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The Structure and Function of Interoceptive Brain Regions in Adolescent Substance 
Users 

 
by 

 
 

Robyn Ashley Migliorini 
 
 
 

Doctor of Philosophy in Clinical Psychology 
 
 

University of California, San Diego, 2017 
San Diego State University, 2017 

 
 

Professor Susan F. Tapert, Chair 
 
 

 Background: Interoception refers to the central nervous system processes 

through which individuals become aware of their visceral feelings and internal body 

state. The interoceptive brain network, comprised of the insula, striatum, cingulate, and 

prefrontal cortex serves a homeostatic purpose, integrating internal and external signals 

with cognition, affect, and motivation to guide the regulation of body physiology. 

Substance use disorder (SUD) may be a manifestation of chronic, maladaptive attempts 

to regulate homeostasis via alcohol and other drug use. Yet little is known about how 

dysregulated interoception develops and whether interoceptive alteration precedes or is a 

consequence of heavy substance use. This project begins to address these questions with 

a series of three neuroimaging studies examining the functional and structural neural 

underpinnings of interoception in adolescent substance users.   
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 Methods: Adolescents ages 15-17 who met diagnostic criteria for SUD (SUD+ 

group), adolescents who had experimented with substances but did not meet criteria for 

SUD (EXP group), and non-using control adolescents (CON group) completed a clinical 

interview, questionnaires, structural neuroimaging, and two functional magnetic 

resonance imaging (fMRI) paradigms designed to induce pleasant and aversive 

interoceptive sensations. In the pleasant paradigm, adolescents experienced a soft brush 

stroke to the skin (17 SUD+, 19 EXP, 19 CON); during the aversive paradigm, 

adolescents were subjected to an inspiratory breathing load (17 SUD+, 15 EXP, 19 

CON). fMRI analyses examined group differences in blood oxygen level dependent 

(BOLD) signal change with linear mixed effects models. Gray matter volume, cortical 

surface area, and cortical thickness of key interoceptive regions were estimated using T1-

weighted structural data (24 SUD+, 28 EXP, 23 CON) and group differences were 

examined via ANOVA. Regression analyses were used to probe the relationship of 

substance use, clinical symptoms, and subject characteristics to neural structure and 

function of the insular cortex.    

 Results: Group differences were observed in BOLD response contrast within the 

interoceptive network (ps<.05), despite comparable task performance, similar levels of 

body awareness, and similar ratings of the pleasant and aversive sensations. During 

pleasant stimulation, SUD+ and EXP showed less BOLD response in posterior insula 

(PIC), anterior cingulate (ACC), and numerous frontal cortical regions compared to 

CON. SUD+ also demonstrated heightened BOLD response in the lentiform nucleus and 

had the greatest activation change from anticipation to stimulation in the dorsal anterior 

insula (AIC). During aversive stimulation, both SUD+ and EXP had exaggerated 
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activation patterns in the dorsal AIC, but only the SUD+ group showed a significantly 

elevated response relative to CON in the PIC. By contrast, the rostral AIC was sensitive 

to anticipating the aversive stimulus in the CON group but deactivated during this 

condition in the SUD+ group. In the frontal cortex, SUD+ had elevated activation to the 

aversive stimulus in the left ACC, yet blunted reactivity in the left middle frontal gyrus 

and right rostral ACC. Across all subjects, higher levels of sensation seeking were 

associated with decreased insula activation during aversive loaded breathing (p=.01) 

Groups did not differ on any brain volumetric, surface area, or cortical thickness variable 

examined (ps>.05)  

 Conclusions: Findings indicate that adolescent substance use history is associated 

with aberrant brain response patterns of interoceptive processing in the absence of group 

differences in subjective interoceptive awareness or gray matter morphology. The nature 

of this functional dysregulation depends on the valence of the physiological experience. 

That aberrant activation patterns were seen in youth with SUD, but also in adolescents 

with sub-clinical substance exposure advances the theory that differences in the 

perception and processing of visceral sensations may be, at least in part an early 

predisposing factor for substance misuse, rather than a consequence of addiction or long-

term substance exposure. By further elucidating a novel mechanism that may contribute 

to addiction risk, this study may aid in the development of innovative interventions to 

improve visceral processing.  
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I. INTRODUCTION 

For many individuals, chronic misuse of alcohol and drugs begins during teenage 

years. By 12th grade, 33% of adolescents have consumed alcohol in the past month and 

16% report recent binge drinking (Johnston, O’Malley, Miech, Bachman, & Schulenberg, 

2017). Moreover, 6% of 12th graders endorse daily cannabis use and 21% have tried an 

illicit drug other than cannabis (Johnston et al., 2017). Heightened risk taking and 

sensation seeking is normative during this time of increased independence. However, for 

some adolescents, substance experimentation leads to a pattern of disordered use. In a 

recent survey, an estimated 5.9% of youth ages 12-17 met criteria for alcohol or drug use 

disorders in the past year (SAMSHA, 2016). 

The study of adolescent substance users has important implications for addictions 

research more broadly. First, early alcohol and drug use is considered a risk factor for 

poor educational, psychiatric, health, and behavioral outcomes (Copeland, Rooke, & 

Swift, 2013; Latvala et al., 2014; Lepusic & Radovic-Radovcic, 2013; McNaughton 

Reyes, Foshee, Bauer, & Ennett, 2014; Rasic, Weerasinghe, Asbridge, & Langille, 2013). 

Second, adolescent substance use enhances risk for substance use disorder (SUD) in 

adulthood (Behrendt, Wittchen, Hofler, Lieb, & Beesdo, 2009; Bonomo, Bowes, Coffey, 

Carlin, & Patton, 2004; DeWit, Adlaf, Offord, & Ogborne, 2000) above and beyond 

genetic and familial factors (Grant et al., 2006). Third, studying substance use at the point 

of initiation can help differentiate early contributing factors from the consequences of 

heavy substance use seen in long term, chronic users. Adolescent substance use serves as 

a window into studying the neurobiology of individuals at risk for addiction.   

 Recent evidence suggests that aberrant interoception (i.e., the process by which
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visceral stimuli are processed in the central nervous system) may contribute to the 

addiction process. Across adult SUD populations, consensus is emerging that 

interoceptive brain activation is abnormally dampened during cognitive control tasks but 

enhanced when reward or drug cues are salient (Paulus & Stewart, 2014). Yet very little 

is known about when and how dysregulated visceral processing develops. Importantly, it 

is unclear whether interoceptive alteration precedes or is a consequence of heavy 

substance use. Examining both the structure and function of interoceptive brain networks 

in adolescents with varied alcohol and drug involvement can expand our understanding of 

addiction risk in the developing brain. Further elucidating an interoceptive mechanism for 

addiction may also aid in the development of treatment approaches targeting visceral 

awareness and homeostatic regulation.  

Interoception, Homeostasis, and Addiction 

Many human sensory systems are attuned to external stimuli (e.g., sight, sound, or 

smell), helping humans make sense of their world, fulfill basic needs, and avoid danger. 

Yet the ability to process internal body stimuli may be just as important to human well-

being and survival. For example, heartbeat, respiration, digestion, temperature, hunger, 

pain, itch, and arousal are visceral sensations that communicate the physiological state 

and integrity of the body. Myriad adaptive behaviors – such as eating when feeling 

hungry and changing the thermostat when feeling cold – rely on accurate perception of 

internal body states. This process by which the brain perceives, interprets, and evaluates 

visceral sensations is known as interoception (Craig, 2002, 2009b).  

The interoceptive network represents the salience and valence of the visceral 

sensations in context (Menon & Uddin, 2010). For instance, light scratching of the skin 
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may be very pleasant when the skin is itchy but mildly unpleasant otherwise. Alliesthesia 

is a term describing this principle, wherein the positive or negative valuation of a 

stimulus depends on an individual's body state (Cabanac, 1971). By integrating internal 

and external signals with higher order cognitive, affective, and motivational functions, 

interoception is serves a homeostatic purpose, ultimately guiding decisions about how to 

regulate body physiology (Craig, 2003).  

The choice to ingest substances of abuse can be thought of, in part, as an 

interoceptive decision. Alcohol, nicotine, cannabis, and other drugs impact visceral 

sensory systems and temporarily alter body physiology. When a person uses substances 

“to feel better” or “to avoid feeling worse,” they implicitly assess their current internal 

state and make a prediction about their future internal state. How these substance 

sensations are processed and evaluated is likely to influence future decisions to use or to 

abstain. Under this model, the degree to which alcohol and drugs are approached or 

avoided depends on the degree to which they bring the user closer to homeostatic 

equilibrium (Paulus & Stewart, 2014).  

According to the interoceptive theory of addiction, abnormal neural representation 

of the internal body state contributes to problematic substance use (Naqvi & Bechara, 

2010; Verdejo-Garcia, Clark, & Dunn, 2012). Distorted sensitivity or inaccurate appraisal 

of visceral signals could lead to long-term difficulty regulating physiological equilibrium. 

Thus, addiction may represent chronic, maladaptive attempts to regulate homeostasis via 

alcohol and drug use (Paulus, 2007; Paulus, Tapert, & Schulteis, 2009). 

Neural Underpinnings of Interoception 

The insular cortex, a region of deep cortex located within the Sylvian fissure 
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(Ture, Yasargil, Al-Mefty, & Yasargil, 1999), is the central hub of the brain’s 

interoceptive network. In 2007, Naqvi and colleagues documented that cigarette smokers 

who sustained insula lesions were significantly more likely than patients with other focal 

lesions to report a complete interruption in nicotine addiction, as if the body had 

“forgotten the urge to smoke” (Naqvi, Rudrauf, Damasio, & Bechara, 2007). This 

influential finding ignited a renewed focus on the insula and other interoceptive brain 

regions in neuroimaging studies of SUD (Paulus & Stewart, 2014; Verdejo-Garcia, Clark, 

& Dunn, 2012).  

Considered by some to be a distinct lobe of the brain, the insula is heterogeneous 

and complex in its structure, function, and connectivity (Augustine, 1996). Based on 

gross anatomical topography, the insula can be partitioned into anterior and posterior 

subregions. The anterior insular cortex (AIC) is comprised of five gyri: the anterior, 

middle, and posterior short insular gyri, the accessory insula gyrus, and the transverse 

insula gyrus. The posterior insula cortex (PIC), divided from the AIC by the central 

insula sulcus, contains the anterior and posterior long insula gyri (Ture et al., 1999). 

Underlying cytoarchitectural heterogeneity is consistent with these anatomical divisions. 

Specifically, the AIC is agranular, the PIC is granular, and the intermediate area between 

the two is a dysgranular transition zone (Ture et al., 1999). Functional connectivity 

analyses provide additional support for distinct AIC and PIC neural networks (Cauda et 

al., 2011; K. S. Taylor, Seminowicz, & Davis, 2009). However, some studies further 

subdivide the insula into three regions (separating the AIC into dorsal and ventral 

portions) (Chang, Yarkoni, Khaw, & Sanfey, 2013; Deen, Pitskel, & Pelphrey, 2011) or 

four regions (separating both AI and PI into dorsal and ventral portions, respectively) 
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(Kurth, Zilles, Fox, Laird, & Eickhoff, 2010). Importantly, this anterior-posterior 

differentiation begins early in life and is thought to reflect functional specialization 

(Alcauter, Lin, Keith Smith, Gilmore, & Gao, 2015). 

Visceral signals that are the primary interoceptive afferents to the insula are 

carried by small diameter afferents in the peripheral nervous system and lamina I 

spinothalamocortical tracts projecting to thalamic nuclei in the central nervous system 

(Craig, 2002). The primary interoceptive efferents from the insula include the ventral 

striatum, anterior cingulate cortex, and other frontal lobe regions. As a network, these 

regions correspond well to Noel, Brevers, and Bechara’s three system approach to the 

neurobiology of addiction wherein an impulsive/habitual striatum system, a 

reflective/decision-making frontal system, and an insular interoceptive and conscious 

feeling system together underlie maladaptive substance use (Noel, Brevers, & Bechara, 

2013). The functions, properties, and associations of key interoceptive brain regions are 

subsequently reviewed with a focus on their putative role in understanding addiction 

through an interoceptive lens.   

Posterior Insula. The PIC is considered the primary somatovisceral cortex – the 

interoceptive analog to primary somatosensory cortex – representing the physiological 

condition of the entire body. Visceral information from the periphery is thought to project 

first to the PIC before proceeding anteriorly within the insula (Craig, 2002). The PIC is 

broadly involved in interoceptive, perceptive, and sensorimotor processing (Cauda et al., 

2012) while the dorsal PIC appears to serve a specialized nocioceptive role in coding the 

intensity and physical location of pain (Frot, Faillenot, & Mauguiere, 2014; Segerdahl, 

Mezue, Okell, Farrar, & Tracey, 2015). The network relationships of the PIC underscore 
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its role as a convergence zone for processing and relaying physiological body signals. By 

quantifying synchronous fluctuations in intrinsic brain activity, previous research 

demonstrated PIC functional connectivity with primary motor and sensory cortices, 

middle and posterior cingulate, and temporal cortex (Chang et al., 2013; Deen et al., 

2011; K. S. Taylor et al., 2009; Uddin, Kinnison, Pessoa, & Anderson, 2014). 

