model of AIC function, I predict
that the AIC will show evidence of continued development across adolescence/early
adulthood. Furthermore, I predict that the ventral subregion will reach adult-like thinness
by mid-adolescence whereas the dorsal subregion will continue to thin over a more
protracted period lasting through late adolescence and into early adulthood. In order to
address how these regions influence adolescent risk-taking, the current study also
examines the relationship between cortical thickness and self-reported risk-taking during
adolescence, where I predict that thicker (less mature) AIC will be associated with greater
self-reported risk-taking.

	
  

	
  

Method
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Subjects
The current analysis included 141 subjects (63 females, ages 13-34) recruited
across a series of fMRI studies conducted in our laboratory. This sample consisted of 82
adolescents ages 13-17 (M=15.72 ± 1.30, 34 females) and 59 adults ages 18-34 (M=23.85
± 3.75, 29 females). Subjects were recruited from the local community.
Prior to participation all subjects were consented and evaluated for magnetic
resonance imaging (MRI) contraindications by the research staff. Adolescent subjects
provided assent and parental consent prior to inclusion in the study. MRI scans were
completed at either Princeton University’s Neuroscience Institute (Princeton, NJ) or
Temple University Hospital’s Magnetic Resonance Imaging Center (Philadelphia, PA).
All subjects received monetary compensation for their participation. The Institutional
Review Board at Temple University and/or Princeton University approved all protocols.
All analyses based on self-reported data focused on a subset of adolescents
included in the larger sample. The adolescents included in these analyses returned their
completed self-report questionnaires following the imaging visit1. This sample consisted
of 41 adolescents ages 13-17 (M=15.76 ± 0.18, 25 females). As an incentive to complete
the battery at home, all subjects who completed the surveys were entered in a lottery to
win an additional $300.
MRI acquisition
All imaging data was collected on a Siemens 3T MAGNETOM scanner (3T
Allegra at Princeton, 3T Verio at Temple). A phased-array head coil was used for all
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  All

subjects received a packet of self-report measures following the imaging session and were asked to
return them via mail, however, only approximately 50% of adolescent participants (N=41) returned the
survey.

	
  

	
  

scans. Structural analyses were based on a T-1 weighted magnetization-prepared-
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rapid-acquisition gradient echo (MPRAGE) scan, collected in the sagittal plane, obtained
prior to any functional scans (i.e., task completion). Scanning location was controlled for
in all analyses.
Defining Regions of Interest (ROI)
All thickness analyses were performed using a region of interest (ROI) mask of
the insula from the Desikan-Killiany Atlas (Fischl et al., 2004) in Freesurfer. See Figure
2a. The insular mask was manually divided into anterior (Figure 2b) and posterior (Figure
2c) regions along the anterior commissure (i.e., everything anterior to y=0 was
considered part of the AIC ROI and everything posterior of y=0 was considered part of
the posterior insular ROI). In order to test developmental trajectories in AIC subregions,
the AIC ROI was further divided into ventral (vAIC) and dorsal (dAIC) portions that
were separated based on the spatial coordinates provided by recent meta-analyses (Chang
et al., 2013; Deen et al., 2011). Specifically, the vAIC and dAIC ROIs shared the same x
and y boundaries, but the vAIC extended ventrally from z= (-) 2 to (-) 9 and the dAIC
extended dorsally from z= (-) 2 to 12 (See Figure 2d and 2e). The right precentral gyrus
was used as a comparison control region in all analyses.
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Insula Masks
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Figure 2. Insular region of interest surface masks.
(a) probabilistic atlas of the insular cortex, anterior
(b) and posterior (c) masks were divided at y=0, the
anterior portion of the insula was further divided
into ventral (d) and dorsal (e) subregions at z=(-)2.

Cortical Thickness Calculations
All cortical thickness analyses were performed using the cortical parcellation
pipeline (http://surfer.nmr.mgh.harvard.edu/fswiki/recon-all) in the FreeSurfer imaging
analysis package (Massachusetts General Hospital, Boston, MA). This program and
procedure have been thoroughly documented and validated, including for use in

	
  

	
  

developmental populations (Dale, Fischl, & Serreno, 1999; Fischl & Dale, 2000;
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Fischl, Sereno, & Dale, 2000). The Freesurfer pipeline performed the following
processing steps on the original MPRAGE data: motion correction, intensity
normalization, standardization into MNI space (MNI305 registration template), skull
stripping, volume registration, white/grey matter segmentation and boundary
determination, surface reconstruction, spherical mapping, inflation, registration, and,
finally, cortical parcellation.
This automated process generates thickness measurements across the cortex,
among other surface measures. Following this process, all subjects’ individual thickness
maps were standardized into the same standardized space as the ROI masks. These maps
were then overlaid on the ROI, and average thickness of the cortex covered by the ROI
was extracted for each subject. Finally, all ROI thickness measurements were compiled
and exported from FSL/Freesurfer for further statistical analysis in SPSS.
Self-Report Measures
Following completion of the neuroimaging session, adolescent subjects were
asked to complete several questionnaires via an online survey instrument. Measures
included: Resistance to Peer Influence	
  (Steinberg & Monahan, 2007), the Benthin Risk
Perception Scale, a measure of real-world risk-taking and the perceived costs and benefits
of engaging in risky behaviors (Benthin, Slovic, & Severson, 1993), the Barratt
Impulsiveness Scale (Patton, Stanford, & Barratt, 1995), and the Zuckerman Sensation
Seeking Scale (Zuckerman, Kolin, Price, & Zoob, 1964). Since the focus of the current
study was exploring the relationship between cortical thickness of the AIC and risktaking behavior during adolescence only the Benthin Risk Perception Scale was analyzed

	
  

	
  

in this manuscript. Overall, 50 percent of all scanned adolescent subjects returned
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completed questionnaires (N=41).
To test the relationship between cortical thickness and adolescent risk taking,
regression analyses were run with cortical thickness as a predictor of self-reported risktaking using scores on the BENTHIN Risk Perception Scale (Benthin et al., 1993). This
scale includes questions regarding the perceived costs and benefits of a series of risky
behaviors, as well as the frequency with which the subject has engaged in these
behaviors. In the current study subjects were asked whether or not they had ever
participated in 9 potentially risky behaviors (Yes=1, No=0): drinking alcohol,
vandalizing property, drinking with an intoxicated driver, smoking cigarettes, having
unprotected sex, stealing, getting into a physical fight, traveling to a dangerous part of
town, threatening someone. A total risk-taking score was calculated by summing the
number of risky behaviors endorsed by the subject. These behaviors were also divided
into Health (e.g., drinking alcohol, having unprotected sex) and Antisocial risks (e.g.,
getting into a physical fight, stealing). The analysis used all 3 measurements of risk
taking to examine the relationship between thickness of the AIC and risk taking during
adolescence.
Data Analysis
Analysis 1: Relationship Between Cortical Thickness and Age
A series of linear regressions were performed in order to examine the linear
relationships between age and the cortical thickness of the AIC and its various
subregions. The relationship between age and thickness of the anterior and posterior
insula were examined in separate regressions because of a strong correlation between

	
  

	
  

thickness of the anterior and posterior portions, bilaterally (right: r=.56, p<.001; left:
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r=.46, p<.001). Cortical thickness measurements in the ventral and dorsal subregions
were also correlated (right: r=.21, p=.01; left: r=.26, p=.002), and therefore, age effects of
these regions were also analyzed in separate regressions. For exploratory purposes,
possible quadratic age patterns were also examined. To control for possible sex
differences, sex was included as a covariate in all analyses.
Analysis 2: Relationship Between Cortical Thickness and Self-Reported Risk-Taking
An additional series of regressions were performed in order to test the linear
relationships between the cortical thickness of the AIC, its various subregions, and selfreported risk-taking during adolescence (adult subjects were not included in these
analyses). All ROIs were run in separate regressions due to high colinearity between
them. Participants’ age was also included as a covariate in all self-report analyses.
Results
Cortical Thickness and Age
Age significantly predicted cortical thickness of the overall AIC ROI, bilaterally
[right, t(131)=-1.91, p=.05; left, t(131)=-2.16, p=.03]. In particular, as age increased, the
thickness of the AIC decreased (Figure 3a). When this ROI was divided into dorsal and
ventral subregions age significantly predicted cortical thickness in only the dAIC [right,
t(131)=-4.28, p<0.001; left, t(131)=-3.28, p=.001], as seen in the overall AIC (Figure 3b).
However, age did not predict thickness of the vAIC in either hemisphere [right,
t(131)=1.28, p=0.20; left, t(131)=0.12, p=.90] (Figure 3c). Unexpectedly, age did predict
cortical thickness of the bilateral posterior insula [right, t(133)=-2.51, p=.01; left,
t(133)=-2.81, p=.006] (Figure 3d). Finally, age was not related to cortical thickness in the
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precentral gyrus ROI that was used as a control region [right, t(137)=-0.35, p=.73;

left, t(137)=1.07, p=.29] (Figure 3e). There were no quadratic effects in any of the tested
regions. See Table 1 for regression statistics2.