Anterior Insula.  The AIC integrates somatovisceral signals into a conscious 

representation of the body state, indexing both subjective relevance and emotional 

salience (Cauda et al., 2012; Craig, 2002). The ventral portion of the AIC appears 

particularly attuned to affective, chemosensory, and autonomic components of an 

interoceptive experience (Chang et al., 2013). That AIC activation is seen in both 

interoceptive and emotion monitoring suggests that affective experience and internal 

body states share AIC as a key neural substrate (Zaki, Davis, & Ochsner, 2012). The AIC 

is also thought to play a specialized role the anticipation of future pleasant (Lovero, 

Simmons, Aron, & Paulus, 2009) or unpleasant stimuli (Sarinopoulos et al., 2010). 

Higher order cognitive aspects of the interoceptive experience are also processed by the 

AIC, particularly in the dorsal portion (Chang et al., 2013; Touroutoglou, Hollenbeck, 

Dickerson, & Feldman Barrett, 2012).  

Overall, by consciously representing the valence and significance of present and 

anticipated arousal, the AIC may act as an integrative hub, coordinating the function of 

other brain regions to process and respond to visceral feelings (Menon & Uddin, 2010). 

As a central node in a broad network, the AIC is connected to lateral frontal, medial 

frontal, and orbitofrontal regions, amygdala, anterior and middle cingulate cortex, 

anterior temporal cortex, and superior parietal cortex (Chang et al., 2013; Deen et al., 
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2011; K. S. Taylor et al., 2009; Uddin et al., 2014; Zielinski, Gennatas, Zhou, & Seeley, 

2010). Striatal reward areas, such as the nucleus accumbens, are also modulated by the 

AIC (Cho et al., 2013). This pattern of connectivity develops during adolescence and 

appears consistent with adult networks by age 16 (Zielinski et al., 2010). These 

neuroanatomical pathways also highlight how altered insula function could influence 

development and maintenance of addiction via downstream effects on motivation, 

emotion, and behavior. 

Anterior Cingulate Cortex. The anterior cingulate cortex (ACC) is a region in 

the medial frontal lobe that is involved in a wide range of regulatory, attentional, and 

affective processes. Response inhibition, conflict monitoring, and representation of pain 

and emotional states all rely on the ACC (Albert, Lopez-Martin, Tapia, Montoya, & 

Carretie, 2012; Braver, Barch, Gray, Molfese, & Snyder, 2001; Garavan, Ross, Murphy, 

Roche, & Stein, 2002; Ichikawa et al., 2011; Kerns et al., 2004). This region is also a 

node in the interoceptive network, integrating cognitive and motivation states with 

sensory and affective signals (Critchley et al., 2003). In this way, the ACC connects 

arousal to behavioral planning.  

The ACC can be subdivided into dorsal or pregenual ACC region, which is 

considered primarily cognitive, and a rostral-ventral or subgenual ACC region, which is 

considered primarily affective (Bush, Luu, & Posner, 2000; Vogt, 2005). Both areas 

show a pattern of strong connectivity with the AIC (Deen et al., 2011; K. S. Taylor et al., 

2009), comprising a functional system for self-awareness (Craig, 2009a) and salience 

monitoring (Seeley et al., 2007). In this vein, Medford and Critchley propose that the 

conscious interoceptive body state, first created in the AIC, is re-represented in the ACC 
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and utilized to prepare an intentional response to internal and external stimuli (Medford 

& Critchley, 2010). It may also play an important role in the ability to learn reward and 

punishment contingencies for physically-salient stimuli (Metereau & Dreher, 2013). 

Given this putative role in interoceptive integration, it is unsurprising that the ACC also 

connects with the orbitofrontal cortex, nucleus accumbens, caudate, amygdala, 

dorsolateral parietal and superior temporal cortex, prefrontal and premotor cortices, and 

supplementary motor area (Cao et al., 2014; Torta & Cauda, 2011; Yu et al., 2011) 

Striatum. The striatum refers to a collection of subcortical gray matter nuclei, 

commonly divided into dorsal and ventral regions. The ventral striatum includes the 

nucleus accumbens and the ventral/rostral portion of the caudate and putamen and is 

thought to play a critical role in incentive-based valuation (Haber, 2011). In the context 

of interoception, the ventral striatum can code the valence and magnitude of visceral 

sensations, tracking the reward value of an interoceptive stimulus.  The ventral striatum is 

also sensitive to prediction error, or the difference between a predicted reward outcome 

and an actual reward outcome, for both positive and negative stimuli (Jensen et al., 2007; 

Pagnoni, Zink, Montague, & Berns, 2002). Compared to the ventral striatum, which 

appears specialized for appetitive and motivational reactivity, the dorsal striatum is 

considered to play more of a role in cognitive and motor aspects of reward learning and 

goal directed action (Balleine, Delgado, & Hikosaka, 2007). For example, the dorsal 

striatum has been shown to be sensitive only to rewards tied to specific behaviors, 

referred to as action-reward contingency (Tricomi, Delgado, & Fiez, 2004). As a key 

component of dopaminergic cortico-striatal loops, the associations between the striatum 

and other brain regions are numerous. Prominent connections include the prefrontal 
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cortex, orbitofrontal cortex, amygdala, hippocampus, thalamus, hypothalamus, ACC, and 

AIC (Chikama, McFarland, Amaral, & Haber, 1997; Haber, 2011; Haber, Lynd, Klein, & 

Groenewegen, 1990; Manza et al., 2015; Soriano-Mas et al., 2013).  

 Prefrontal Cortex. Large in area and functionally diverse, the prefrontal cortex 

(PFC) is relevant to interoceptive processing in numerous ways. The orbitofrontal cortex 

(OFC), which is the most anterior inferior frontal region, codes the valence of appetitive 

versus aversive visceral stimuli (Jensen et al., 2007; Rolls et al., 2003) and guides 

reward-based goals and decision making (Hare, O'Doherty, Camerer, Schultz, & Rangel, 

2008). While previously considered a strictly cognitive region, the lateral PFC is also 

thought to participate in value-driven decision options, linking cognitive control and 

reward motivation (Dixon & Christoff, 2014). Some frontal regions may specialize in 

more executive aspects of the stimulus-response system. For example, the inferior frontal 

gyrus is important for motor response inhibition (Rodrigo et al., 2014). This type of 

inhibitory self-control is particularly important in the context of maladaptive behaviors, 

such as substance use, where reward of fulfilled craving must be weighed against the risk 

of obtaining or using the drug. Overall, the frontal cortex engages motivation and value 

judgments, weighs risk and reward, and activates self-control and planning in order to 

guide current and future approach and avoidance decisions (Goldstein & Volkow, 2002). 

Choice to use substances to feel better, change arousal levels, fulfill cravings, or avoid 

withdrawal all rely on complex interactions between frontal cortical regions and the 

broader interoceptive network. 

Neuroimaging of Interoceptive Brain Regions 
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Brain imaging has significantly shaped our understanding of normal and abnormal 

interoceptive processes. The neuroimaging literature that informs the current study on 

adolescent substance use is subsequently discussed.   

Functional Neuroimaging. Functional magnetic resonance imaging (fMRI) 

measures blood oxygenation level dependent (BOLD) changes in the brain.  By 

contrasting BOLD during an experimental versus a control condition, it is possible to 

measure task-specific patterns of neural activation.  

fMRI and interoception: Normal adolescent development. The trajectory for 

normal interoceptive maturation in the central nervous system is highly understudied. 

Interoceptive awareness appears to decline across adulthood (Khalsa, Rudrauf, & Tranel, 

2009), but little is known about interoception in adolescence. Only one study to date has 

investigated the neurodevelopmental trajectory of interoception across adolescence (Li, 

Zucker, Kragel, Covington, & LaBar, 2016). This study found that the activation of the 

PIC during interoceptive regulation demands was unchanged across age, while the dorsal 

AIC activity had a linear correlation with age, activating more strongly during late 

adolescence. Activation of the ventral AIC showed a quadratic pattern, peaking in mid-

adolescence (around ages 14-15). In another study, May and colleagues compared fMRI 

BOLD response to a pleasant interoceptive stimulus (a soft brush stroke on the skin) in 

adolescents 15-17y, young adults 20-28y, and mature adults 29-55y (May, Stewart, 

Tapert, & Paulus, 2014). They found that adolescents had greater activation of the PIC 

compared to either adult group during the pleasant stimulus. Adolescents also had greater 

activation of the inferior frontal gyrus and lentiform nucleus, but only compared to 

mature adults.  
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In contrast to the paucity of direct investigations of visceral processing, a 

multitude of fMRI evidence suggests that the adolescent brain is hyperactive to reward 

more generally. Enhanced neural sensitivity to reward is characterized primarily by 

exaggerated nucleus accumbens response that peaks in the mid-teenage years paired with 

hypoactivity of cognitive control regions (Braams, van Duijvenvoorde, Peper, & Crone, 

2015; Galvan et al., 2006). This imbalance is thought to reflect the fact that hedonic 

striatal regions mature more quickly than regulatory frontal and cingulate cortex (Casey, 

Getz, & Galvan, 2008; Van Leijenhorst et al., 2010). Yet despite this neural 

predisposition, not all adolescents engage in risky behaviors. This may be because 

adolescents have a very wide range of individual differences in BOLD response to risk 

and reward compared to adults (van Duijvenvoorde et al., 2015). Overall, increased 

responsiveness to reward and visceral pleasure combined with high risk-tolerance could 

lead to increased alcohol and drug experimentation.  

fMRI and interoception: Substance use disorders. Direct manipulation of 

visceral sensations during fMRI acquisition has provided rich information about 

interoceptive functioning in addiction. To date, two studies have examined BOLD 

responses to a pleasant and aversive interoceptive probe in adolescents with SUD. Using 

a pleasant soft touch to the skin, Migliorini and colleagues documented blunted 

somatovisceral processing in the PIC and right medial and middle frontal gyri relative to 

non-using controls (Migliorini, Stewart, May, Tapert, & Paulus, 2013). Meanwhile, AIC 

and lentiform nucleus showed heightened sensitivity to the soft touch. Conversely, these 

same adolescents had exaggerated PIC response to an aversive physical stimulus 

(difficulty inhaling, or ‘loaded breathing’) compared to controls (Berk et al., 2015). In 
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this study, poorer body awareness was associated with greater activation of PIC and 

middle frontal gyrus during breathing load in youth with SUD. 

These same fMRI tasks have also been administered to adults with SUDs. Results 

highlight the possibility that interoceptive dysregulation may fluctuate over the clinical 

course of addiction. Using the pleasant soft touch stimulus, methamphetamine dependent 

adults demonstrated decreased activation compared to controls across insular, striatal, and 

frontal regions (May, Stewart, Migliorini, Tapert, & Paulus, 2013). On the other hand, 

young adults who recently transitioned to stimulant dependence showed increased AIC 

and inferior frontal gyrus activation (Stewart, May, Tapert, & Paulus, 2015). In contrast 

to adolescents, opposite patterns of activation have also been found in current stimulant 

users (Stewart, Juavinett, May, Davenport, & Paulus, 2015; Stewart, Parnass, May, 

Davenport, & Paulus, 2013) and abstinent methamphetamine dependent adults (Stewart 

et al., 2014) during aversive loaded breathing, characterized by dampened AIC, PIC, 

ACC, and inferior frontal gyrus BOLD signal.  

Cue reactivity fMRI studies also reveal altered functioning of interoceptive 

networks, perhaps due to the viscerally salient nature of alcohol and drug cues in chronic 

users. When exposed to these cues, substance-using individuals demonstrated 

hyperactivity of the insular cortex, ACC, dorsal striatum, and dorsal and medial PFC 

relative to healthy controls (Engelmann et al., 2012; Filbey, Schacht, Myers, Chavez, & 

Hutchison, 2009; Kim, Han, Min, Kim, & Cheong, 2014; Tapert, Brown, Baratta, & 

Brown, 2004). Importantly, the physiological body state appears to influence this effect. 

For example, if a state of substance deprivation is created, neural hyperactivity is further 

magnified (Engelmann et al., 2012). In addition, subjective reports of craving correlate 
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with cue-induced insula activation (Goudriaan, de Ruiter, van den Brink, Oosterlaan, & 

Veltman, 2010; Luijten et al., 2011; Wetherill et al., 2014). Altered cue reactivity has 

been associated with both relapse risk and treatment outcomes in adults with SUD 

(Courtney, Schacht, Hutchison, Roche, & Ray, 2016). Elevated neural cue reactivity has 

also been found to precede and to predict the transition to heavy alcohol use in college 

students (Dager et al., 2014) and may represent a risk factor for addiction.  

 Substance use disorders are also associated with more general reward 

dysfunction. Numerous fMRI studies describe aberrant brain response to non-substance 

rewards, such as monetary gains. As with cue reactivity, non-drug rewards produce 

exaggerated activation in key interoceptive regions. For instance, cocaine-dependent 

adults had elevated ventral striatum, caudate, and insula activity during notification of 

reward receipt (Jia et al., 2011). In adolescent binge drinkers, BOLD signal during a 

gambling task was elevated in the insula and attenuated in the OFC (Xiao et al., 2013). In 

this study, insula response was associated with drinking problem severity – youth with 

more severe use demonstrated the most elevated insula activation. Notably, abnormal 

general reward activation patterns may also precede the onset of SUDs. Adolescents at 

risk for developing substance use problems have showed heightened ventral striatum, 

ACC, and AIC activation during risky decision making (Hulvershorn et al., 2015). 