Table 1. Coefficients for linear regressions relating age and cortical thickness
_______________________________________________________________________
Left Hemisphere

Right Hemisphere

β

R2

B

-.007 .003

-.186*

.052

-.006 .003

-.163*

-.008 .003

-.227**

.161

-.008 .003

-.189**

-.272*** .128

-.013 .003

-.354*** .130
.103

.178

-.030

.023

B

SE B

SE B β

R2

Anterior Insula
Age

.073

Posterior Insula
Age

.278

Dorsal Anterior Insula
Age

-.010 .003

Ventral Anterior Insula
Age

.001

.005

.010

.141

.006

.005

.003

.003

.092

.011

-.001 .003

Precentral Gyrus
Age

***p<.001, **p<.01, *p<.05

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  
2	
  Regression

coefficients for scanning site and sex are reported in the Appendix 1.
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Figure 3. Scatterplots of age and cortical thickness. Age significantly
predicted cortical thickness of the AIC (a), dAIC (b), and posterior insula
(d) but did not predict cortical thickness of the vAIC (c) or precentral
gyrus (e).

	
  

	
  

Cortical Thickness and Self-Reported Risk-Taking
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None of the cortical thickness measurements predicted self-reported risk-taking
measures, as assessed by the Benthin Risk Perception Scale, however cortical thickness
of the right AIC, and the right dAIC, trended towards predicting the frequency of selfreported health risk-taking behaviors (i.e., smoking, drinking, having unprotected sex)
[right AIC, t(35)=1.76, p=.09, R2= .275; right dAIC, t(35)=1.62, p=.11, R2=.12]. In
particular, individuals with thicker cortices reported higher rates of risky health
behaviors.
Discussion
The current findings support the notion that the AIC matures (as indexed by
cortical thinning) during adolescence and into young adulthood. In particular I
demonstrated that the dorsal subregion of the AIC, believed to subserve cognitive
processes, thins across adolescence into adulthood, while the ventral subregion, believed
to underlie affective processes, reaches an adult-like thickness by mid-adolescence. These
findings are consistent with our proposed theory of insular function and previous
developmental findings (Churchwell & Yurgelun-Todd, 2013; Shaw et al., 2008; Smith,
Steinberg, & Chein, 2014b).
The absence of age-related changes in the ventral portion of the AIC supports the
hypothesis that the AIC’s involvement in affective processes develops early in
adolescence, as suggested by previous studies of cortical thickness (Shaw et al., 2008)
and functional connectivity (Cho et al., 2013). These findings are also consistent with a
broader account of brain development in which regions involved in affective processing
are among the first to undergo major reorganization in adolescence, beginning at the

	
  

	
  

initiation of puberty and reaching an adult-like state by mid-adolescence (for full
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review see, (Smith et al., 2013). While I did not assess pubertal development in the
current study, I believe if the age range were extended to include younger, pre-pubertal
individuals, age- and/or puberty-dependent changes in cortical thickness of this subregion
would be evident.
The relatively earlier structural maturation of the vAIC does not mean that this
region is functionally mature, however. As suggested in the proposed theory, early
maturation of the AIC’s involvement in affective processes, including connectivity
between the AIC and striatum, is adequate to function in an adult-like manner under
certain circumstances, but this early maturity may also result in hyper-engagement of the
affective system, an effect that is likely to be exaggerated in situations that involve
affective arousal. In fact, during anticipation and receipt of reward, adolescents have been
found to engage the AIC in concert with reward circuitry to a greater extent than do
adults (Galván & McGlennen, 2013; Van Leijenhorst et al., 2010). In line with current
developmental theories, this affective bias may increase adolescents’ tendency to engage
in more affectively driven decisions, such as risk taking.
Early maturation of the vAIC must be considered in the context of the ongoing
developmental changes in the dAIC. It is the balance, or imbalance, between these
developmental trajectories that I believe to be critical in the development of the AIC’s
role in cognitive-emotional interactions. Accordingly, the current results support our
hypothesis that the dAIC is continuing to thin during adolescence and into adulthood,
providing additional evidence for continuing maturation of the AIC’s involvement with
cognitive control circuitry and cognitive processes (Churchwell & Yurgelun-Todd,

	
  

	
  

2013). These findings fit with the broader developmental literature demonstrating
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blunted engagement of the AIC in adolescents during self-regulation and control
processes (e.g., Andrews-Hanna et al., 2011; Bunge et al., 2002; Rubia et al., 2006;
2007). In fact, a recent study by Goldenberg and colleagues (2013) demonstrated that
higher engagement of the dAIC in adolescents during a response inhibition task was
predictive of less self-reported sexual risk-taking. In other words, more adult-like
engagement of this region during self-regulation was associated with less real-world risk
taking, measured by self-report (Goldenberg, Telzer, Lieberman, Fuligni, & Galván,
2013). While the relationship between structural development of the dAIC and selfreported risk-taking did not reach significance in the current data, this relationship should
be explored in future studies.
An unexpected, and potentially interesting, finding in the current analysis was the
age-related changes in the posterior portion of the insula during adolescence. To my
knowledge only one paper has specifically examined developmental trajectories of
cortical thickness in the posterior insula (Churchwell & Yurgelun-Todd, 2013), and the
authors did not find age-dependent changes in this region across a sample of 10-22 year
olds. Non-replication of these findings may be due to differences in sample
characteristics or characterization of the posterior region. While the current findings are
not in line with Churchwell’s findings, if there are indeed age-related changes in the
posterior insula during adolescence it may impact adolescent behaviors, particularly
affectively-driven behaviors. The posterior insula is not only involved in visceral
sensations, such as pain and gustation, but is also believed to be involved in the
transmission of sensory information to the AIC (Craig, 2009). Ongoing development of

	
  

	
  

this region may alter, or result in less efficient, transmission of physiological
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information, possibly triggering downstream effects on the perception, and integration of
physiological information. However, replication of these findings is needed prior to the
inclusion of the posterior insula in developmental theories.
The current study has several limitations that highlight some promising directions
for future studies. First, the fact that the relationship between AIC thickness and selfreported risk-taking was not significant raises additional questions about the implications
of the continuing maturation of the AIC and its subregions during adolescence. To our
knowledge only one study has demonstrated a relationship between individual differences
in cortical thickness of the AIC and self-reported behavior (impulsivity) relevant to risk
taking (Churchwell & Yurgelun-Todd, 2013). However, this relationship is critical for
our conceptualization of the AIC during adolescence.
There are several possible reasons that the relationship between thickness and
self-reported behaviors was not significant in the current sample, including the small
number of participants with risk-taking data and the ecological validity of self-report
data, especially with respect to engagement in risky, often delinquent, behaviors. Instead,
future studies should utilize experimental tasks of risk-taking in addition to self-report
measures. This will help validate the self-report measures and perhaps more adequately
assess the relationship between individual differences in AIC thickness and risk-taking.
It is also possible that cortical thickness is not the best measure of structural
development for testing this aspect of our theory. Rather, maturation of connectivity
between the AIC and other regions may be more closely associated with changes in risk

	
  

	
  

taking across adolescence. Perhaps using a direct measure of connectivity, such as
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resting state connectivity or DTI, would be more fruitful.
The relationship between continuing maturation of these regions and behavior is a
critical part of our theory and should be examined in future studies incorporating
experimental tasks, wider age ranges, and multiple measures of structural development.
While I fully admit that our present failure to demonstrate a relationship between cortical
thickness and adolescent behavior limits our ability to directly apply the current results to
interpretations of adolescent behavior, the consistency with which recent meta-analyses
relate these subregions to processes critical to current developmental theories of risk
taking (Chang et al., 2013; Deen et al., 2011; Uddin, Kinnison, Pessoa, & Anderson,
2014) underscores the need to further investigate the development of these subregions
and the influence the maturation of this region may have on adolescent behavior.
Nonetheless, the current analyses expand the body of evidence supporting the
notion that the AIC exhibits developmental change across adolescence. In particular,
subregions implicated in cognitive processes, and more recently believed to be pivotal in
cognitive-emotional interactions, are continuing to develop during adolescence. The
question still remains whether the maturational imbalance between the AIC’s role in
affective and cognitive processes, which may impact its ability to function as a cognitiveemotional hub during adolescence, is partially responsible for increases in risk-taking
behavior during adolescence. In the next study I attempt to address how adolescents
engage the AIC during risky decision-making and assess whether increases in affective
arousal modulate the functioning of the AIC.
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STUDY 2: THE ROLE OF THE AIC DURING ADOLESCENT DECISION-MAKING
Introduction
While the cortical thickness findings in Study 1 support the claim that the AIC,
and in particular its dorsal subregion, undergoes developmental change during
adolescence, the impact this maturation has on adolescent behavior remains unclear. In
Study 2 I utilize functional magnetic resonance imaging (fMRI) to examine the dynamic
role of the AIC during adolescent decision-making. Using a risk-taking task I examine
several aspects of AIC function during adolescence, including the functional connectivity
of the AIC with cognitive control (lPFC) and reward processing regions (striatum), how
AIC engagement influences adolescent decision-making, and how increasing affective
arousal contributes to AIC engagement and subsequent risk-taking behavior.
In line with its characterization as a cognitive-emotional hub, recent
neuroimaging evidence shows that the AIC influences how individuals make decisions
that involve risk (e.g., Venkatraman et al., 2009; Xue et al., 2010). The way in which
recruitment of the AIC influences adult decision-making, and, in particular, whether it
predicts risk taking or risk aversion, is dependent on past experiences, task performance,
and individual differences in risk preference and strategy. For instance, compared to
individuals who are more inclined towards risk-taking behavior, adults who are risk
averse show increased AIC engagement when taking risks (Kuhnen & Knutson, 2005;
Paulus, Rogalsky, Simmons, Feinstein, & Stein, 2003; Venkatraman et al., 2009). While
heightened AIC recruitment during risk taking in risk-averse individuals may be the
result of a desire to integrate a greater amount of cognitive and affective information