 BOLD differences in interoceptive regions also emerge in executive functioning 

and decision making tasks. In adults, hypoactivity of the insula and ACC during 

cognitive control, inhibition, and error-monitoring tasks has been reported in individuals 

with significant cannabis (Hester, Nestor, & Garavan, 2009), methamphetamine (Nestor, 

Ghahremani, Monterosso, & London, 2011), and cocaine use histories (Kaufman, Ross, 
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Stein, & Garavan, 2003). Moreover, dampened frontal inhibitory engagement has been 

shown to predict transition to substance use problems in adolescents (Mahmood et al., 

2013; Norman et al., 2011). However, when alcohol cues were combined with a go/no-go 

inhibition task, young adults (18-22y) showed greater BOLD response in the insula, 

cingulate and dorsolateral and medial frontal cortex during inhibitory control (Ames et 

al., 2014).  

In summary, direct induction of pleasant and unpleasant visceral sensations has 

illuminated deviant insular, cingulate, striatal, and frontal functioning across SUD 

populations that varied in age, drugs of choice, and duration of disorder. fMRI studies 

have also revealed that key interoceptive brain regions activate abnormally during a 

variety of other tasks. Specifically, these regions tend to be hypoactive during executive 

functioning demands but hyperactive during drug and alcohol cues and non-substance 

related reward. However it remains unclear whether changes to interoceptive circuitry 

precede or are a consequence of heavy substance use. For example, it is possible that the 

neurotoxic effects of early alcohol and drug use cause abnormal insula development in 

adolescence, leading to observed differences in brain activation. While no studies have 

examined interoception directly in at-risk youth, aberrant BOLD patterns have been 

detected prior to the onset of SUDs in other experimental paradigms. It is also 

conceivable that substances of abuse exert temporary influence on the neural milieu such 

that abnormal functioning is seen after recent substance use. In this vein, there is some 

evidence that functional abnormalities can remit with abstinence (Brumback et al., 2015; 

Jacobus et al., 2012). Another possibility is that long-term alcohol and drug use may 

directly damage neural tissue, leading to permanent changes in BOLD activity. 
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Prospective studies are required to disentangle these potential mechanisms of 

interoceptive dysregulation in addiction, yet cross sectional comparisons of youth with 

varying histories of substance use and addiction may shed some light.   

Structural Properties of Interoceptive Brain Regions. In structural magnetic 

resonance imaging (MRI), high-resolution anatomical images yield information about the 

size and shape of gray and white matter. While a variety of structural metrics are 

available, gray matter volume has been most widely studied. For cortical gray matter, 

volume is the mathematical product of cortical thickness and surface area, two indices 

that are thought to be phenotypically and genetically independent (Panizzon et al., 2009; 

Rakic, 1988, 2009) and follow distinct developmental trajectories (Wierenga, Langen, 

Oranje, & Durston, 2014). The following review focuses on gray matter morphology of 

interoceptive brain regions.  

Structural MRI and Interoception: Normal Adolescent Development. 

Adolescence marks a period of dynamic anatomical brain change. In the course of normal 

maturation, gray matter expands, peaks, and then declines in volume (Giedd & Rapoport, 

2010; Raznahan et al., 2011). While the underlying mechanism for gray matter reduction 

has not been firmly established, it is hypothesized that synaptic pruning and subsequent 

refinement of neural connections may be responsible (Whitford et al., 2007). A 

significant portion of gray matter decline occurs during the teenage years and stabilizes 

during the second and third decade of life (Giedd et al., 2015). Yet this process is far 

from uniform. The timing and rate of gray matter developmental trajectories vary 

substantially across brain regions. For example, evidence suggests that lower-order 

sensory and motor areas mature earlier while higher-order cognitive areas evince later 
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and more protracted change (Gogtay et al., 2004). In addition, there is regional variation 

in trajectory shape (i.e., linear, quadratic, and cubic), which may relate to underlying 

differences in regional cytoarchitecture (Shaw et al., 2008).  

In an analysis of cortical thickness maturation in 3.5 to 33 year olds, Shaw and 

colleagues found that a quadratic trajectory best describes the majority of the insular 

cortex (Shaw et al., 2008). Exceptions were seen in the most anterior portion of the AIC, 

which showed linear decline with age, and the most posterior portion of the granular PIC, 

which followed a more complex cubic pattern of change. Consistent with this finding, 

Churchwell and Yurgelun-Todd observed linear cortical thinning in the AIC across 10-22 

year olds, but non-significant linear age changes in the PIC over the same time period 

(Churchwell & Yurgelun-Todd, 2013). Aside from the most anterior region, the insula 

has demonstrated a uniquely protracted profile of development. In Shaw and colleagues’ 

sample, the body of the insula was estimated to attain peak cortical thickness near age 18 

and did not stabilize by the third decade of life. Meanwhile, in the frontal lobe most 

cortical regions were best described by cubic changes, reaching peak cortical thickness 

around age 10 (Shaw et al., 2008). The ACC may mature slightly later than the rest of the 

frontal lobe, reaching maximal thickness at approximately 12-13 years of age before 

declining (Shaw et al., 2008). Other authors have found largely linear decreases in 

cortical thickness across adolescence, based on a sample of individuals 7-23 years of age 

(Wierenga, Langen, Oranje, et al., 2014).  

Wierenga and colleagues also examined cortical surface area maturation. They 

reported that cortical surface area peaks later than cortical thickness across the entire 

cortex, follows a cubic trajectory, and varies by gender (Wierenga, Langen, Oranje, et al., 
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2014). This is compatible with the finding that typically developing adolescents reach 

peak cortical surface area in the frontal lobes between ages 12-13 (Shaw et al., 2007), 

which is 2-3 years later than estimates of maximal cortical thickness. Subcortical gray 

matter also undergoes change during the teenage years. In the striatum, linear age-related 

decreases were seen in the volume of the caudate, putamen, and nucleus accumbens 

(Ostby et al., 2009; Wierenga, Langen, Ambrosino, et al., 2014).  

Structural MRI and Interoception: Substance Use Disorders. One of the most 

widely reported patterns of morphological brain change in SUD is that of reduced brain 

volume compared to non-using controls. Considering the potential role of the insula in 

addiction, it is notable that decreased volume of the insular cortex has been associated 

with heavy alcohol (Durazzo et al., 2011; Senatorov et al., 2015), cocaine and 

amphetamines (Mackey & Paulus, 2013), cigarette (Stoeckel, Chai, Zhang, Whitfield-

Gabrieli, & Evins, 2015), and cannabis (Battistella et al., 2014) use in adulthood. While 

the adolescent substance use literature is less consistent, many reports of decreased gray 

matter size involve key interoceptive regions. For example, adolescent cannabis users 

have exhibited decreased cortical thickness in the insula, middle frontal, and superior 

frontal regions, all of which are important for interoceptive processing (Lopez-Larson et 

al., 2011). Moreover, adolescent cannabis users showed diminished medial OFC volume 

(Churchwell, Lopez-Larson, & Yurgelun-Todd, 2010). Adolescent drinkers demonstrated 

reduced PFC volume (De Bellis et al., 2005), consistent with the notion that the frontal 

lobes are particularly vulnerable to the deleterious effects of alcohol (Sullivan & 

Pfefferbaum, 2005).  
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Substance use initiation may have untoward effects on normal structural 

neurodevelopment. In this vein, age-related reductions in volume were accelerated in 

youth who transitioned to regular alcohol use compared to non-using controls in both the 

lateral frontal cortex (Squeglia et al., 2015) and right middle frontal gyrus (Luciana, 

Collins, Muetzel, & Lim, 2013). Altered developmental trajectories could also underlie 

observed gender differences in the impact of substance use on neural structure, as girls’ 

and boys’ brains may mature at different rates. In general, young female drinkers have 

been found to have thicker cortices and larger volumes than female controls while young 

male drinkers have thinner cortices and smaller volumes than male controls. The frontal 

pole, medial OFC, and rostral ACC (Squeglia et al., 2012), along with the thalamus and 

putamen (Fein et al., 2013) have demonstrated these gender effects.  

Altered gray matter structure may also precede substance use initiation, 

constituting a risk factor for future addiction. In support of this theory, preexisting 

differences in the OFC have been related to cannabis use, with smaller volumes at age 12 

predicting the onset of cannabis use by age 16 (Cheetham et al., 2012). Smaller left ACC 

volumes in early adolescence also predicted greater problem drinking at age 16 

(Cheetham et al., 2014). Another study also noted that diminished left cingulate and 

bilateral rostral ACC volumes at baseline could distinguish youth who later transitioned 

to heavy alcohol use (Squeglia et al., 2014). 

 In summary, insula reductions have been consistently reported across adults with 

SUD. In adolescent alcohol and drug users, some evidence of altered morphology of the 

insula, PFC, ACC, and striatum has been suggested. It has not been well established 

whether observed differences in volume are due to underlying differences in cortical 
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thickness, cortical surface area, or both. Future studies are required to better characterize 

morphological abnormalities and clarify the nature of longitudinal gray matter change in 

these populations.   

Purpose and Specific Aims 

 Aberrant neural processing of visceral information and subsequent homeostatic 

dysregulation may contribute to the onset and maintenance of SUDs. This putative 

mechanism is supported by numerous neuroimaging in adults with SUDs that report 

abnormalities in key interoceptive regions such as the insula, ACC, striatum, and PFC 

(see (Paulus & Stewart, 2014). Together these regions bring the valence and salience of 

internal body sensations to bear on motivational, emotional, and behavioral outcomes. 

However, few studies have taken a developmental approach to interoceptive research. To 

date, only two investigations have directly probed interoception in adolescent substance 

users and neither has included youth in the early stages of alcohol and drug involvement. 

Improved understanding of the risk factors and mechanisms for addiction in youth is 

particularly important given that maladaptive alcohol and drug use often begins in the 

teenage years and carries significant personal and social costs.   

The purpose of this study was to explore the structural and functional correlates of 

interoceptive processing in a broad, cross-sectional sample of adolescents. This study is 

unique in that it included substance naïve controls (CON), subclinical substance 

“experimenters” who recently transitioned to regular alcohol and/or other drug use 

(EXP), and adolescents who meet full clinical criteria for SUD (SUD+).  To provide a 

comprehensive view of interoceptive brain networks, this study utilized two analogous 

fMRI paradigms that directly induce pleasant or aversive physical sensations. A high-
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resolution anatomical scan was also available for morphological analysis. By examining 

brain structure and function early in the substance use trajectory I sought to shed light on 

the degree to which altered interoception precedes or is a consequence of heavy 

substance use. Elucidating novel mechanisms that contribute to addiction risk, such as 

interoceptive dysregulation, may aid in the development of innovative interventions that 

target visceral processing, which could in turn improve clinical outcomes for vulnerable 

youth and individuals with SUDs. 

Specific aims and hypotheses detailed below were derived from existing 

neuroimaging literature in adolescent substance users and youth at risk. To summarize, 

previous research indicates that activation of the PIC and PFC is blunted during pleasant 

physical sensations but elevated during aversive physical sensations (Berk et al., 2015; 

Migliorini et al., 2013) and that visceral pleasure and other rewarding stimuli produce 

exaggerated striatal and AIC response in young substance users (Engelmann et al., 2012; 

Migliorini et al., 2013; Tapert et al., 2004; Wetherill et al., 2014). Similar brain responses 

have also been seen in youth at high risk of developing a SUD (Dager et al., 2014; 

Hulvershorn et al., 2015). Furthermore, diminished gray matter volume and thickness of 

the insula, PFC, and ACC is associated with adolescent substance use and some structural 

change appears to predate and predict substance initiation (Cheetham et al., 2012; 

Cheetham et al., 2014; De Bellis et al., 2005; Lopez-Larson et al., 2011; Squeglia et al., 

2014; Squeglia et al., 2015). In line with the theory that interoceptive dysregulation 

impacts initial motivation to use substances even before addiction develops, it is 

hypothesized that both EXP and SUD+ will evince aberrant brain activation patterns and 

gray matter morphology compared to CON.  
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 Aim 1: Examine blood oxygen level dependent (BOLD) response during 

direct pleasant interoceptive stimulation, comparing substance-using adolescents 

with and without clinically significant SUD symptoms and non-using controls. To 

assess group differences in BOLD signal associated with a positively-valenced 

interoceptive stimulus, this study used an fMRI paradigm (Soft Touch Task) previously 

rated as moderately pleasant and shown to activate interoceptive networks in adolescents 

and adults with SUDs (May et al., 2013; Migliorini et al., 2013; Stewart, May, et al., 

2015). 

 Hypothesis 1. It was hypothesized that SUD+ and EXP youth would show less 

BOLD response in PIC, ACC, and frontal cortex but elevated response in the striatum 

and AIC during pleasant visceral stimulation compared to controls.  

 Aim 2: Examine blood oxygenation level dependent (BOLD) response during 

direct aversive interoceptive stimulation, comparing substance-using adolescents 

with and without clinically significant SUD symptoms and non-using controls. To 

assess group differences in BOLD signal associated with a negatively-valenced 

interoceptive stimulus, this study used an fMRI paradigm (Breathing Load Task) 

previously rated as moderately unpleasant and shown to activate interoceptive networks 

in adolescents and adults with SUDs (Berk et al., 2015; Stewart, Juavinett, et al., 2015; 

Stewart et al., 2014). 

 Hypothesis 2. It was hypothesized that SUD+ and EXP youth would show greater 

BOLD response in insular and frontal cortex during aversive visceral stimulation 

compared to controls. 

 Aim 3: Examine group differences in gray matter structure of key 
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interoceptive regions, comparing substance-using adolescents with and without 

clinically significant SUD symptoms and non-using controls. Gray matter 

morphological analyses were conducted on measures of cortical thickness, cortical 

surface area, and volume in the following regions of interest: insula, ACC, striatum, and 

frontal cortex.  

Hypothesis 3. It was predicted that SUD+ and EXP youth would show gray 

matter size reductions compared to controls in insula, ACC, striatum, and frontal cortex.  

 Aim 4: Examine the relationship between clinical and substance use variables 

and altered neural structure and function of interoceptive regions. BOLD percent 

signal change and gray matter morphology of the insula was regressed against lifetime 

substance use, severity of clinical SUD symptoms, and other addiction risk factors such 

as impulsivity, sensation seeking, and body awareness variables.  

Hypothesis 4. Across all participants, it was expected that BOLD percent signal 

change and gray matter morphology of the insula would be linearly related to substance 

use risk factors over and above substance use exposure. 

Chapters I-IV, in part, are currently being prepared for submission for publication 

of the material in two manuscripts: Migliorini, R., May, A. C., Stewart, J. L., Berk, L., 

Paulus, M. P., & Tapert, S. F. and Migliorini, R., May, A. C., Stewart, J. L., Paulus, M. 

P., & Tapert, S. F. The dissertation author was the primary investigator and author of this 

material.
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II. METHODS 

Subjects 

This study included three groups of adolescents 15 to 17 years of age with varied 

alcohol and drug use histories. Participants were recruited from local high schools via 

fliers sent in the mail or distributed on campus (Migliorini et al., 2013). Adolescents and 

their parents completed a brief phone screen to determine eligibility. Written informed 

consent was obtained from each parent or legal guardian and assent was obtained from 

each adolescent in accordance with the University of California, San Diego Human 

Research Protections Program. Structural MRI data proposed for analysis were collected 

from subjects tested from 2010-2015 across Wave 1 and Wave 2 of the study (n=108). A 

subset of this total sample (n=55) completed two fMRI tasks of pleasant and aversive 

interoceptive sensations. fMRI data were collected from 2010-2012 during Wave 1 of the 

study.  

Inclusion/Exclusion Criteria and Group Characterization. For inclusion in the 

proposed study, adolescents had to be aged 15:0 to 17:11, fluent in English, and meet 

requirements for one of three substance use groups detailed below. General exclusionary 

criteria for all groups were: any DSM-IV Axis I psychiatric disorders independent of 

substance use; current use of psychoactive medication; neurological disorder; head injury 

with loss of consciousness >2 minutes; learning disability; severe medical disorder; major 

sensory impairments; complicated or premature birth; prenatal alcohol or drug exposure; 

MRI contraindications; and left handedness.  All subjects were non-treatment seeking 

during study participation.  

SUD+ group. The SUD group (SUD+) was defined by moderate
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to high substance use with concurrent SUD. Minimum inclusion criteria for SUD+ were: 

(1) >10 lifetime drinking episodes or (2) >10 lifetime cannabis uses or (3) >3 lifetime 

uses of other illicit drugs; (4) endorsement of at least two DSM-5 SUD criteria for at least 

one substance (American Psychiatric Association, 2013). 

EXP group. The experimenter group (EXP) was defined by moderate to high 

levels of substance use without a history of SUD. Inclusion in the EXP group required (1) 

>10 lifetime drinking episodes or (2) >10 lifetime cannabis uses or (3) >3 lifetime uses of 

other illicit drugs; (4) endorsement of no more than one DSM-5 SUD criterion for any 

substance. 

CON group. The control group (CON) was defined by no or minimal lifetime 

substance use. Inclusion criteria for CON was (1) <5 lifetime binge drinking episodes; (2) 

<5 lifetime cannabis uses; (3) no other illicit drug use in lifetime; (4) endorsement of no 

DSM-5 SUD criteria. 

Study Procedures  

Clinical Assessment. Adolescents and their parent or legal guardian were invited 

for a 2-3 hour in-person clinical assessment that took place prior to fMRI scanning. The 

purpose of this appointment was to confirm participant eligibility, then collect substance 

use, psychiatric diagnostic, cognitive, and personality data. Lifetime substance use and 

DSM-5 SUD diagnoses were assessed by experienced interviewers using the Semi-

Structured Assessment for Drug Dependence and Alcoholism (SSADDA) (Pierucci-

Lagha et al., 2005). The Diagnostic Interview Schedule for Children (DISC) Predictive 

Scales (Shaffer, Fisher, Lucas, Dulcan, & Schwab-Stone, 2000) was administered 

separately and privately to the adolescents and their primary caregiver to screen for the 
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presence of any DSM-IV Axis I diagnoses independent of substance use. Diagnoses were 

confirmed in consensus meetings with a licensed clinical psychiatrist (MPP) and a 

psychologist (SFT). Consensed data were used to assign adolescents to the SUD+, EXP, 

or CON group. 

Adolescents in Wave 1 also completed the Barratt Impulsiveness Scale (BIS-11), 

a 30-item questionnaire tapping frequency of impulsive behaviors (Patton, Stanford, & 

Barratt, 1995) and the Sensation Seeking Scale (SSS-V), a 40-item forced choice 

inventory of thrill and adventure seeking, experience seeking, disinhibition, and boredom 

susceptibility (Zuckerman, 1996). Attentiveness to body cycles and rhythms was 

measured using the 18-item Body Awareness Questionnaire (BAQ) (Shields, Mallory, & 

Simon, 1989). Adolescents in both Waves 1 and 2 completed the Youth Self Report 

(YSR), which assessed behavioral and emotional problems experienced in the last six 

months (Achenbach & Rescorla, 2001). The Wide Range Achievement Test (WRAT-4) 

Reading subtest was administered to estimate academic achievement (Wilkinson & 

Robertson, 2006). Parents/guardians provided socioeconomic status (SES) information, 

measured by the Barratt Simplified Measure of Social Status (BSMSS) (Barratt, 2006) as 

well as information on family history of SUD using the Family History Assessment 

Module (FHAM) developed by the Collaborative Study on the Genetics of Alcoholism.    

MRI Session. Anatomical MRI and two interoceptive fMRI paradigms were 

acquired during a single MRI session at the UCSD Center for Functional Magnetic 

Resonance Imaging (CfMRI). Participants agreed to abstain from substance use at least 

72 hours prior to the MRI session. Recent substance history was confirmed at CfMRI 

using the Timeline Followback (Sobell & Sobell, 1992), urine toxicology, and 
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breathalyzer screens. Prior to scanning, participants also completed the Positive and 

Negative Affect Schedule (PANAS) (Watson, Clark, & Tellegen, 1988), Karolinska 

sleepiness scale (Akerstedt & Gillberg, 1990) and craving visual analog scale (VAS) to 

probe participants’ mood, sleepiness, and alcohol or drug craving, respectively. During 

pre-scan training, adolescents were introduced to the pleasant and aversive interoceptive 

stimuli to be used during the fMRI tasks. Participants completed a series of practice trials 

with the stimuli and rated the sensations they experienced using physiological VAS 

scales.  

Anatomical MRI. For structural analyses, a T1-weighted spoiled gradient recalled 

(SPGR) image was collected with the following parameters: TR=8 ms, TE=3 ms, 

slices=172, FOV=25 cm approximately 1 mm³ voxels. Anatomical scans were collected 

from 38 CON, 38 EXP, and 34 SUD+ participants for a total sample of 108. 

Soft Touch Task. The Soft Touch Task is an fMRI paradigm that combines cued 

pleasant interoceptive stimulation with a continuous performance task (CPT). During 

designated intervals in fMRI scanning, a light brush stroke is administered on marked 

4cm long regions of skin on participants’ left palm or ventral forearm by trained research 

assistants using a hand held soft boar bristle brush (OXO International Ltd., NY). Each 

brush stroke was administered at a velocity of 2cm/sec in a proximal to distal direction 

with a force equal to the weight of the brush. 

This interoceptive stimulus was integrated with a simple CPT to maintain a stable 

cognitive load during fMRI acquisition. The CPT also served as a cue for participants to 

anticipate soft touch. For the CPT, a screen presented a left or right facing black arrow on 

a colored rectangle background in successive intervals (see Figure 1). Adolescents were 
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instructed to press the left or right button on a button box as quickly as possible to match 

arrow orientation. Each arrow remained on the screen for 3 s before a new arrow 

appeared. The colored rectangle background was used to signify one of three conditions: 

(1) a baseline condition (gray background) during which no tactile stimulus was expected 

or administered, with variable duration averaging 8 s; (2) an anticipation 

condition lasting 6 s during which the background color of the presentation indicated an 

impending soft touch on the left palm (blue background) or left forearm (yellow 

background); (3) a Soft Touch condition (background remains blue or yellow 

corresponding to stimulus location) lasting 2 s during which a soft touch to the skin was 

administered to either the palm or the forearm for a total of 20 repetitions each. To 

minimize participant fatigue, the task was administered across successive runs. Total task 

duration was 840 s split between two runs of 420 s each. The Soft Touch Task was 

presented in an event-related design using T2*-weighted echo planar imaging (EPI) 

scans, TR=2000 ms, TE=32 ms, FOV=23 cm, 64x64 matrix, thirty 3 mm axial slices, flip 

angle=90°, 210 whole-brain acquisitions. The Soft Touch Task was administered to 19 

CON, 19 EXP, and 17 SUD+ youth for a total sample of 55 adolescents.  
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Figure 1. Soft Touch Task design.  
 

Response accuracy and reaction time (RT) were obtained during all conditions to 

examine whether CPT performance varied across group. To assess subjective experience 

of the interoceptive probe, participants completed Soft Touch physiological VAS 

questionnaires pre- and post-fMRI scan. On these scales participants were asked to rate 

the touch sensation from ‘not at all’ to ‘extremely’ (0 to 10) on seven dimensions: 

pleasant, unpleasant, intensity, tickle, warm, cold, and soft. 

The Soft Touch Task is designed to stimulate myelinated A-beta (Aβ) fibers that 

carry discriminative touch information and unmyelinated C-tactile (CT) fibers that code 

affective touch information (Bjornsdotter, Morrison, & Olausson, 2010; Morrison et al., 

2011; Olausson et al., 2002). Both CT and Aβ afferents send signals to the insula 

(Bjornsdotter, Loken, Olausson, Vallbo, & Wessberg, 2009; Olausson, Wessberg, 

Morrison, McGlone, & Vallbo, 2010). The Soft Touch Task has been used in a series of 

interoceptive studies conducted by our group (May et al., 2013; May et al., 2014) 

including one previous investigation with SUD+ adolescents (Migliorini et al., 2013). In 
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prior studies this tactile stimulus was rated as moderately pleasant and consistently 

produced robust activation of the interoceptive brain regions.  

Breathing Load Task. The Breathing Load Task is an fMRI paradigm that 

combines cued aversive interoceptive stimulation with a continuous performance task 

(CPT). During this task, participants breathed through a mouthpiece with a non-

rebreathing valve (2600 series, Hans Rudolph). The mouthpiece was attached to an open-

ended tube through which participants would inhale. At designated intervals, participants 

experienced “loaded breathing” wherein a sintered bronze disk in a Plexiglas tube was 

attached to the tube to create an inspiratory resistance load of 40 cmH2O/L/sec. To 

maintain an airtight seal without fatiguing mouth muscles the mouthpiece was affixed to 

the scanner head coil. Participants also wore a nose clip to prevent nasal inhalation and 

exhalation (Figure 2).  

 

 

 

 

 

 

 

 
 

Figure 2. Breathing Load Task apparatus.  
 

The Breathing Load stimulus was integrated with a simple CPT to maintain a 
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stable cognitive load and deliver cues for participants to anticipate intermittent loaded 

breathing. For the CPT, a screen presented a left or right facing black arrow on a colored 

rectangle background in successive intervals (see Figure 3). As in the Soft Touch task, 

each arrow remained on the screen for 3 s and subjects were instructed to press the left or 

right button on a button box as quickly as possible to match arrow orientation. The 

colored rectangle background was used to signify one of three conditions: (1) a baseline 

condition (blue background) during which no breathing load was administered and 

participants breathed through the open tube, with variable duration averaging 9 s; (2) 

an anticipation condition (yellow background) with variable duration averaging 9 s 

indicating a 25% chance of receiving loaded breathing in the subsequent interval (3) 

a Breathing Load condition (background remains yellow) lasting 40 s during which 

participants must continually breathe with an inspiratory resistance load of 40 

cmH2O/L/sec. As with Soft Touch, the task was administered across successive runs. 