	
  

	
  

before making a decision, the majority of the literature discusses AIC involvement
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during decision making in terms of loss aversion, the tendency to avoid situations that
may result in loss. Within this view, the AIC is integrating information regarding the
possible negative consequences of making a risky decision. In fact, choosing non-risky
options in decision-making tasks is associated with coactivation of the AIC and control
regions, particularly the PFC, suggesting its involvement in control, rather than reward,
networks during risk avoidance (Paulus et al., 2003).
However, consistent with its characterization as a hub region, increased AIC
engagement during decision-making is also implicated in risk-taking behaviors,
particularly in individuals who are prone to risky and/or reward-seeking behaviors. For
example, substance-dependent individuals consistently show increased AIC activation
when presented with drug-related cues and non-drug reward cues (Bonson et al., 2002;
Brody et al., 2002; Paulus, Feinstein, Castillo, Simmons, & Stein, 2005). Importantly,
AIC engagement during these tasks is positively associated with self-reported urges to
seek drugs (Bonson et al., 2002; Brody et al., 2002), and subsequent goal-directed
behaviors (Paulus et al., 2005). The influence of AIC activation on risk-seeking behavior
has also been demonstrated in non-clinical populations (Xiao et al., 2013; Xue et al.,
2010). For example, a recent study by Xue and colleagues (2011) showed that individuals
who scored higher on self-reported urgency (individuals’ tendency to give into their
impulses) make more risky choices, which elicited greater insula activation.
The importance of the insula during decision-making is also demonstrated in
several lesion studies where individuals with insular lesions show higher levels of risktaking, compared to non-lesion controls (Clark et al., 2007; Weller et al., 2009). In both
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probability of winning or losing a bet changed. For instance, Weller and colleagues
(2009) asked insular lesion and control participants to choose between a guaranteed win
(e.g., 1 quarter) and a potentially larger win (e.g., 3 quarters) with a varying probability
of not gaining any money on that trial (there was no opportunity for loss). Patients with
insular lesion showed significantly less advantageous risk-taking than controls, instead
demonstrating low risk-taking across potential gain probabilities. Researchers suggest
that suboptimal decision-making in patients with insular lesions is a result of the inability
to integrate information regarding the potential benefits and negative consequences
associated with a decision.
While the adaptive nature of AIC recruitment during decision-making does not
lead to a simple explanation of its role, the evidence suggests that it plays a role in
individual differences in risk-taking behavior and is important for integrating information
regarding the potential risks associated with various choices during the decision-making
process. Furthermore, differences in engagement of this region may have significant
implications for understanding risk-taking, particularly in populations characterized by
high rates of risky behaviors, such as adolescents. Given the flexible role of the AIC in
decision making, and its ongoing development during adolescence, we posited that
continuing maturation of connectivity between the AIC and control regions, and in turn
its involvement in control and loss aversion, biases the AIC towards communication with
reward regions resulting in more approach behaviors. It is this maturational imbalance
that we believe contributes to increases in risky behaviors during adolescence (for full
review see, Smith, Steinberg, & Chein, 2014b). While this theory is supported in the

	
  

	
  

wider developmental literature, which demonstrates blunted recruitment of the AIC
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during cognitive control (e.g., Andrews-Hanna et al., 2011; Bunge et al., 2002; Rubia et
al., 2006; 2007), and exaggerated activation during anticipation of reward (Galván &
McGlennen, 2013; Van Leijenhorst et al., 2010) in adolescents compared to adults, direct
evidence for this theory in the adolescent decision-making literature is sparse.
In fact, in the current developmental decision-making literature there are only two
studies3 that show developmental differences in AIC engagement during decision
making, and both show blunted engagement in adolescents (Eshel, Nelson, Blair, Pine, &
Ernst, 2007; Paulsen, Carter, Platt, Huettel, & Brannon, 2011). For instance, Eshel and
colleagues (2007) compared the neural responses of adolescents and adults during
decision making on a commonly used risk-taking task, the Wheel of Fortune Task. In this
task, participants were presented with a wheel that was divided into two colored sections
varying in probability and magnitude of reward. Participants were then asked to decide
which portion of the wheel they would like to bet on, the risky or safe section. Overall,
there were no group differences in risk-taking behavior, or in lPFC or striatal engagement
during risky decision-making (i.e., decision making where the risky portion of the wheel
was subsequently chosen). However, adults demonstrated increased AIC activation
compared to adolescents during risk taking. The authors suggested that blunted AIC
engagement in adolescents might reflect difficulty integrating affective and non-affective
information into the decision-making process, particularly information related to the
possible consequences of a decision. However, this study did not examine connectivity
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It should be noted that the striatum and PFC are the focus of most theories of adolescent decision-making
and therefore the focus of most developmental studies.

	
  

	
  

between the AIC and regions involved in control and loss avoidance, which may be
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an important part of the developmental story.
These findings support the notion that there are age differences in AIC
recruitment during decision making and that protracted development of the AIC in
processes involved in control and loss avoidance may be responsible for increases in risk
taking during adolescence. On the other hand they do not provide evidence that the AIC
biases the flow of information towards involvement with reward processing regions. One
possible explanation for this, and a common criticism of the developmental decisionmaking literature, is the limited ecological validity of completing a risk-taking task in a
laboratory environment (for a discussion see, Smith et al., 2013). Adolescents rarely
make decisions about risky behaviors in emotionally and socially neutral contexts.
Instead, these decisions are often made in the heat of the moment, often surrounded by
peers, include intrinsic and/or extrinsic rewards, and importantly, involve heightened
physiological and affective arousal. Several studies have demonstrated that
developmental differences in risk-taking behavior, and engagement of the neural regions
underlying these developmental differences, are contingent upon increases in affective
arousal (i.e., increasing reward, presence of peers) during the decision-making process
(e.g., Chein, Albert, O’Brien, Uckert, & Steinberg, 2011; Gardner & Steinberg, 2005).
Given that AIC engagement is critical during the interplay of cognitive and emotional
processes, one would expect developmental differences in AIC engagement to emerge
under conditions of high arousal, and that it is perhaps under these circumstances that the
AIC is biased towards affective processes.

	
  

	
  

In fact, there is preliminary evidence to support this claim in developmental
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studies of cognitive-emotional interactions. For instance, in one recent study, Somerville,
Hare, and Casey (2011) used an affective version of a popular response inhibition task,
Go/No-Go, to identify the influence of affective stimuli on cognitive control (Somerville
et al., 2011). In the task, participants were required to press a button every time a neutral
face was presented but to withhold their response when presented with a happy face.
During affectively cued inhibition trials (i.e., happy faces), adolescents made
significantly more inhibition errors than adults. In addition, the presentation of the
affective cues elicited heightened striatal and AIC activation in adolescents compared to
adults. Follow-up functional connectivity analyses demonstrated significant functional
connectivity between the AIC and striatum in adolescents, but not children or adults,
during affective cues. Finally, across age groups, increased recruitment of the AIC during
inhibition predicted the number of errors (i.e., stronger recruitment of the AIC during
affectively-cued inhibition trials resulted in worse performance). Together, the
exaggerated AIC and striatal response, higher functional connectivity between these
regions, and the relationship between AIC activation and poor behavioral performance in
the Somerville et al. study suggests that the increased engagement of the AIC and
striatum during adolescence may make adolescents particularly susceptible to affective
interference during the interaction of cognitive and emotional processes. Importantly,
increased recruitment of the AIC and striatum may be a downstream effect of the
inability to engage the cognitive control system, particularly during periods of heightened
arousal.