Total task duration was 1024 s split between two runs of 512 s each. The Breathing Load 

Task was presented in an event-related design using T2*-weighted echo planar imaging 

(EPI) scans, TR=2000 ms, TE=30 ms, FOV=24 cm, 64x64 matrix, thirty 3.0 mm axial 

slices, flip angle=90°, 256 whole-brain acquisitions. The Breathing Load Task was 

administered to 19 CON, 19 EXP, and 17 SUD+ youth for a total sample of 55 

adolescents. 
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Figure 3. Breathing Load Task design. 
 

Response accuracy and reaction time (RT) were measured during all task 

conditions. To assess subjective experience of the aversive interoceptive probe, 

participants completed Breathing Load physiological VAS questionnaires pre- and post-

fMRI scan. On these scales participants were asked to rate the loaded breathing sensation 

from ‘not at all’ to ‘extremely’ (0 to 10) on seventeen dimensions: pleasant, unpleasant, 

intensity, tingling sensations, fear of losing control, faintness, fear of dying, unreality, 

hot/cold flushes, trembling, choking, fear of going crazy, abdominal distress, chest pain, 

palpitations, sweating, and dizziness.  

Affective processing of respiratory sensations is undertaken by the insula, ACC, 

amygdala, and other cortical and subcortical regions (see (Davenport & Vovk, 2009) for 

a review) . In particular, the insula is thought to play a critical role in coding the 

unpleasantness of dyspnea (von Leupoldt & Dahme, 2005). The Breathing Load Task has 
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been used in a series of interoceptive studies conducted by our group (Stewart, Juavinett, 

et al., 2015; Stewart et al., 2014) including one investigation with SUD+ adolescents 

(Berk et al., 2015). In prior studies this inspiratory breathing load stimulus was rated as 

moderately unpleasant and consistently produced robust activation of the interoceptive 

brain regions.  

Data Analysis 

 Power analysis. Two previous studies from our laboratory have used the same 

Soft Touch and Breathing Load fMRI tasks proposed in the present study with a similar 

group of adolescent substance users. Comparing SUD+ to CON youth using the Soft 

Touch Task, Migliorini et al. (2013) observed medium to large effect sizes in the insular 

cortex, middle frontal gyrus, and ventral striatum (Cohen’s d = .51 -.87) in a sample of 32 

participants. Berk and colleagues’ (2015) findings with the Breathing Load Task were 

also medium in magnitude in a sample of 33 participants. Using the G*Power program 

(Faul, Erdfelder, Lang, & Buchner, 2007), the proposed fMRI analyses have an estimated 

73% power to detect a large effect given a sample size of 55 adolescents across three 

groups and an alpha of .05. For a medium effect size, the estimated power is 48%.   

Concerning gray matter structural analyses, Lopez-Larson and colleagues 

observed insula thickness differences consistent with a large effect size (Cohen’s d= .8) 

in adolescent cannabis users (Lopez-Larson et al., 2011). OFC volume differences 

reported by Churchwell and colleagues were also consistent with a large effect size 

(Cohen’s d= .92) (Churchwell et al., 2010). However, a recent study of cortical thickness 

in adolescents ages 16-19 with combined alcohol and cannabis use reported small to 

medium effect sizes (Cohen’s d= .33 - .48) in a sample of 68 adolescents age 16-19 
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(Jacobus et al., 2015). Assuming a total sample size of 108 participants, the gray matter 

morphological analysis has an estimated 97% power of detecting a large effect and 79% 

power of detecting a medium effect, with alpha of .05. 

 Analyses of behavioral and demographic variables. Group differences in 

demographic characteristics and questionnaire variables were examined using one-way 

analysis of variance (ANOVA) and chi-square tests. Substance use variables with non-

normal distributions and unequal of variance across groups were compared using non-

parametric Wilcoxon rank-sum tests. For both Soft Touch and Breathing Load, fMRI task 

RT and accuracy were analyzed with repeated measures ANOVA to examine within-

subject differences as a function of task condition and between-subject group differences. 

Physiological VAS ratings were subjected to ANOVA to assess between-group 

differences. All demographic and questionnaire analyses will be performed using R 

(http://www.r-project.org/).  

Data processing and analysis of neuroimaging data 

fMRI individual subject processing. fMRI data were preprocessed with the 

Analysis of Functional NeuroImages (AFNI) software package (Cox, 1996). First, GE 

slices were reconstructed into AFNI BRIK format. A temporal region containing the 

largest span with the fewest voxel-wise outliers was used as a base for 3d registration. All 

other time points in dx, dy, dz, and roll, pitch, yaw directions were adjusted to align data 

to the base image. The functional echo planar image was automatically coregistered to 

the high-resolution anatomical image and each dataset was inspected to confirm 

successful alignment. New outliers were generated for the volume-registered dataset 

based on whether a given time point greatly exceeded the mean number of voxel outliers 
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for the time series.  

Deconvolution was performed to determine Soft Touch and Breathing Load 

activations. For Soft Touch, three movement regressors (roll, pitch, yaw), a baseline and 

linear drift regressor, and four condition regressors (trials for anticipation palm, 

anticipation forearm, soft touch palm, soft touch forearm), were convolved with a 

modified hemodynamic response function. The baseline condition, wherein participants 

were neither anticipating nor receiving the Soft Touch stimulus, served as the baseline for 

this analysis. For Breathing Load, three movement regressors (roll, pitch, yaw), a 

baseline and linear drift regressor, and two condition regressors (anticipation period and 

Breathing Load stimulus), were convolved with a modified hemodynamic response 

function. The baseline condition, wherein participants were neither anticipating nor 

receiving the Breathing Load stimulus, served as the baseline.   

fMRI group-level analyses. To determine whether BOLD response to the 

interoceptive probes differs by group, whole-brain voxel-wise percent signal change was 

subjected to linear mixed effects (LME) analysis (Pinheiro, Bates, DebRoy, Sarkar, & 

Team, 2012) using R. Participants were treated as random effects. Group (SUD+, EXP, 

CON) and task condition (anticipation, stimulus) were treated as fixed effects. For the 

Soft Touch Task, an additional effect of stimulus location (palm, forearm) was included 

in the model as a fixed effect. The main effect of group and group by condition 

interaction were of primary interest in this analysis. To guard against identifying false 

positive activations, a threshold adjustment method based on Monte-Carlo simulations 

(via AFNI AlphaSim program) was applied. A minimum cluster volume of 512 µL (8 

contiguous voxels) maintained cluster significance at p<.05 for the whole brain analysis.  
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To examine key interoceptive regions at smaller cluster sizes than are permitted in 

the whole brain analysis, ROI masks were used for bilateral insula, striatum, and anterior 

cingulate regions. For the ROI masks, AlphaSim identified minimum cluster volumes for 

bilateral anterior/posterior insula (256 µL; 4 contiguous voxels) and bilateral striatum 

(192 µL; 3 contiguous voxels) to maintain cluster significance at p<.05. The associated 

individual voxel p-value corrected for multiple comparisons was 0.00001788 for both 

whole brain and ROI clusters. 

Average percent signal change was extracted for significant clusters and exported 

to R for follow up analyses. To examine the nature of the main effect of group results, 

pairwise t-tests to compare SUD+, EXP, and CON were used to follow up significant 

findings. To further characterize group by condition interaction results, pairwise t-tests 

were run separately for anticipation and stimulus conditions (simple main effects). 

Structural MRI single subject analysis. Anatomical MRI data was subjected to 

surface-based registration and anatomical parcellation via FreeSurfer version 5.3 

(http://surfer.nmr.mgh.harvard.edu/). Standard FreeSurfer automated processing 

procedures were employed. These included skull stripping, intensity normalization, 

Talairach transformation, determination of gray matter, white matter, and cerebrospinal 

fluid boundaries, and parcellation of the cerebral cortex according to gyral and sulcal 

anatomy (Fischl et al., 2004; Reuter, Rosas, & Fischl, 2010; Segonne et al., 2004; 

Segonne, Pacheco, & Fischl, 2007; Sled, Zijdenbos, & Evans, 1998). To confirm 

successful processing and check for motion artifact, each dataset was visually inspected. 

Participants were excluded from further anatomical analyses if automated processing was 

inadequate.  
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The boundaries of cortical ROIs were determined automatically using the 

Destrieux atlas (Destrieux, Fischl, Dale, & Halgren, 2010). The Destrieux atlas divides 

the cortex into 74 regions per hemisphere based on gyral and sulcal surface anatomy. 

Importantly, it can be used to delineate AIC (by summing the anterior and superior 

circular sulcus of the insula, the short insular gyrus, and the central insular gyrus) and 

PIC (by summing the inferior circular sulcus of the insula with the long insula gyrus) 

along accepted anatomical boundaries. For subcortical ROIs, boundaries were determined 

using the FreeSurfer Aseg atlas (Fischl et al., 2002).  

Structural MRI group analysis. Group differences in volume, cortical thickness, 

and cortical surface area were examined a priori in key interoceptive areas.  Participants’ 

volume, cortical thickness, and surface area were extracted from FreeSurfer and imported 

to R for group analysis. These structural variables from the AIC, PIC, striatum, ACC, and 

PFC from each hemisphere were subjected to one-way ANOVA. Each structural variable 

was evaluated independently at alpha .05 after correction for multiple comparisons.  

Intracranial volume (ICV) is often used as a covariate in morphological analysis 

because ICV is associated with gray matter structure. However, there is evidence that 

cortical structure does not maintain geometric similarity with ICV scaling. Specifically, 

as ICV increases, cortical volume and thickness increase less than expected while cortical 

surface area increases more than expected (Im et al., 2008). Linear normalization for ICV 

can over-scale or under-scale cortical measurements. To address this concern, ICV was 

considered as a covariate for cortical volume analyses only. Total surface area and 

average thickness were considered as potential covariates for cortical surface area and 

cortical thickness analyses respectively. Primary analyses were conducted first without 
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structural covariates. Secondary analyses would include the appropriate covariate in 

ANCOVA analyses to follow up significant findings. 

Brain-substance use relationships. In this study, assignment into the EXP or 

SUD+ group was determined exclusively by the absence or presence of SUD diagnosis. 

Yet there are other continuous alcohol and drug use variables – such as amount of use, 

degree of substance-related impairment, or family history of SUD – that may explain 

individual differences in brain activation or gray matter structure. Furthermore, 

investigating the degree to which interoceptive brain structure and function relates to the 

level of substance exposure and other addiction risk factors has implications for 

understanding the early development of interoceptive dysregulation. A series of 

regression analyses focusing on the insular cortex were designed to address these 

questions. 

To extract insula BOLD activation independent of participant group, the insula 

ROI mask was applied to LME results from the main effect of condition (anticipation vs. 

stimulus) for both Soft Touch and Breathing Load Tasks. Doing so captured the percent 

signal change from baseline across the entire insula for each participant during receipt of 

the pleasant and aversive stimuli. For morphological data, insula volume, thickness, and 

surface area values were extracted.  

Both insula activation and insula morphology were entered as the dependent 

variables in separate multiple linear regression analyses. Total days of substance use (sum 

of alcohol, cannabis, and other illicit drug use days, derived from clinical interview) and 

total number of SUD symptoms endorsed (sum of symptoms related to alcohol, cannabis, 

and other illicit drug use) were derived from the SSADDA. Brain-behavior relationships 
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with impulsivity, sensation seeking, body awareness, were explored with the BIS-11, 

SSS, and BAQ self-report measures.  The contribution of family history was explored 

with a measure of family history density of alcohol and drug use disorders from the 

FHAM. Age and sex were included as covariates. A priori models were constructed as 

follows: 

Insula = β0 + β1totalsubstancedays + β2age + β3gender + ɛ 

Insula = β0 + β1totalsubstancedays + β2totalsymptoms + β3age + β4gender + ɛ 

Insula = β0 + β1totalsubstancedays + β2impulsivity + β3age + β4gender + ɛ 

Insula = β0 + β1totalsubstancedays + β2sensationseek + β3age + β4gender + ɛ 

Insula = β0 + β1totalsubstancedays + β2bodyawareness + β3age + β4gender + ɛ 

Insula = β0 + β1totalsubstancedays + β2 familyhistorydensityofSUD + β3age + β4gender + ɛ 

Hypotheses Testing 

Hypothesis 1. It was hypothesized that SUD+ and EXP youth would show less 

BOLD response in PIC, ACC, and frontal cortex but elevated response in the striatum 

and AIC during pleasant visceral stimulation compared to controls. 

Whole-brain and ROI-based group comparisons of BOLD signal change during 

the Soft Touch stimulus were examined using LME. Participants were treated as random 

effects while group, task condition, and stimulus location were treated as fixed effects. A 

threshold adjustment method based on Monte-Carlo simulations was applied to correct 

for multiple comparisons at alpha of .05. Significant clusters for the main effect of group 

would illuminate regions of differential activation while anticipating or receiving the Soft 

Touch relative to baseline. Significant clusters for the group by condition interaction 

would show whether the change in activation from anticipation to receipt of the stimulus 
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differs by group. Average percent signal change was extracted for significant clusters and 

subjected to follow up pairwise t-tests to clarify the nature of group differences.   

Hypothesis 2. It was hypothesized that SUD+ and EXP youth would show greater 

BOLD response in insular and frontal cortex during aversive visceral stimulation 

compared to controls. 