	
  

	
  

This effect has also been demonstrated in another recent study conducted by
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Christakou and colleagues (2011), examining age-related changes in the recruitment and
connectivity of the neural systems underlying reward sensitivity and decision making,
including the relationships between the AIC, striatum, and PFC (Christakou, Brammer, &
Rubia, 2011). In the task, participants were asked to make a decision between two
amounts of money, a smaller amount to be received immediately (between £1 and £100)
and a larger amount (£100) to be received after a delay (a week, a month, or a year).
Behaviorally, the tendency to opt for large, delayed choices rather than small, immediate
choices increased with age, a pattern seen in other studies (O’Brien, Albert, Chein, &
Steinberg, 2011). Age-related decreases in impulsive choices were associated with
increases in mPFC recruitment, and with decreases in VS and AIC recruitment. The shift
from immediate to delayed choice was also associated with increased connectivity
between AIC and mPFC in addition to the strengthening of vmPFC and striatal
connectivity. Together, these results provide support for a possible developmental shift
from engagement of the AIC and striatum during impulsive choices, to increased
connectivity between the AIC and the lPFC during more considered ones. Given these
findings, the influence of arousal on adolescent decision-making, and the importance of
the AIC in cognitive-emotional interactions, utilizing experimental manipulations that
increase affective arousal is critical for testing our theory.
While admittedly limited, the developmental literature provides preliminary
support for our theory that the continuing maturation of the AIC’s involvement in control
and loss aversion may be partially responsible for increased risk taking during
adolescence, and that under conditions of increased affective arousal the AIC may be

	
  

	
  

biased towards more reward-seeking behaviors. While several aspects of the proposed
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theory need to be directly tested, the current study hopes to begin to examine two specific
aspects of AIC functioning that have not been addressed in the adolescent literature: how
the AIC communicates with control and reward regions during adolescent decisionmaking, and how affective arousal influences the AIC’s role in adolescent decisionmaking. It is important to note that the current study does not test developmental
differences in AIC activation but instead focuses specifically on how the AIC functions
during adolescent decision-making.
Our proposed theory of AIC’s role in adolescent decision-making revolves around
connectivity between the AIC, lPFC, and striatum. Several studies have highlighted the
temporally-dependent relationship between the AIC, lPFC, and striatum (Cho et al.,
2013; Sridharan et al., 2008), but no studies have examined the relationship between
these regions during adolescent decision-making. The current study utilizes Dynamic
Causal Modeling to examine the functional connectivity between these regions while
adolescents are making decisions in a risk-taking task. Despite the continuous remodeling
of neural circuits during adolescence, I hypothesize that the temporally-dependent
relationship between the AIC, lPFC, and striatum is in place by mid-adolescence, in that
AIC engagement will temporally precede engagement of the striatum and lPFC during
decision making. Furthermore, I hypothesize that risky decisions will be associated with
greater connectivity between the AIC and striatum, while risk-averse will be correlated
with stronger connectivity between the AIC and lPFC.
In addition to examining the connectivity between the AIC, lPFC, and striatum
during decision making I will also explore how AIC recruitment influences adolescent

	
  

	
  

decision-making and how the role of the AIC is influenced by changes in affective
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arousal. In line our proposed theory, I hypothesize that during decisions that involve
little-to-no affective arousal the AIC will maintain a role in loss aversion and in turn
higher engagement of this region will be related to lower rates of risk taking. However,
under conditions of higher affective arousal AIC activation during decision making will
be related to greater risk-taking behavior. In the current study arousal is increased both
within the task, by varying the riskiness of the gambles, and by using a social context
manipulation, namely, the belief that a peer is observing them while they complete the
task. The peer manipulation used in this study has been used in previous studies and
associated with increased reward sensitivity (Weigard, Chein, Albert, Smith, &
Steinberg, 2013) and risk-takings4 (Smith, Chein, & Steinberg, 2014a). In fact, this “peer
effect” was particularly strong when the probability of loss (riskiness of the decision) was
relatively greater (Smith, Chein, & Steinberg, 2014a), suggesting that increasing the
riskiness of the gamble and social arousal has a particularly strong effect on adolescent
behavior. I posit that the increase in risk-taking behavior in the presence of peers is fully
mediated by AIC activation during decision making.
Method
Subjects
Thirty-eight adolescent subjects (ages 15-17, M=16.3, SD=0.74, 19 females) were
included in the current analysis. Prior to participation all adolescents provided assent,
parental consent, and were evaluated for magnetic resonance imaging (MRI)
contraindications by the research staff. All subjects underwent MRI scans at Temple
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  
4	
  Smith,

Chein, & Steinberg (2014a) used a larger sample of the participants from this study.

	
  

	
  

University Hospital’s Magnetic Resonance Imaging Center (Philadelphia, PA). The
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Institutional Review Board at Temple University approved all protocols and procedures.
Procedure
The current study was part of a larger fMRI project in which subjects completed
both a risk taking and response inhibition task. While in the scanner, participants
completed 3, 8-minute rounds of the probabilistic gambling task (PGT, described below)
and 2, 5-minute runs of a response inhibition task. The order of tasks was the same for all
participants, beginning with PGT and then alternating between the two tasks. Data from
the response inhibition task was not analyzed as part of the current set of analyses.
Social Context Manipulation
Participants were randomly assigned to complete the study test battery either
alone (N=19) or with the understanding that their performance was being observed by a
peer (N=19). Those in the “peer” condition were told that another adolescent of the same
gender (who was volunteering for the research, like themselves), seated in a different
room in the building, would be observing their performance on a battery of computer
tasks via a closed-circuit computer system, and making predictions about how they would
perform. Participants were told that, in order to help the observer make predictions, the
observer and the participant would engage in a brief introductory exchange over an
intercom. In reality, there was no observer, and the exchange between the participant and
observer used a pre-recorded audio file. During the exchange, one of two voice
recordings (one for each gender) was played: “Hey, my name is John (‘Jess,’ for female
participants), I’m [participant’s age] years old. My favorite color is blue and I was born
in Philadelphia.” It was explained that the purpose of the study was simply to see if the

	
  

	
  

observer could make accurate predictions about the player’s performance without

41	
  

physically meeting the observed participant. Participants were told that they would meet
the observer at the end of the study.
Following the social exchange, participants began the tasks. To remind the
participant of the peer observer, before each run of the task the participant was told that
the experimenter would individually ask both the observer and the participant if they
were ready to begin the task procedure. The experimenter asked, over the intercom, if the
participant was ready to begin the task, and subsequently asked the observer if he or she
was finished making predictions and ready for the participant to begin. The observer’s
pre-recorded response, played over the intercom, was a simple confirmation each time:
(e.g., “OK, I’m ready now,” “I’m good, go ahead”). To establish that only the anonymous
peer was observing the participant (i.e., that the experimenter was not observing the
participant) the experimenter informed the participant that he or she would be waiting in
a separate area next to the testing room and did not have access to the closed circuit
viewing system.
In the “alone” condition, participants completed the same tasks without any
reference to an observer. As in the peer condition, participants in the alone condition
were told that the experimenter would not be able to observe the participant’s
performance. Participants were debriefed via a mailed letter following completion of
study to ensure no communication of the manipulation among participants.
Probabilistic Gambling Task
On each trial of the probabilistic gambling task (PGT), the participant was
presented with a wheel that was divided into three distinct pie-shaped sections, colored

	
  

	
  

red, green, and gray. The green section indicated the participants’ opportunity to win
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tokens (reward, +10 tokens), red indicated the opportunity to lose tokens (loss, -10
tokens), and grey indicated the chance of neither winning nor losing tokens (neutral
outcome, 0 tokens). It was explained that the relative size of each section was exactly
indicative of the chance of landing on that section and achieving the specified outcome.
Each participant began the task with a “bank” of 100 tokens. On each trial,
participants were shown a wheel and asked to think for 2 seconds about whether they
would like to “play” (and accept the outcome of the wheel’s spin) or “pass” (move on to
the next wheel). Next, the words “Play or Pass?” appeared above the wheel and
participants were required to make their selection within 1500 ms. Participants were not
asked to decide how much to wager; each wheel that was played could result in a loss of
10 tokens, a gain of 10 tokens, or no change in the number of tokens. At the beginning of
each round, participants were told that the outcome of each round was completely
independent of prior rounds.
If the participant chose to play on a wheel, the wheel began spinning and came to
rest with an indicator pointing to one of the three sections. If the participant chose to pass,
a screen indicating “no play” appeared. After each trial, a feedback screen appeared, and
participants were shown the trial’s outcome (+10 for a win, -10 for a loss, and 0 for a
neutral or pass) and their overall game earnings up to and including that wheel (See
Figure 4). All participants completed an instructional session with the researcher,
followed by a practice session consisting of 10 wheels. Participants played 3, 8-minute
rounds with 42 wheels each, either under the impression that there was an anonymous
peer observer in a nearby room or that there was no observer at all.

	
  

	
  

Six different gain-to-loss probability ratios, ranging from 1.5 to 0.33, were
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used in the task. The neutral (grey) portion of the wheel was always fixed at either 50%
or 10%, and the variably sized gain and loss sections completed the wheel. The
rewarding portion of the pie (i.e., the green section) was alternated between being
presented on the right or left side of the wheel in a randomized order. Risk taking was
measured by the percentage of plays.
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Decision-Making
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chooses to
PLAY

	
  

	
  

Participant
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PASS

	
  

	
  

No	
  Play

	
  

No	
  Play

	
  

No	
  Change
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+10
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Figure 4. Probabilistic gambling task. In the task, participants decided
whether to play or pass on the wheel on the basis of the gain-to-loss
probability ratio (which was visually presented by the colored sections of
the wheel). If the participant chose to play, the wheel spun and then
landed on one of the three wheel sections (gain, loss, neutral). If the
participant chose to pass on the offer then a screen showing “no play”
appeared. Finally, a feedback screen appeared, and participants were
shown the current trial earnings and their overall game earnings.
fMRI Data Acquisition
Subjects were scanned using a 3-Tesla Siemens magnet located at Temple
University Hospital, equipped with a 12-channel phased array transmit/receive head coil.
A T-1 weighted magnetization-prepared rapid-acquisition gradient echo (MPRAGE)

	
  