Whole-brain and ROI-based group comparisons of BOLD signal change during 

the Soft Touch stimulus were examined using LME. Participants were treated as random 

effects while group and task condition will be treated as fixed effects. A threshold 

adjustment method based on Monte-Carlo simulations was applied to correct for multiple 

comparisons at alpha of .05. Significant clusters for the main effect of group would 

illuminate regions of differential activation while anticipating or receiving the Breathing 

Load relative to baseline. Significant clusters for the group by condition interaction 

would show whether the change in activation from anticipation to receipt of the stimulus 

differs by group. Average percent signal change was extracted for significant clusters and 

subjected to follow up pairwise t-tests to clarify the nature of group differences.   

Hypothesis 3. It was predicted that SUD+ and EXP youth would show gray 

matter size reductions compared to controls in insula, ACC, striatum, and frontal cortex.  

Structural variables from the AIC, PIC, ACC, striatum, and PFC from each 

hemisphere were extracted from FreeSurfer and subjected to one-way ANOVA. 

Participants’ volume, cortical thickness, and surface area were tested independently for 

significant main effects of group at a family-wise alpha of .05. Bonferroni correction was 

be used to account for multiple comparisons.   

Hypothesis 4: Across all participants, it was expected that BOLD percent signal 
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change and gray matter morphology of the insula would be linearly related to substance 

use risk factors over and above substance use exposure. 

Regression analyses were run with insula BOLD activation during visceral 

stimulation and insula morphology serving as separate dependent variables. First, the 

linear relationship between insula and total days of substance use was examined. Next, 

addiction risk factors were each tested as independent variables in a model alongside total 

substance use. Measures of clinical SUD symptoms (derived from the SSADDA), 

impulsivity (BIS-11), sensation seeking (SSS-V), body awareness (BAQ), and family 

history (FHAM) were individually evaluated. Significance of each predictor will be 

evaluated at alpha of .05. 

Chapters I-IV, in part, are currently being prepared for submission for publication 

of the material in two manuscripts: Migliorini, R., May, A. C., Stewart, J. L., Berk, L., 

Paulus, M. P., & Tapert, S. F. and Migliorini, R., May, A. C., Stewart, J. L., Paulus, M. 

P., & Tapert, S. F. The dissertation author was the primary investigator and author of this 

material. 
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III. RESULTS 

Soft Touch Task 

 Sample Characteristics. The final sample for the Soft Touch fMRI task was 55 

adolescents (17 SUD+, 19 EXP, 19 CON), whose demographic characteristics are 

presented in Table 1. Groups were statistically similar on age (F(2, 52)= 0.14, p=.87), 

gender (χ2(2) = 0.22, p = .89), and reading score, an estimate of academic achievement 

(F(2, 51)=2.69, p=.08). Group differences emerged for SES (F(2, 46)= 3.67, p=.03), 

where the SUD+ group had higher SES compared to EXP t(27.78)=2.73 p=.01). 

Table 1. Characteristics of Soft Touch Task subjects   
Variable CON EXP SUD+ Sig. 
Age [M (SD)] 16.53 (0.61) 16.63 (0.59) 16.59 (0.62)  
Gender [% Female] 42.11 42.11 35.29  
SES [M (SD)] 47.72 (12.21) 40.77 (12.54) 52.28 (10.85) ◊ 
Reading [M (SD)] 111.70 (13.73) 102.40 (9.494) 110.90 (15.93)  
Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group; SES = socioeconomic status as measured by the BRFSS; Reading refers to 
WRAT-4 Reading score (age-corrected Standard Score). † = SUD+ differs from CON at 
p<.05; ◊ = SUD+ differs from EXP at p<.05; ‡ = EXP differs from CON at p<.05. 
 

 Questionnaire Data. Groups did not significantly differ on self-reported 

impulsivity (BIS-11; F(2, 48)=.0.52 p=.60), awareness of body sensations (BAQ; F(2, 

52)=0.15 p=.86), or internalizing psychopathology symptoms (YSR Internalizing; F(2, 

52)=2.67 p=.08). However, ANOVAs were significant for sensation seeking (SSS-V; 

F(2, 50)=25.06 p<.001) and externalizing psychopathology symptoms (YSR 

Externalizing; F(2, 52)=11.04 p<.001). Follow up pairwise t-tests for the SSS-V 

demonstrated that both the EXP group (t(34.48)=6.31 p<.001) and the SUD+ group 

(t(24.61)=6.02 p<.001) reported greater levels of sensation seeking than the CON group, 
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while EXP and SUD+ did not differ significantly from each other (t(26.03)=1.25 p=.22). 

On the YSR Externalizing scale, the SUD+ group (t(33.96)=4.06 p<.001) and the EXP 

group (t(29.04)=3.30 p=.003) both endorsed a greater degree of externalizing symptoms 

than the CON group, while SUD+ and EXP did not differ significantly on this measure 

(t(26.55)=1.62 p=.12) (see Table 2). 

 The main effect of group in the ANOVA for family history of SUD was also 

significant (F(2, 52)=9.929, p<.001). Follow up pairwise t-tests revealed that the SUD+ 

group, who had the greatest family history density scores, differed significantly from both 

the EXP (t(22.05)=3.87, p<.001) and CON groups (t(26.65)=2.89, p=.008), who did not 

differ from each other (t(32.89)=0.99, p=.26). 

Table 2. Questionnaire variables for Soft Touch Task subjects   
Variable CON EXP SUD+ Sig. 
BIS-11 [M (SD)] 58.06 (11.64) 57.72 (8.33) 60.88 (9.21)  
SSS-V [M (SD)] 14.84 (3.72) 22.83 (3.97) 25 (5.83) † ‡ 
BAQ [M (SD)] 79.79 (17.86) 79.37 (16.22) 77.06 (13.69)  
YSR Internalizing [M (SD)] 45.89 (10.80) 47.53 (8.60) 53.24 (10.25)  
YSR Externalizing [M (SD)] 45.63 (10.37) 54.74 (6.07) 59.12 (9.57) † ‡ 
Family History SUD [M (SD)] 0.26 (0.37) 0.14 (0.27) 0.74 (0.58) † ◊ 
Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group; BIS-11 = Barratt Impulsivity Scale; SSS-V = Sensation Seeking Scale; BAQ = 
Body Awareness Questionnaire; YSR = Youth Self Report. SUD = Substance use disorder. † 
= SUD+ differs from CON at p<.05; ◊ = SUD+ differs from EXP at p<.05; ‡ = EXP differs 
from CON at p<.05. 
 

 Substance Use. As expected, the SUD+ group reported the most lifetime 

substance, with a mean of 483 days of total use, followed by the EXP group with a mean 

of 135 days (Wilcoxon W=277.5, p<.001). The CON group reported minimal substance 

use, with a mean of 2.6 lifetime days, which differed from both SUD+ (Wilcoxon W=0, 

p<.001) and EXP (Wilcoxon W=2, p<.001).  
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 Further examining use by substance type, SUD+ reported more alcohol use than 

EXP (Wilcoxon W=242.5, p=.011), while CON reported less than SUD+ (Wilcoxon 

W=4.5, p<.001) and EXP (Wilcoxon W=23, p<.001). A similar pattern was observed for 

cannabis, with SUD+ reporting more days of cannabis use than EXP (Wilcoxon W=266, 

p<.001) while the CON group used less than both SUD+ (Wilcoxon W=0, p<.001) and 

EXP (Wilcoxon W=23, p<.001). Other illicit drug use reported in this sample included 

prescription opiates, benzodiazepines, stimulants, hallucinogens, ecstasy/MDMA, and 

synthetic cannabinoids. Summing together this other drug use, SUD+ used significantly 

more than EXP (Wilcoxon W=251.5, p=.003). The CON group reported no other drug 

use, which was statistically significant compared to SUD+ (Wilcoxon W=38, p<.001) and 

EXP (Wilcoxon W=95, p<.001) (see Table 3).  

Table 3. Substance use for Soft Touch Task subjects   
Variable CON EXP SUD+ Sig. 
Ever Alcohol [% drank] 31.58  94.74  100  
Ever Cannabis [% used] 10.53 89.47 100  
Ever Other Drugs [% used] 0.00 47.37 76.47  
Lifetime Alcohol [M (SD)] 2.31 (5.14) 76.11 (159.30) 115.40 (103.50) † ◊ ‡ 
Lifetime Cannabis [M (SD)] 0.26 (0.93) 55.32 (79.90) 310.70 (280.80) † ◊ ‡ 
Lifetime Other Drugs [M (SD)] 0.00 (0.00) 3.37 (5.41) 57.06 (90.27) † ◊ ‡ 
Lifetime Total [M (SD)] 2.58 (5.92) 134.80 (167.60) 483.10 (313.40) † ◊ ‡ 
Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group. Lifetime substance use is measured in days of use. † = SUD+ differs from 
CON at p<.05; ◊ = SUD+ differs from EXP at p<.05; ‡ = EXP differs from CON at p<.05. 
 

 Task Performance and Ratings. Complete task performance data were available 

for 52 subjects. Groups did not differ in reaction time (F(2, 49)=0.41, p=.67) or accuracy 

(F(2, 49)=1.45, p=.25) variables on the CPT during the Soft Touch Task, and were 

highly accurate overall (M = 99.5%) with an average reaction time of 656.11 ms. Groups 
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were also comparable in VAS ratings of the Soft Touch on pleasant (F(2, 52)= 0.48, 

p=.62), unpleasant (F(2, 52)= 0.48, p=.62), and intensity (F(2, 52)= 0.53, p=.59) 

dimensions.  On average, all groups rated the interoceptive probe as more pleasant than 

unpleasant (see Table 4). 

Table 4. Visual Analog Scale (VAS) ratings of Soft Touch stimulus  
Variable CON EXP SUD+ Effect 
Pleasant 4.95 (2.52) 4.79 (1.84) 4.24 (2.41)  
Unpleasant 1.20 (1.88) 1.12 (1.57) 1.74 (2.61)  
Intense 1.04 (1.57) 0.83 (1.42) 1.42 (2.19)  
Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group; VAS ratings are anchored at 0 (“Not at all”) and 10 (“Extremely”) for each 
variable. Groups did not differ on any of the above measures (ps>.05). 
 

fMRI: Pleasant Interoceptive Probe 

 Main Effect of Group. Twenty-two clusters differed significantly between groups 

in the whole brain analysis, and 6 clusters differed in the ROI mask analysis for the Soft 

Touch task (see Table 5). In the majority of these clusters (20 of 28), CON had the 

greatest activation across condition, and significant group differences were observed in 

the insular cortex, ACC, striatum, and frontal cortex. 
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Table 5. Group Main Effect for Soft Touch Task    
Mask Volume (µl) x y z Anatomic Location Relationship Sig.  
WB 3392 30 25 46 R Middle Frontal Gyrus E > C > S ◊ ‡  
WB 3264 -38 -27 14 L Posterior Insula C > E > S † ‡  
WB 3136 16 -42 31 R Posterior Cingulate Gyrus E > C > S ◊ ‡  
WB 3136 21 -21 65 R Precentral Gyrus C > S > E † ◊ ‡  
WB 2688 12 44 34 R Superior Frontal Gyrus E > C > S ◊ ‡  
WB 2304 44 -28 23 R Inferior Parietal Lobule C > S > E † ◊ ‡  
WB 2176 -18 -87 20 L Cuneus E > C > S ◊  
WB 2112 -45 -69 2 L Inferior Temporal Gyrus C > E > S † ‡  
WB 2048 27 -22 -11 R Parahippocampal Gyrus C > E > S † ‡  
WB 2048 28 -87 20 R Middle Occipital Gyrus E > C > S † ◊  
WB 1600 6 -24 47 R Paracentral Lobule C > S > E † ‡  
WB 1472 39 -12 0 R Posterior Insula C > S > E † ‡  
WB 1280 -20 -60 -16 L Declive C > E > S † ◊  
WB 1280 48 -30 44 R Inferior Parietal Lobule C > S > E † ‡  
WB 1152 -37 -38 -31 L Culmen C > E > S † ◊  
WB 1152 60 -15 -2 R Superior Temporal Gyrus C > E > S † ‡  
WB 1088 28 51 24 R Superior Frontal Gyrus E > S > C ◊ ‡  
WB 1024 8 -44 -31 R Cerebellar Tonsil C > E > S † ◊  
WB 832 -23 -35 -1 L Parahippocampal Gyrus C > E > S † ‡  
WB 832 33 -41 50 R Inferior Parietal Lobule C > S > E ‡  
WB 768 -13 -28 44 L Posterior Cingulate Gyrus C > S > E ‡  
WB 768 22 -51 55 R Precuneus C > S > E † ‡  
ROI 1856 -37 -26 14 L Posterior Insula C > E > S † ‡  
ROI 1280 40 -12 0 R Posterior Insula C > S > E † ‡  
ROI 640 45 -20 19 R Posterior Insula C > S > E ◊ ‡  
ROI 384 -39 0 -2 L Anterior Insula C > S > E ◊ ‡  
ROI 320 5 23 21 R Anterior Cingulate E > S > C ◊ ‡  
ROI 192 10 19 8 R Caudate Head E > S > C † ‡  

Note. C = Control group; E = Substance experimenter group; S = Substance use disorder 
group; WB= Whole brain analyses; ROI = ROI mask analysis; Anatomic Location is center of 
mass. Coordinates are in Talairach space. Relationship describes the order of means and does 
not reflect statistical significance. † = SUD+ differs from CON at p<.05; ◊ = SUD+ differs 
from EXP at p<.05; ‡ = EXP differs from CON at p<.05.  
 