	
  

image, collected in the sagittal plane, provided high-resolution structural images for
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co-registration of functional images and inter-subject normalization. Each functional scan
of the task included 240 acquisitions collected with a whole brain T2*-weighted
echoplanar imaging (EPI) sequence (TR= 2000 ms, TE= 30 ms, flip= 90°, 4-mm slice
thickness with no gap, 220 field of view, 3.4 X 3.4 mm in-plane resolution).
fMRI Data Analysis
All fMRI data analyses were performed using AFNI (Cox, 1996). The functional
data were preprocessed in several steps. First, data were interpolated to adjust for slice
time acquisition effects. Next, a six-parameter rigid-body motion correction was applied
and the motion-corrected functional and structural images were co-registered. All
participants included in the analysis exhibited less than 3-mm of motion and less than 3
degrees of rotation in any direction/axis over the course of the scan. Motion-corrected
images were smoothed with a 6-mm full-width half maximum Gaussian kernel before
applying a mask to exclude all voxels outside of the brain. Data were then converted
based on voxel-wise percent signal change (relative to the mean value for each voxel
across the run), and finally, all functional scans were normalized into MNI space.
The preprocessed data from each participant were analyzed in an event-related
fashion using a general linear model (GLM) approach. The current analyses focus solely
on decision making, the point in the task when a subject enters their decision. BOLD
activity evoked during decision making was time-locked to the button press signaling the
decision to either play or pass, and convolved with a canonical model of the
hemodynamic response function (Boynton, Engel, Glover, & Heeger, 1996). Three
GLMs were performed for each subject: 1) decision making and feedback periods

	
  

	
  

(collapsed across all wheel types and decisions), 2) decisions to play and decisions to
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pass (collapsed across the various wheel ratios), and 3) decisions to play and decisions to
pass grouped by wheel type (i.e., safe or risky). Behavioral results indicated that the
increase in plays in the presence of peers was particularly strong on wheels where the
likelihood of loss was highest, and therefore, wheels were grouped into “risky” wheels
(i.e., where the likelihood of loss was higher, including gain-loss probabilities: 0.67, 0.5,
0.33) and “safe” wheels (i.e., where the likelihood of loss was lower, including gain-loss
probabilities: 1.5, 1.0, 0.81) (Smith, Chein, & Steinberg, 2014a). In addition to taskdependent regressors, the full models also included nuisance covariates representing each
of the 6 estimated motion time series provided by motion correction.
Whole-Brain Analyses
Whole-brain group analyses were performed using individual subjects’ voxelwise parameter estimates (beta coefficients) from both GLMs (mentioned above). Group
analyses were performed to identify regions exhibiting main and interactive effects of
social context and decision type. For these analyses two separate two-way, mixed-effects
ANOVAs were used. Both included social context as the between-subjects factor but the
within-subjects factor varied: either 1) decisions to play versus decisions to pass
(collapsed across all wheel types), or 2) presentation of risky versus safe wheels
(collapsed across decision type). Clusters of activation were considered significant if they
exceeded a voxel-wise probability threshold of p < .005 and a contiguity requirement of
10 (Lieberman & Cunningham, 2009). All results are reported in MNI coordinates.

	
  

	
  

Dynamic Causal Modeling (DCM)
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DCM is a statistical approach for inferring unobserved neural states from
measured brain activity (Friston, Harrison, & Penny, 2003; Stephan et al., 2010). This
technique allows researchers to assess how the state of one neural region exerts change
(i.e., BOLD signal) on another region and how these casual relationships are influenced
by experimental manipulations (Friston et al., 2003; Stephan et al., 2010). It should be
noted that the ability for DCM to adequately assess a temporal relationship between brain
regions has been a point of contention in the neuroimaging literature and conclusions
drawn from these analyses should be cautiously interpreted (for reviews, see Daunizeau,
David, & Stephan, 2011; Lohmann, Erfurth, Muller, & Turner, 2012). With that said, the
technique is becoming more common in neuroimaging analyses and could provide
relevant insight into our theory of insular function. In the current study, DCM was used
to examine the temporal-dependent relationships between the AIC, striatum, and lPFC
during decision-making and how functional connectivity between these regions changes
based on the decision an individual makes.
Model Specification
Based on structural and functional connectivity demonstrating interconnectivity
between the three regions of interest (striatum, lPFC, and AIC) several models were
tested during decisions to play and decisions to pass. The temporal relationship between
these 3 regions has not been established in the literature, and therefore, I first tested a
series of 24 models in which the “driver” region was alternated among the AIC, striatum,
and lPFC. Since the AIC was our hypothesized driver region, I describe these 8 models in
detail beginning with Model 1, which depicts the AIC as a hub-like region projecting to

	
  

the lPFC and striatum, with no reciprocal connections and no communication
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pathway between the lPFC and striatum. Models 2 and 3 test alternative theories
regarding the sharing of information processed in the AIC during risk taking. In
particular, Model 2 shows the AIC communicating with the lPFC and then the lPFC
communicating with the striatum, but importantly, with no communication pathway
between the AIC and striatum. According to decision making theories, this model should
best fit the fMRI data during risk aversion (i.e., decisions to pass, Kuhnen & Knutson,
2005; Paulus et al., 2003). Alternatively, Model 3 shows the AIC communicating with
the striatum and then the striatum communicating with the lPFC, but without
communication between the AIC and lPFC; this scenario should describe neural
responses to risk taking (i.e., decisions to play, Garavan, 2010; Naqvi & Bechara, 2009).
Other tested models reflected variants of the hub model, but with different relationships
between the striatum and lPFC (Models 4 & 5), a model with full bidirectional
relationships between all three regions (Model 6), and models with variations of the
directionality of the relationships between these regions (Models 7 & 8). See Figure 5 for
a visual depiction of the AIC-driven models, for lPFC- and striatum-driven models see
Appendix 2.
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Figure 5. Model specification for dynamic causal modeling of the AIC. All models
begin with the AIC as the initiator region. These models underwent Bayes Model
Selection during decisions to play and decisions to pass.

All DCM analyses were performed in the Statistical Parametric Mapping software
package (SPM12, Wellcome Trust Centre for Neuroimaging, London, UK) using welldocumented procedures (Friston et al., 2003; Friston, Moran, & Seth, 2013; Stephan et
al., 2010; 2000). Although region selection was done a priori, as outlined in Smith,
Steinberg, and Chein (2014b), ROI extraction in DCM was based on peak coordinates
from group maps from the whole brain analysis (Stephan et al., 2010). In the current

	
  

	
  

study, peak coordinates were extracted from the map of the main effect of decision
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making (collapsed across wheel type and social context).
Once peak coordinates of the ROIs were determined, the principal eigenvariate
(average response across an ROI; Friston, Rotshtein, Geng, Sterzer, & Henson, 2006)
was extracted from the closest local maxima within a 6-mm sphere of the peak coordinate
using the subject-specific main effect of decision map at a threshold of p<.05,
uncorrected. Next, each subjects’ data were estimated for each of the proposed models.
This was done separately for decisions to play and decisions to pass (collapsed across
wheel type).
Following individual subject estimation, all 24 models from all subjects were
submitted to Bayesian Model Selection (BMS) in SPM to determine which driver region
(AIC, lPFC, striatum) best fit the data during decisions to play and decisions to pass.
These models were grouped into families based on their initiator region, and BMS was
used to identify the family that best fits the data. Once an optimal driver region was
determined BMS was used again to determine the optimal model for all models where the
AIC was the driver region, for decisions to play and decisions to pass. All BMS
determinations were based on the exceedance probability (i.e., the probability that each
model is the best fit for the dataset), which is calculated for each tested model (Stephan et
al., 2010). The larger the exceedance probability, the better that model, or driver, fits the
data. In addition, each parameter included an estimated posterior probability, the
probability that that specific parameter fits the given data.
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Task Behavior
Across the six wheel types, participants in both conditions behaved in a
systematic and predictable fashion, indicating that they understood the task
contingencies. Specifically, participants played more often when presented with higher
gain-to-loss probabilities and played less as the probability of winning decreased (when
the gain-to-loss probability was 1.5:1, the percentage of plays was M= 83.91%,
SD=19.71; at 1:1, M=67.38%, SD=28.14; at 0.81:1, M=35.95%, SD= 28.71; at 0.67:1,
M=25.03%, SD=23.42; at 0.50:1, M=12.83%, SD=16.64; 0.33:1 M=8.80%, SD=13.31).
A 2x6 (Context x Gain-Loss Probability) repeated measures ANOVA was
conducted with social context (Alone, Peer) as a between-subjects variable and wheel
type (1.5, 1, 0.81, 0.67, 0.50, 0.33) as a within-subjects variable. The six probability
ratios were not evenly spaced; therefore, coefficients were included in the model to
specify the spacing between wheel types (1.5, 1, 0.81, 0.67, 0.50, 0.33). There was a
significant main effect of wheel type on decisions, F(5, 180)= 111.40, p < .001; as the
gain-to-loss ratio decreased so did the percentage of plays, with both linear, F(1, 36)=
349.16, p <.001, and cubic, F(1, 36)= 30.04, p <.001, effects. There was also a marginal
main effect of social context on decisions, F(1, 36)= 3.64, p=0.06; adolescents who
believed they were being observed by a peer were more likely to play than adolescents
who did not believe that a peer was present. The interaction between social context and
wheel type was not significant, F(5, 180)=1.81, p=.11. However, previous analyses of
this task indicated that the effect of peers on decisions to play was greatest when subjects
were presented with wheels where the likelihood of loss was highest (i.e., the riskiest

	
  

	
  

wheels). To examine this effect in the present sample, and because the main effect of
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social context was marginal, I performed independent samples t-tests assessing the
influence of social context on decision making at each probability ratio. There were no
differences in the percentage of wheels played in the peer and alone conditions for the
three most favorable wheel types (1.5: t(36)=0.25, p=.81, d =0.08; 1: t(36)=0.27, p=.78, d
=0.09; and 0.81: t(36)=0.59, p=.56, d =0.20). However, believing that one was observed
by a peer significantly impacted the percentage of plays for all three of the lower gainloss probabilities (0.67: t(36)=3.29, p=.002, d= 1.10; 0.50: t(36)=2.57, p=.01, d= 0.86;
and 0.33: t(36)=2.43, p=.02, d= 0.81), with increased risk taking exhibited by those in the
peer condition (see Figure 6).
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Figure 6. Probabilistic gambling task behavior by social context. Participants
increased risk-taking behavior when they believed an anonymous peer was
observing them, specifically on wheels where the probability of loss was
particularly high. Error bars are standard errors. **p < .01.
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fMRI Results
Whole-Brain Analyses: Main Effect of Decision Making (collapsed across wheel type)
A two-way ANOVA, where decision was the within-subjects variable and social
context was the between subject variable, did not produce any regions demonstrating a
significant main effect of social context, however several regions exhibited a main effect
of decision making. As predicted decision making elicited activation in the AIC (right:
35, 24, 3; left: -28, 24, 3), striatum, localized specifically within the caudate (8, 5, 9), and
right lPFC (51, 6, 38), among other regions (Figure 7, See Table 2 for a full list of
regions). Because the AIC, striatum, and lPFC were a priori regions of interest these
peak coordinates were used for ROI analyses to test the relationship between activation
and task behavior as well as used for ROI creation in all DCM analyses.

z =10
Figure 7. Whole brain analysis of main effect of decision making. Peak coordinates
of the AIC, lPFC, and striatum were used for ROI mask creation for modeling
analyses.
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Table 2. Whole brain analysis results: Main effect of decision making (collapsed across
wheel type and social context)
MNI
Region

hemisphere

k

x

y

z

precuneus

R

685

20

-75

54

caudate

R

513

8

5

9

middle occipital gyrus

R

500

51

-68

-16

cuneus

R

410

2

-82

11

cerebellum

L

367

-34

-65

-19

middle frontal gyrus

R

367

51

6

38

precuneus

L

361

-16

-75

54

209

2

28

40

cingulate
anterior insula

R

151

35

24

3

posterior cingulate

R

56

2

-30

27

anterior insula

L

49

-28

24

3

precentral gyrus

R

44

60

-4

5

middle frontal gyrus

R

12

29

57

12

p<0.001, F=38.68, cluster threshold of 10 voxels

ROI Activation and Task Behavior
The beta coefficients for AIC, lPFC, and striatum ROIs were extracted for each
subject in order to examine the relationship between activation during decision making
and task behavior. When correlated with total percentage of plays (collapsed across
wheel type and social context) higher activation of these regions was associated with
lower rates of overall plays [AIC: r=-.38, p=.02; striatum: r=-.41, p=.01; lPFC: r=-.35,
p=.03]. In other words, individuals who played less throughout the task recruited these
regions to a greater extent during decision making.

	
  

	
  

Whole-Brain Analyses: Decisions to Play vs. Decisions to Pass
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A direct comparison of decision type indicated that the bilateral AIC, striatum,
lPFC, middle frontal gyrus (BA 11), and precuneus were engaged to a greater extent
during decisions to play than decisions to pass. Clusters in the medial frontal gyrus (BA
10), visual cortex, left precentral gyrus, bilateral superior temporal gyrus extending into
the posterior insula, and bilateral parahippocampal gyrus showed greater recruitment
during decisions to pass (compared to play). No regions demonstrated social context
effects during decisions to play or decisions to pass.
Dynamic Causal Modeling
To explore the possibility of a temporally-dependent relationship between the
AIC, striatum, and lPFC, I first ran all 24 models (three initiator regions) through
Bayesian Model Selection (BMS) to determine the optimal driver during decision
making. These models were grouped into families based on their initiator (8 models for
each initiator region). For both decisions to play and decisions to pass the AIC was the
strongest initiator region (See Figure 8), as evidenced by the largest exceedance
probability for the family of AIC models. Since the AIC was the strongest initiator during
both decisions, only specific AIC models were included in BMS for decisions to play and
decisions to pass. BMS for decisions to pass indicated that Model 8 (fully reciprocal
connections between the AIC and lPFC, and lPFC and striatum. Significant connectivity
from the AIC to the striatum but not from the striatum to the AIC; See Figures 9a and 9b)
and Model 6 (fully reciprocal model) best fit the data during decisions to pass. Finally,
BMS for decisions to play indicated that Model 6 (fully reciprocal model) was the best

	
  

	
  

fitting model (See Figures 9c and 9d), with Model 2 (linear model from AIC to lPFC
to striatum) also demonstrating good fit.

Decisions to Play

Decisions to Pass

Figure 8. Bayesian Model Selection of the initiator region. The AIC
yielded the best fit for the initiator region during decisions to pass (a)
and decisions to play (b).
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Figure 9. Bayesian Model Selection for decisions to pass and decisions to play. The best
fit for the data was Model 8, indicating a indicating a bidirectional relationship between
the AIC and lPFC, lPFC and striatum, however while the AIC communicated with the
striatum, this relationship was not reciprocated (a), the posterior probabilities of
connections between all regions of interest were high, indicating strong connectivity
between all regions except from the striatum to the AIC (b). During decisions to play
Model 6, indicating a fully bidirectional model between the AIC, striatum, and lPFC,
was the best fit for the data (c), the posterior probabilities of connections between all
regions of interest were high, indicating strong connectivity between all regions (d).

Whole Brain Analysis: Decision Making by Wheel Type
Following the behavioral data highlighting the importance of variation in gain-toloss probabilities in decision making, particularly in the presence of peers, I next focused
analyses on the effects of wheel type (safe and risky) during the decision-making period
(collapsed across decision). Several regions, including the AIC, striatum, and lPFC,

	
  

	
  

demonstrated a main effect of wheel type (See Table 3 for a full list of regions). All
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three regions of interest exhibited greater activation while making decisions (collapsed
across plays and passes) on safe, compared to risky, wheels.

Table 3. Whole brain analysis results: Recruitment of regions by wheel type.
MNI
Region

hemisphere

k

x

y

z

Risky Wheels > Safe Wheels
cuneus

R

1374

11

-98

23

medial frontal/ BA 10

L

573

-1

61

2

superior temporal/ BA 6

R

328

60

-1

5

precentral gyrus

L

308

-25

-29

72

medial frontal gyrus/BA 6

L

226

-1

-16

54

precentral gyrus

L

114

-59

-1

9

inferior frontal gyrus

L

36

-46

30

-3

middle temporal gyrus

L

35

-59

-7

-9

insula

L

12

-34

-20

17

superior parietal/BA 7

R

5355

29

-69

54

middle frontal gyrus/BA 8

R

3755

51

6

45

precentral gyrus

L

453

-40

-3

35

cerebellum

L

66

-7

-71

-30

middle frontal /BA 9

L

41

-43

25

36

cerebellum

L

29

-34

-55

-47

Safe Wheels > Risky Wheels

_______________________________________________________________________
p<.005, cluster threshold of 10 voxels

	
  

	
  

AIC Activation and Task Behavior
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To examine the relationship between AIC activation during presentation of safe
and risky wheels, task behavior, and social context, the beta coefficients of the functional
mask for the main effect of wheel type was extracted. First, I tested the relationship
between AIC activation during presentation of safe wheels (collapsed across decision)
and the percentage of plays on those wheels, but there was no relationship between AIC
activation and task behavior on those wheels [right AIC: r= -.005, p=.98; left AIC: r=.15,
p=.35]. Additional analyses indicated that AIC activation during decisions to play on safe
wheels did not correlate with risk-taking behavior on those plays [right AIC: r=-.05,
p=.76; left AIC: r=.15, p=.38]; however when divided by social context, there were
marginally significant effects in both groups. In particular, during decisions to play on
safe wheels the alone group demonstrated a negative correlation between AIC activation
and rates of risk taking on those wheels [AIC: r=-.43, p=.06], suggesting a role for the
AIC in risk aversion (Figure 10). On the other hand, the peer group showed the opposite
effect – greater AIC activation during decisions to play on safe wheels was related to
higher rates of risk taking [AIC: r=.42, p=.07], suggesting a role for the AIC in risk
taking (Figure 10). In other words, the relationship between AIC activation and task
behavior differs between social contexts. In particular, AIC activation during plays in the
alone group suggests a role for this region in risk aversion while AIC activation in the
peer group indicates a role in risk taking.
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Figure 10. Scatterplot of the relationship between AIC activation and
percentage of plays on safe wheel types. Activation in the right AIC during
decisions to play on safe wheels was negatively correlated with percentage
to plays on those wheels for subjects in the alone group (a) but positively
correlated for subjects in the peer group (b).