 In the left PIC, CON had positive activation that was significantly greater than 

both EXP (p<.001, d=1.3) and SUD (p<.001, d=1.4), who had similar levels of 
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deactivation (p=.41, d=.27). In the left AIC, CON and SUD+ evinced similar levels of 

activation (p=.23, d=.41), and both differed significantly from the lower activation of the 

EXP group (EXP vs. SUD+ p=.03, d=.72; EXP vs. CON p=.004, d=1.0), as displayed in 

Figure 4. In the right hemisphere, a region in the right PIC also had similar positive 

activation for CON and SUD+ (p=.55, d=.20) while EXP activation was blunted 

compared to both CON (p<.001, d=1.3) and SUD+ (p=.006, d=1.0) (Figure 5). In another 

region of the right PIC, CON showed greater activation that both EXP (p<.001, d=1.6) 

and SUD+ (p=.005, d=1.0), while SUD+ and EXP did not differ significantly (p=.07, 

d=.62). 

 

 

Figure 4. Left insular regions with main effects of group for the Soft Touch Task. Left 
posterior insula center of mass Talairach coordinates are x=-37, y=-26, z=13. Left anterior 
insula center of mass Talairach coordinates are x=-39, y=0, z=-2. Bar graphs depict percent 
signal change relative to baseline regardless of task condition. Error bars indicate SE. CON = 
Control group; EXP = Substance experimenter group; SUD+ = Substance use disorder group. 
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Figure 5. Right posterior insula region main effect of group for the Soft Touch Task. Right 
posterior insula center of mass Talairach coordinates are x=45, y=-20, z=19. Bar graphs depict 
percent signal change relative to baseline regardless of task condition. Error bars indicate SE. 
CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use disorder 
group. 
 

 A separate pattern of activation was seen across right frontal and cingulate 

regions. Specifically, in the right posterior cingulate and the right ACC, EXP had the 

greatest BOLD response, which was increased compared to CON (p<.001, d=1.3; p=.002, 

d=1.1) and SUD+ (p<.001, d=1.3; p=.02, d=.79), while CON and SUD+ had similar 

levels of decreased activation (p=.54, d=.21; p=.31, d=.34) (Figure 6). A similar effect 

was seen in two clusters in the right superior frontal gyrus, with EXP significantly greater 

that CON (p=.004, d=1.0; p=.003, d=1.0) and SUD+ (p<.001, d=1.2; p=.02, d=.80) who 

did not differ from one another (p=.36, d=.31; p=.82, d=.08). The EXP group also had the 

greatest activation in the right middle frontal gyrus and differed significantly from CON 

(p=.01, d=.85) and SUD+ (p=.001, d=1.2). SUD+ demonstrated lower activation than 
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CON in the right middle frontal gyrus, but this difference was not statistically significant 

(p=.06, d=.68).  

 One striatal cluster emerged from the ROI mask analysis for the Soft Touch Task. 

In the right caudate head, CON group had less activation compared to both EXP (p<.001, 

d=1.5) and SUD+ (p=.04, d=.72), who did not differ (p=.42, d=.28).   

 
 

 
 

Figure 6. Right cingulate regions with main effects of group for the Soft Touch Task. Right 
posterior cingulate center of mass Talairach coordinates are x=16, y=-42, z=31. Right anterior 
cingulate center of mass Talairach coordinates are x=5, y=23, z=21. Bar graphs depict percent 
signal change relative to baseline regardless of task condition. Error bars indicate SE. CON = 
Control group; EXP = Substance experimenter group; SUD+ = Substance use disorder group. 
   
 
 Group By Condition Interactions. The above main effects, which describe group 

differences regardless of task condition, must be considered in light of group by condition 

(anticipation vs. Soft Touch stimulus) interactions. 23 whole brain clusters and 9 ROI 

mask clusters had significant interactions effects.  Simple effects analyses are used to 

describe group differences within each condition below.  
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Table 6. Group by Condition Interaction for Soft Touch Task    
Mask Volume (µl) x y z Anatomic Location Relationship in ST Sig.  

WB 70592 5 -28 42 R Posterior Cingulate* C > S > E † ‡  
WB 9600 -49 -44 10 L Superior Temporal Gyrus C > S > E † ‡  
WB 7232 1 -83 23 R Cuneus C > S > E ◊ ‡  
WB 5888 -27 0 45 L Middle Frontal Gyrus C > S > E ‡  
WB 4800 -26 6 4 L Lentiform Nucleus S > C > E ◊  
WB 3136 46 -68 2 R Inferior Temporal Gyrus S > C > E ◊ ‡  
WB 2880 32 -48 -10 R Fusiform Gyrus S > E > C  † ◊  
WB 1920 50 14 30 R Middle Frontal Gyrus C > E > S  † ‡  
WB 1792 0 -50 24 L Posterior Cingulate C > S > E  † ‡  
WB 1600 2 -71 -17 R Declive of Vermis E > C > S  ◊ ‡  
WB 1600 16 -55 -9 R Culmen S > E > C    
WB 1600 -44 7 27 L Inferior Frontal Gyrus C > S > E    
WB 1280 35 -30 3 R Caudate Tail C > S > E  ‡  
WB 1152 -48 33 10 L Inferior Frontal Gyrus C > S > E  ‡  
WB 1024 -6 -97 -2 L Lingual Gyrus C > E > S    
WB 1024 48 35 15 R Middle Frontal Gyrus C > E > S  † ‡  
WB 1024 -8 43 41 L Medial Frontal Gyrus C > S > E    
WB 960 37 33 -9 R Inferior Frontal Gyrus C > S > E  † ‡  
WB 960 38 -7 54 R Precentral Gyrus S > C > E    
WB 896 15 11 51 R Superior Frontal Gyrus C > S > E    
WB 832 -15 -69 5 L Lingual Gyrus C > E > S    
WB 768 -4 -22 -36 L Brain C > S > E  † ‡  
WB 768 18 -24 26 R Posterior Cingulate Gyrus C > S > E    
ROI 1408 40 -2 10 R Middle Insula S > C > E  ◊ ‡  
ROI 1408 -40 -32 18 L Posterior Insula C > E > S  † ‡  
ROI 1088 45 -21 19 R Posterior Insula C > S > E  ◊ ‡  
ROI 448 -2 16 -8 L Anterior Cingulate C > S > E  † ‡  
ROI 448 39 -15 -2 R Posterior Insula C > S > E  ◊ ‡  
ROI 384 -31 6 11 L Anterior Insula S > E > C    
ROI 256 38 -24 7 R Posterior Insula C > S > E ‡  
ROI 192 34 -28 -3 R Caudate Tail C > S > E ‡  
ROI 192 18 -21 24 R Caudate Body C > S > E   

Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group; WB= Whole brain analyses; ROI = ROI mask analysis; Anatomic Location is 
center of mass; Coordinates are in Talairach space. Relationship in ST describes the order of 
means during the Soft Touch condition (simple effect of condition) and does not reflect 
statistical significance. † = SUD+ differs from CON at p<.05; ◊ = SUD+ differs from EXP at 
p<.05; ‡ = EXP differs from CON at p<.05. * = region includes parietal lobe, right insula, and 
right striatum 
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 There was a large contiguous cluster with a center of mass in the right posterior 

cingulate that extended to aspects of bilateral parietal lobe, right striatum, and right 

insula. In this area groups did not differ during the anticipation condition – all 

demonstrated slight anticipatory deactivation on average – but differed during the Soft 

Touch stimulus. CON had the greatest activation during Soft Touch followed by SUD+, 

though this difference was not statistically significant (p=.06, d=.63). EXP demonstrated 

the least activation, which differed from CON (p=.002, d=1.1) but not from SUD+ 

(p=.07, d=.60). Similar relationships emerged across a wide set of insular, cingulate, and 

frontal clusters. Select regions are discussed below.  

 In the right middle insula, all groups demonstrated minimal activation during the 

anticipation condition. Both the CON and SUD+ groups showed elevated activation 

during the Soft Touch stimulus that did not differ significantly (p=.69, d=.14). EXP 

activation was also positive to the Soft Touch, but was attenuated compared to CON 

(p=.045, d=.67) and SUD+ (p=.01, d=.88). The same pattern was observed in two right 

PIC clusters where CON and SUD+ had elevated activation (p=.33, d=.33; p=.07, d=.62) 

while the EXP group’s BOLD response was attenuated compared to CON (p=.002, 

d=1.1; p<.001, d=1.4) and SUD+ (p=.03, d=.75; p=.02, d=.83).  In a third right PIC 

region, CON was also comparable to SUD+ (p=.09, d=.31) and greater than EXP (p=.02, 

d=.80) during the Soft Touch stimulus, but EXP and SUD+ did not differ (p=.16, d=.49) 

(Figure 7).  
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Figure 7. Right insular regions with group by condition interactions for the Soft Touch Task 
Right posterior insula center of mass Talairach coordinates are x=45, y=-21, z=19. Right middle 
insula center of mass Talairach coordinates are x=40, y=-2, z=10. Bar graphs depict percent 
signal change relative to baseline in anticipation and soft touch stimulus conditions. Error bars 
indicate SE. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance 
use disorder group. 
  

 In the left PIC during the Soft Touch stimulus condition, CON had positive 

activation that was significantly greater than EXP (p=.009, d=.89) and SUD+ (p<.001, 

d=1.2) while EXP and SUD+ were similar (p=.53, d=.21). No significant effects emerged 

during the anticipation condition for the left PIC. There was also a significant group by 

condition interaction in the left AIC where the change in activation from anticipation to 

soft touch was greatest in the SUD+ group (i.e., SUD+ were more reactive to the Soft 

Touch stimulus relative to their anticipation reaction than the other two groups; 

difference in differences). However, when using simple effects analyses to isolate 

conditions and examine group effects separately for the Soft Touch stimulus, the 

differences between SUD+ vs. EXP (p=.09; d=.58) and SUD+ vs. CON (p=.07, d=.60) 

did not reach statistical significance (Figure 8).  
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Figure 8. Left insular regions with group by condition interactions for the Soft Touch Task. 
Right posterior insula center of mass Talairach coordinates are x=-40, y=-32, z=18. Left anterior 
insula center of mass Talairach coordinates are x=-31, y=6, z=11. Images are displayed in the 
neurological convention (i.e., left side of brain corresponds to left side of image). Bar graphs 
depict percent signal change relative to baseline in anticipation and soft touch stimulus 
conditions. Error bars indicate SE. CON = Control group; EXP = Substance experimenter group; 
SUD+ = Substance use disorder group. 
 

 In the left middle frontal gyrus, groups did not differ on anticipation. In response 

to the Soft Touch stimulus, the CON group had the greatest activation, which was 

significantly more that EXP (p=.03, d=.74), but not SUD+ (p=.14, d=.50). EXP had the 

least activation but also did not differ from SUD+ (p=.30, d=.35). A similar pattern was 

seen in the left inferior frontal gyrus for Soft Touch (CON vs. EXP p=.03, d=.71; EXP 

vs. SUD+ p=.44, d=.26; SUD+ vs. CON p=.03, d=.55), though there was also a 

significant simple effect in the anticipation condition, with EXP showing elevated 

anticipation activation compared to CON (p=.03, d=.75). EXP also had greater 

anticipation activation compared to CON in the right middle frontal gyrus (p=.046, 

d=.67). During Soft Touch in the right middle frontal gyrus, CON demonstrated higher 
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activation relative to both EXP (p=.03, d=.76) and SUD+ (p=.03, d=.75). EXP and SUD+ 

did not significantly differ in this region during either anticipation (p=.08, d=.63) or Soft 

Touch (p=.97, d=.01). The right inferior frontal gyrus also followed this same general 

pattern. In this region, CON differed from EXP (p=.02, d=.82) and SUD+ (p=.02, d=.80), 

where as EXP and SUD+ showed comparable activation (p=.99, d<.01) (Figure 9).  

 

 

Figure 9. Inferior frontal gyrus regions with group by condition interactions for the Soft Touch 
Task. Left inferior frontal gyrus center of mass Talairach coordinates are x=-48, y=33, z=10. 
Right inferior frontal gyrus center of mass Talairach coordinates are x=37, y=33, z=-9. Bar 
graphs depict percent signal change relative to baseline in anticipation and soft touch stimulus 
conditions. Error bars indicate SE. CON = Control group; EXP = Substance experimenter group; 
SUD+ = Substance use disorder group. 
 

 In the left posterior cingulate, the CON group had greater activation during the 

Soft Touch stimulus compared to EXP (p=.003, d=1.0) and SUD+ (p=.005, d=1.0), who 

did not differ (p=.83, d=.07). Moreover, in the left rostral ACC, only CON demonstrated 

a substantial increase in activation in response to the Soft Touch, again differing from 

both EXP (p=.009, d=.93) and SUD+ (p=.02, d=.80), who demonstrated minimal 
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response in this cluster and did not differ (p=.63, d=.16) There were no significant results 

during the anticipation condition (Figure 10). 