Furthermore, during decision making on risky wheels (collapsed across decision),
higher rates of activation of the AIC were related to greater risk taking on these wheels,
across the sample [right AIC: r=.49, p<.001; left AIC: r=.60, p=.001] (See Figure 11).
However, this overall result is driven primarily by participants in the peer condition,
[right AIC: r=.51, p=.03; left AIC: r=.64, p=.003]; rather than those in the alone
condition [right AIC: r=-.01, p=.98; left AIC: r=.11, p=.66].
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Figure 11. Scatterplot of the relationship between AIC activation and percentage of
plays on risky wheel types. Activation in the AIC when presented with risky
wheels (collapsed across decision) was positively correlated with percentage to
plays on those wheels across the sample.

Based on the hypothesis that the AIC biases adolescents towards engaging in
risky behaviors, particularly when affective arousal is high, I also tested the mediating
effect of AIC activation on the effects of social context on risk-taking behavior during
risky wheels (i.e., when the peer effect was the largest, see Figure 12a). Both left and
right AIC activation were examined. The first step of the model demonstrated that social
context had a direct effect on the percentage of plays on risky wheels, β = 0.46, t = 3.09,
p=.004. When activation of the AIC was added to the model, the relationship between
social context and risk taking became non-significant [right: β = 0.29, t = 1.83, p=.08;
left: β = 0.22, t = 1.49, p=.14], implying a fully mediating effect of insular activation on
the increase in risk-taking behavior during peer observation (See Figure 12b and 12c). In
addition, the amount of variance explained by the model increased significantly when

	
  

	
  

AIC activation was added to the model [Right AIC: R2 change= .10, F(1, 35)=4.90,
p=.033; Left AIC: R2 change= .19, F(1, 35)=11.08, p=.002].

AIC Activation
Risky Wheels

a.

Social Context

Risk Taking
Right AIC

b.

AIC Activation
Risky Wheels

.47**
a

.49**
b

c’

Social Context

Risk Taking

.29
c

Social Context

Risk Taking

.46**
Left AIC

c.

AIC Activation
Risky Wheels

.48**
a
Social Context

Social Context

.60***
b

c’

Risk Taking

.22
c

Risk Taking

.46**

Figure 12. Mediating role of the AIC on risk-taking in the presence
of peers.
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Discussion
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The current study explored several aspects of the functional role of the AIC
during adolescent decision-making. First, functional connectivity analyses suggest that
the temporally-dependent relationship between activation of the AIC and regions
underlying cognitive and reward processes is established by mid-adolescence. This
circuit was engaged both during decisions to play and decisions to pass, in support of the
adaptive role of the AIC during decision making. Across the sample, increased activation
of the AIC, striatum, and lPFC during decision making was associated with less risky
behavior across the task, suggesting a broader role of the AIC in risk aversion. However,
in line with the AIC’s involvement in the processing of affective information, when the
affective context in which decisions are made is altered, the role of the AIC changes. In
our study when affective arousal was high (presence of peers) higher AIC engagement
during decision making was related to greater risk taking. In fact, on trials where the
decision to play was riskiest (high probability of loss) AIC activation fully mediated the
effects of peer observation on task behavior. Together these findings support our notion
that the AIC is involved during adolescent risk-taking, which may reflect its role in the
integration of cognitive and affective processes during decision-making. Notably, the
AIC plays a dynamic role in the decision-making process, engaging during both risktaking and risk-averse behaviors, a role that is dependent on the affective context in
which the decision is made.
Perhaps the most important findings in the current study are those relating to
functional connectivity between the AIC, lPFC, and striatum during decision making.
This relationship is a critical part of our proposed theory, and the current findings provide

	
  

	
  

preliminary support to the notion that the AIC is initiating the flow of information
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during adolescence and may bias individuals towards certain behaviors during this period
of life. While non-developmental studies have suggested that AIC activation may precede
activation of the central executive network (Hwang et al., 2011; Sridharan et al., 2008),
including prefrontal regions implicated in developmental theories, to our knowledge this
is the first study to demonstrate that this relationship is established by mid-adolescence.
Additionally, the fact that AIC engagement precedes striatal activation reinforces recent
findings of this relationship during reward anticipation (Cho et al., 2013) and extends its
role to include decision making. As mentioned previously, the temporal findings from
DCM analyses need to be interpreted with caution however these findings are in line with
previous DCM findings of insular function (Cho et al., 2013; Hwang et al., 2011;
Sridharan et al., 2008) and we believe they provide preliminary evidence that AIC is
contributing to the integration of information during decision-making. In particular, these
connectivity findings support our hypothesis that despite remodeling of neural networks
during adolescence the AIC is functioning as an information hub and may precede
engagement of both reward and control circuitry during decision making.
The importance of considering the role of the AIC during decision making is
evident in the recruitment and connectivity of this region during decisions to play and
decisions to pass. The AIC was recruited to a greater extent during decisions to play,
regardless of the riskiness of the decision, a pattern that was also seen in the lPFC and
striatum. In fact, functional connectivity analyses indicated a fully bidirectional
relationship between these three regions during decisions to take a gamble, suggesting
that adolescents are readily communicating between these regions when making risky

	
  

	
  

decisions. Communication between the AIC and reward regions during decisions to
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take a gamble is in line with our theory and other current developmental models.
The engagement of control regions during risk taking may seem counterintuitive
at first glance. It is important to remember that theories of adolescent decision-making
that focus on the protracted maturation and engagement of control circuitry during
adolescence are based on developmental comparisons. Instead of assuming that
adolescents are not engaging or communicating between these systems, these theories
highlight the engagement of these regions in adolescents, relative to adults. Furthermore,
engagement of control circuitry in adolescents is particularly susceptible to interference
from affective sources, such as the presence of peers (Chein et al., 2011). Despite the
ongoing development of self-regulation during adolescence, which we argue is due to
immaturity of AIC-lPFC connectivity, one would still expect these regions to
communicate during decision making, and that any limitations in this system would
emerge when making developmental comparisons or when affective arousal is increased.
In fact, there is evidence from the developmental literature that adolescents engage
control circuitry during decision making particularly on tasks where the outcome, or
feedback, is dependent on the participants’ decision (Barkley-Levenson, Van Leijenhorst,
& Galván, 2013; Rodrigo, 2014; Teslovich et al., 2013). Our results extend these findings
by demonstrating that communication between control and reward processing regions
during adolescent risk-taking is driven by the AIC and involves reciprocal
communication between all three regions.
Alternatively, during risk aversive decisions (decisions to pass), communication is
similar between the AIC and lPFC as well as between the lPFC and striatum, but

	
  

	
  

communication between the AIC and striatum is altered. In particular, communication
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from the striatum to the AIC is not significant, suggesting weaker engagement of reward
processing regions during risk-avoidant decisions. An interesting finding here is that
communication from the AIC to the striatum remains intact during decisions to pass,
whereas communication from the striatum to the AIC, is not, which may indicate a
change in the amount, or type, of information provided by the AIC. For instance, the AIC
may be signaling the striatum to avoid engaging in reward seeking behaviors or not
providing an adequate amount of information in order to initiate reward-seeking
behavior. While the specificity of this analysis, and neuroimaging in general, does not
allow for such a nuanced account of what is occurring during the strengthening and/or
weakening of connectivity, these findings suggest that alterations in the communication
between the AIC and systems underlying reward are associated with changes in risktaking behavior.
As evidenced in our connectivity findings, the AIC plays a dynamic role in the
decision-making process. The flexibility of the AIC during decision making is also
demonstrated in the changing relationships between AIC activation and task behavior in
the current study. I assessed the AIC’s relationship with participants’ tendency to engage
in risk taking (percentage of plays) during decisions to play across the whole sample and
under several different experimental manipulations, including differences in social
context and riskiness of the decision. Importantly, the relationship between AIC
activation and task behavior, which is presumably a reflection of the role of the AIC
during the decision-making process, was dependent on experimental manipulations of
arousal. Across the entire sample, higher AIC activation during decisions to play was

	
  

	
  

related to lower rates of risk taking in the task. This finding is in line with literature
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supporting the role of the AIC in loss aversion during decision making (Eshel et al.,
2007; Kuhnen & Knutson, 2005; Paulus et al., 2005; Venkatraman et al., 2009), and also
replicates past developmental findings of Eshel and colleagues (2007) who demonstrated
that while adults engaged the AIC more readily than adolescents during risk taking across
the whole sample, AIC activation was higher in more risk-averse individuals.
Taking into account the importance of affective arousal during adolescent
decision-making (Chein et al., 2011; Gardner & Steinberg, 2005) and the role of the AIC
in the transmission of information regarding affective information (Jones, Minati,
Harrison, Ward, & Critchley, 2011; Lovero et al., 2009), I examined this relationship
under different experimental manipulations. When the affective arousal of the task was
manipulated, by having participants complete the task under the impression that a peer
was observing them, higher activation of the AIC was associated with reward-seeking,
rather than risk-avoidant, behavior. This relationship is present during both safe (low
probability of loss) and risky (high probability of loss) decisions, despite the fact that the
behavioral effect of peers on risk taking is only evident during decisions involving risky
wheels. Importantly, AIC activation during the presentation of risky wheels fully
mediated the effects of peer observation on risk-taking behavior. In other words,
increases in risk taking during high arousal are governed by AIC engagement during
decision making. These findings suggest that the combination of affective arousal from
peer observation and the increased riskiness of a gamble alter the role of the AIC during
decision making and ultimately an individual’s behavior. More specifically, increases in
AIC activation during high arousal bias adolescents towards engaging in risky behaviors.

	
  

	
  

Both the reward-seeking role of the AIC during periods of high arousal and
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presumably greater amounts of affective information, and the loss-aversive role of the
AIC during low arousal support the hypothesized role of the AIC as a cognitiveemotional hub during adolescent decision-making, and more broadly points to the
importance of this region in processes that involve the influence of affective arousal on
adolescent behavior. While the mediating role of the AIC during decision making has
been demonstrated in studies of adults (Harlé, Chang, van 't Wout, & Sanfey, 2012; Jones
et al., 2011) these studies focus primarily on the role of the AIC in the processing of
negative emotions and possible negative consequences (Kuhnen & Knutson, 2005;
Paulus et al., 2003). The current study does not include a self-reported measure of
pleasure or excitement regarding the social interaction, and I cannot rule out the
possibility that the presence of a peer increases negative, rather than positive, emotions,
such as anxiety. Nonetheless, I find this explanation unlikely given previous studies
demonstrating increased reward sensitivity (Weigard et al., 2013) and engagement of
reward processing regions (Chein et al., 2011; Smith, Steinberg, Strang, & Chein, 2015)
during peer observation, and instead believe the presence of peers increases the amount
of positive affective information being processed by the AIC. Within our posited theory,
heightened arousal, paired with the immaturity of the AIC and its involvement in selfregulatory processes, increases the tendency that the AIC will communicate this
information to the striatum and bias adolescents towards engaging in risky behaviors.
Together the current results and more extended literature regarding the role of the
AIC during decision making suggest that the AIC is an important part of the decision
making circuitry in adolescence, particularly when the decision contains an emotional

	
  

	
  

component. The decision-making literature demonstrates that the relationship
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between AIC activation and risk-taking behavior (whether it increases or decreases ones’
tendency to take a risk) is related to individual differences in risk preference (Eshel et al.,
2007), previous task performance (Xue et al., 2010), and strategy (Venkatraman et al.,
2009). The current results add to these findings by suggesting that affective
manipulations also alter the role of the AIC during decision making, particularly among
groups of individuals who are particularly sensitive to affective stimuli, such as
adolescents.
These results suggest that the AIC is at least partially responsible for increases in
adolescent risk-taking during heightened affective arousal, which may be a result of
ongoing development of the AIC. Finally, these findings highlight our need to
understand how individual differences in AIC structure and function during adolescence
may increase, or decrease, engagement in risky behaviors.

	
  

	
  

CHAPTER 4
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CONCLUSIONS
Understanding the complicated role of the AIC in cognitive-emotional
interactions during adolescence is not an easy undertaking. However, this dissertation
has started to explain when, how, and why the AIC is a critical part of the developmental
story. In Study 1, I demonstrate that the AIC, and particularly the dorsal subregion,
demonstrates maturational changes during adolescence. Continued cortical thinning of
this region is believed to represent ongoing pruning that streamlines processing. For the
AIC, and the dAIC, in particular, it suggests continuing maturation with respect to
connectivity with prefrontal regions subserving a variety of cognitive processes. In Study
2, I demonstrate that the AIC is communicating with both control and reward circuitry
during adolescent decision-making. These findings provide evidence for the role of the
AIC in risk aversion during non-affective decision-making, however, when the context is
altered to increase affective arousal, AIC activation biases adolescents towards more
readily-accessed reward-seeking behaviors, such as risk taking.
Taken together, these studies reaffirm and extend several pieces of our proposed
theory. First, in our original theory the AIC was treated as a homogenous region,
however the cortical thickness findings suggest that the dorsal portion of the AIC may be
the critical region to focus future studies on. In fact, all of the AIC results discussed in
Study 2 are observed in the dorsal portion of the AIC, suggesting that this portion of the
AIC may be the locus of cognitive-emotional interactions, and the main node involved in
AIC’s role as a hub.

	
  

	
  

In fact, a recent study by Uddin and colleagues (2014) suggests just this.
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While surveying a large neuroimaging database (BrainMap) for peaks in insular
activation across a variety of experimental tasks and manipulations Uddin and colleagues
(2014) replicated the previous subregion parcellations examined by Deen (2011) and
Chang (2013), but also found considerable activation of the dAIC during both cognitive
and affective tasks. In particular, whereas the dAIC was heavily engaged during cognitive
and attentional tasks (during which the vAIC was not activated), portions of the dAIC
were also activated along with the vAIC during affective tasks (Uddin et al., 2014). The
authors interpreted these findings as evidence that the dAIC is the critical hub for the
integration of both cognitive and affective information, while the vAIC remains primarily
involved in affective processes. I believe this conceptualization of the dAIC is supported
by its activation during decision-making under conditions of low and high arousal in
Study 2. However, the lack of vAIC engagement particularly during periods of high
arousal, sparks additional questions regarding its role in adolescent cognitive-emotional
interactions.
If we assume the dAIC is the pivotal subregion involved in the integration of
emotional and cognitive information, as suggested by Uddin and colleagues, then
maturation of this subregion during adolescence, as demonstrated in Study 1, could have
significant behavioral consequences, particularly with respect to the integration of large
amounts of cognitive and emotional information, as demonstrated in Study 2. While the
relationship between continuing maturation of this subregion and risk-taking behaviors
still needs to be established, both of the studies in this dissertation suggest that the dorsal

	
  

	
  

portion of the AIC should be the focus of future studies and highlighted in theories of
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AIC involvement during adolescent decision-making.
Next, the flexible role of AIC engagement with risk-taking behavior in Study 2
reinforce the complexities involved in studying and understanding the AIC as a
cognitive-emotional hub. For instance, in Study 2 there were no differences in the
percentage of plays between the alone and peer groups on safe wheels and no group
differences in the overall engagement of the AIC during decisions to play on these
wheels; however, the relationship between activation and task behavior did differ
between groups. More specifically, during decisions to play on safe wheels AIC
activation in the peer group was related to greater risk-taking behavior while AIC
activation in the alone group was related to less risk-taking behavior. Had I not examined
how social context influences AIC engagement this potentially important finding could
have missed.
In a similar vein, if the AIC is involved in risk-seeking behavior during
adolescence and risk aversion during adulthood, the simple subtraction methods often
utilized in developmental studies may not show important developmental differences in
AIC engagement during decision making. In the current study a combination of
connectivity and explorative ROI analyses were needed to shed light on these
relationships, which is likely the case for other regions involved in complicated
interactions among brain structures. These findings emphasize the need for researchers to
utilize multiple methods and levels of analysis when examining complex cognitive and
emotional interactions, particularly during adolescence, when affective influences are
particularly salient.

	
  

	
  

In conclusion, both of the studies completed here extend our understanding of
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the AIC during this period of life by supporting the notion that this region is undergoing
developmental changes across adolescence and has a dynamic role in adolescent risktaking. While these findings begin to provide support for our proposed theory of AIC
involvement in adolescent decision-making future studies should continue to explore the
development of the AIC and its role in cognitive-emotional interactions during
adolescence.
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APPENDIX A
COEFFICIENTS FOR LINEAR REGRESSIONS RELATING AGE AND
CORTICAL THICKNESS INCLUDING SCANNING SITE

_______________________________________________________________________
Left Hemisphere

Right Hemisphere

B

SE B

β

R2

B

SE B β

R2

Scanning Site

.024

.035

.059

.008

.073

.033

.188**

.046

Sex

-.030 .030

-.086

.018

-.009 .033

-.026

.047

Age

-.007 .003

-.186*

.052

-.006 .003

-.163*

.073

Scanning Site

.113

.291***

.107

.219

.461*** .241

Sex

-.014 .026

-.042

.112

-.013 .030

-.030

.244

Age

-.008 .003

-.227**

.161

-.008 .003

-.189**

.278

Anterior Insula

Posterior Insula
.031

.036

Dorsal Anterior Insula
Scanning Site

-.112 .029

-.278*** .056

-.054 .034

-.131

.006

Sex

.003

.008

.024

.066

.008

Age

-.010 .003

.029

.056

.029

-.272*** .128

-.013 .003

-.354*** .130

.360*** .131

.260

.408*** .157

Ventral Anterior Insula
Scanning Site

.260

.059

Sex

-.062 .051

-.099

.141

-.062 .044

-.113

.168

Age

.001

.010

.141

.006

.005

.103

.178

.005

0.51

Precentral Gyrus
Scanning Site

-.015 .035

-.036

.002

.042

.034

.105

.011

Sex

-.001 .031

-.002

.002

.038

.030

.106

.022

Age

.003

.092

.011

-.001 .003

-.030

.023

***p<.001, **p<.01, *p<.05
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MODEL SPECIFICATION WITH lPFC AND STRIATUM AS INITIATIOR
REGIONS