Figure 10. Cingulate cortex regions with group by condition interactions for the Soft Touch 
Task. Left posterior cingulate gyrus center of mass Talairach coordinates are x=0, y=-50, z=24. 
Left anterior cingulate gyrus center of mass Talairach coordinates are x=-31, y=6, z=11. Bar 
graphs depict percent signal change relative to baseline in anticipation and soft touch stimulus 
conditions. Error bars indicate SE. CON = Control group; EXP = Substance experimenter group; 
SUD+ = Substance use disorder group. 
  

 In a cluster encompassing the left lentiform nucleus, groups did not differ during 

the anticipation condition. During Soft Touch, SUD+ showed the greatest activation and 

EXP showed the least (SUD+ vs. EXP p=.006, d=.97). The CON group did not 

significantly differ from either SUD+ (p=.16, d=.52) or EXP (p=.30, d=.34) (Figure 11). 

Significant interactions were observed in other portions of the striatum as well. For 

example, in the right caudate tail, the EXP group had much lower BOLD response during 

Soft Touch compared to CON (p=.01, d=.88), but did not differ from SUD+ (p=.16, 

d=.50).  
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Figure 11. Lentiform nucleus group by condition interaction for the Soft Touch Task. Left 
lentiform nucleus center of mass Talairach coordinates are x=-24, y=6, z=4. Bar graph depicts 
percent signal change relative to baseline in anticipation and soft touch stimulus conditions. Error 
bars indicate SE. CON = Control group; EXP = Substance experimenter group; SUD+ = 
Substance use disorder group. 
 

 Brain-Substance Use Relationships. Regression results for the insula BOLD 

response during the Soft Touch stimulus are presented below. Controlling for age, 

gender, and total lifetime days of substance use, no significant linear relationships were 

seen between insula BOLD response and total lifetime days of substance use (p=.44). 

Controlling for age, gender, and total lifetime days of substance use, there was no 

significant linear relationship between insula BOLD response and total SUD symptoms 

(p=.54), impulsivity (p=.29), sensation seeking (p=.37), body awareness (p=.97), or 

family history SUD density (p=.82). R2 values for each of these models were very small, 

ranging from .027 to .049. 

Breathing Load Task 
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 Sample Characteristics. The final sample for the Breathing Load fMRI task was 

51 participants (17 SUD+, 15 EXP, 19 CON). fMRI data from four individuals was 

excluded due to motion artifact. Demographic characteristics for the final Breathing Load 

participants are presented in Table 7. There were no significant group differences in 

terms of age (F(2, 48)= 0.22, p=.81), gender (χ2(2) = 0.32, p=.85), SES (F(2, 43)=2.47, 

p=.10), or estimated academic achievement (F(2, 47)=2.65, p=.08).  

Table 7. Characteristics of Breathing Load Task subjects  
Variable CON EXP SUD+ Effect 
Age [M (SD)] 16.53 (0.61) 16.67 (0.62) 16.59 (0.62)  
Gender [% Female] 42.11 33.33 35.29  
SES [M (SD)] 47.72 (12.21) 42.12 (12.96) 52.28 (10.85)  
Reading [M (SD)] 111.70 (13.73) 101.40 (10.54) 110.90 (15.93)  
Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group; SES = socioeconomic status as measured by the BRFSS; Reading refers to 
WRAT-4 Reading score (age-corrected Standard Score). Groups did not differ on any of the 
above measures (ps>.05). 
 
 Questionnaire Data. Groups did not significantly differ on self-reported 

impulsivity (BIS-11; F(2, 44)=.041 p=.67), awareness of body sensations (BAQ; F(2, 

48)=0.13 p=.88), or internalizing psychopathology symptoms (YSR Internalizing; F(2, 

48)=2.62 p=.08). However, ANOVAs were significant for sensation seeking (SSS-V; 

F(2, 47)=23.05 p<.001) and externalizing psychopathology symptoms (YSR 

Externalizing; F(2, 48)=10.22 p<.001). Pairwise t-tests for the SSS-V demonstrated that 

the EXP group (t(27.69)=5.56 p<.001) and the SUD+ group (t(24.61)=6.02 p<.001) had 

greater levels of sensation seeking than CON group, while EXP and SUD+ did not differ 

significantly (t(27.62)=1.27 p=.21). On the YSR Externalizing scale, the SUD+ group 

endorsed a greater degree of externalizing symptoms than the CON group (t(33.96)=4.06 

p<.001). The EXP group also endorsed greater externalizing symptoms than CON 
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(t(30.71)=3.07 p=.004), while SUD+ and EXP did not differ significantly on this measure 

(t(28.37)=1.57 p=.13). 

 The main effect of group in the ANOVA for family history of SUD was also 

significant (F(2, 48)=8.55, p<.001). Pairwise t-tests revealed that the SUD+ group, who 

had the greatest family history density scores, differed significantly from both the EXP 

group (t(24)=3.68, p=.001) and the CON group (t(27)=-2.89, p=.008). EXP and CON did 

not differ significantly (t(31.98)=0.99, p=.33) on family history of SUD (see Table 8).  

Table 8. Questionnaire variables for Breathing Load Task subjects  
Variable CON EXP SUD+ Sig. 
BIS-11 [M (SD)]  58.06 (11.64) 58.14 (8.55) 60.88 (9.21)  
SSS-V [M (SD)] 14.84 (3.72) 22.67 (4.34) 25.00 (5.83) † ‡ 
BAQ [M (SD)] 79.79 (17.86) 78.07 (16.91) 77.06 (13.69)  
YSR Internalizing [M (SD)] 45.89 (10.80) 48.00 (7.71) 53.24 (10.25)  
YSR Externalizing [M (SD)] 45.63 (10.37) 54.60 (6.55) 59.12 (9.57) † ‡ 
Family History SUD [M (SD)] 0.26 (0.37) 0.15 (0.30) 0.74 (0.58) † ◊ 
Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group; BIS-11 = Barratt Impulsivity Scale; SSS-V = Sensation Seeking Scale; BAQ = 
Body Awareness Questionnaire; YSR = Youth Self Report. SUD = Substance use disorder. 
Family history of SUD measured by the FHAM. † = SUD+ differs from CON at p<.05; ◊ = 
SUD+ differs from EXP at p<.05; ‡ = EXP differs from CON at p<.05. 
 
 Substance Use. As expected the SUD+ group reported the greatest lifetime 

substance exposure with a mean of 483 days of use, followed by the EXP group with a 

mean of 146 days of use (Wilcoxon W=214.5, p=.001). The CON group reported minimal 

substance use with a lifetime mean of 2.6 days, which differed significantly from both 

SUD+ (Wilcoxon W=0, p<.001) and EXP (Wilcoxon W=2, p<.001).  

 Furthering examining use by substance type, SUD+ reported significantly more 

alcohol use than EXP (Wilcoxon W=194.5, p=.012), while CON reported significantly 

less alcohol use than both SUD+ (Wilcoxon W=4.5, p<.001) and EXP (Wilcoxon 
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W=26.5, p<.001). A similar pattern was observed for cannabis, with SUD+ reporting 

more days of cannabis use than EXP (Wilcoxon W=209, p=.002) while the CON group 

endorsed less than both SUD+ (Wilcoxon W=0, p<.001) and EXP (Wilcoxon W=23, 

p<.001). Other illicit drug use reported in this sample included prescription opiates, 

benzodiazepines, stimulants, hallucinogens, ecstasy/MDMA, and synthetic cannabinoids. 

Summing together this other drug use, SUD+ used significantly more than EXP 

(Wilcoxon W=206, p=.002). The CON group reported no other drug use, which was 

statistically significant compared to SUD+ (Wilcoxon W=38, p<.001) and EXP 

(Wilcoxon W=95, p=.008) (see Table 9).  

Table 9. Substance use for Breathing Load Task subjects  
Variable CON EXP SUD+ Sig. 
Ever Alcohol [% drank] 31.58  93.33 100  
Ever Cannabis [% used] 10.53 86.67 100  
Ever Other Drugs [% used] 0.00 33.33 76.47  
Lifetime Alcohol [M (SD)] 2.32 (5.14) 83.07 (178.20) 115.40 (103.50) † ◊ ‡ 
Lifetime Cannabis [M (SD)] 0.26 (0.93) 61.20 (88.73) 310.70 (280.80) † ◊ ‡ 
Lifetime Other Drugs [M (SD)] 0.00 (0.00) 2.13 (5.14) 57.06 (90.27) † ◊ ‡ 
Lifetime Total [M (SD)] 2.58 (5.92) 146.40 (187.00) 483.10 (313.40) † ◊ ‡ 
Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group. Lifetime substance use is measured in days of use. † = SUD+ differs from 
CON at p<.05; ◊ = SUD+ differs from EXP at p<.05; ‡ = EXP differs from CON at p<.05. 
 
 Task Performance and Ratings. Complete task performance data were available 

for 44 individuals. Groups did not differ in reaction time (F(2, 41)= 0.53, p=.59) or 

accuracy (F(2, 41)= 2.55, p=.09) on the CPT during the Breathing Load scan. On average 

participants were highly accurate (M = 98.5%) and average reaction time was 634.39 ms. 

Groups were also comparable in their VAS ratings of loaded breathing on pleasant (F(2, 

48)= 1.98, p=.15), unpleasant (F(2, 48)= 0.08, p=.93), and intensity (F(2, 48)= 0.83, 

p=.44) dimensions.  On average, all groups rated the interoceptive probe as more 
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unpleasant that pleasant. Group means for Breathing Load VAS ratings are presented in 

Table 10.  

Table 10. Visual Analog Scale (VAS) ratings of Breathing Load stimulus  
Variable CON EXP SUD+ Effect 
Pleasant 2.05 (1.74) 1.80 (1.77) 1.03 (1.12)  
Unpleasant 5.39 (2.96) 5.17 (2.78) 5.57 (2.88)  
Intense 3.52 (3.06) 2.83 (2.40) 4.07 (2.58)  
Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group; VAS ratings are anchored at 0 (“Not at all”) and 10 (“Extremely”) for each 
variable. Groups did not differ on any of the above measures (ps>.05). 
 

fMRI: Aversive Interoceptive Probe  

Main Effect of Group. Five clusters differed significantly between groups in 

the whole brain analysis and 2 clusters emerged in the ROI mask analysis for the 

Breathing Load task (see Table 11). In all but one cluster, the SUD+ group had the 

greatest activation. Significant group differences were observed in the frontal cortex, 

cingulate cortex, and striatum, but not in the insula. Specific main effects in these 

interoceptive regions are discussed below.   
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Table 11. Group Main Effect for Breathing Load Task   
Mask Volume (µl) x y z Anatomic Location Relationship Sig. 
WB 1408 -26 -6 32 L Middle Frontal Gyrus E > C > S † ◊  
WB 1216 -2 12 13 L Caudate S > C > E ◊ ‡ 
WB 1024 -11 -50 17 L Posterior Cingulate S > C > E ◊ ‡ 
WB 832 17 -82 -3 R Lingual Gyrus S > C > E † ◊ 
WB 768 6 -82 -15 R Declive S > E > C † ◊ 
ROI 320 -5 10 8 L Caudate S > C > E ◊ ‡ 
ROI 320 -3 39 -3 L Anterior Cingulate S > C > E † ◊ 

Note. C = Control group; E = Substance experimenter group; S = Substance use disorder 
group; WB= Whole brain analyses; ROI = ROI mask analysis; Anatomic Location is center of 
mass. Coordinates are in Talairach space. Relationship describes the order of means and does 
not reflect statistical significance. † = SUD+ differs from CON at p<.05; ◊ = SUD+ differs 
from EXP at p<.05; ‡ = EXP differs from CON at p<.05. 

 

In the left middle frontal gyrus, CON and EXP demonstrated similarly minimal 

activation (p=.81, d=.09) while the SUD+ group showed deactivation that differed from 

both EXP (p=.008, d=.99) and CON (p=.009, d=.93). In the left caudate head, CON and 

SUD+ had positive activation that did not differ significantly (p=.25, d=.26) while the 

EXP group had notable deactivation that was significant compared to both CON (p=.02, 

d=.95) and SUD+ (p=.007, d=1.0) (Figure 12). The EXP group also had considerable 

deactivation in the left posterior cingulate. This was significantly different from both 

CON (p=.02, d=.87) and SUD+ (p=.004, d=1.1), who had more similar BOLD responses 

in this region (p=.19, d=.45). In the left ACC, SUD+ showed the greatest activation, 

differing significantly from CON (p=.02, d=.81) and EXP (p=.005, d=1.0). Both CON 

and EXP showed minimal response in the left ACC that did not differ (p=.20, d=.45) 

(Figure 13).  
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Figure 12. Caudate main effect of group for the Breathing Load Task. Left caudate center of 
mass Talairach coordinates are x=-2, y=12, z=13. Bar graph depicts percent signal change 
relative to baseline regardless of task condition. Error bars indicate SE. CON = Control group; 
EXP = Substance experimenter group; SUD+ = Substance use disorder group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13. Anterior cingulate group main effect for the Breathing Load Task. Left anterior 
cingulate cortex center of mass Talairach coordinates are x=-3, y=39, z=-3. Bar graph depicts 
percent signal change relative to baseline regardless of task condition. Error bars indicate SE. 
CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use disorder 
group 
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Group by Condition Interactions. The above main effects, which describe group 

differences regardless of task condition, must be considered in light of significant group 

by condition (anticipation vs. loaded breathing) interactions. Five whole brain clusters 

and 4 ROI mask clusters had significant interaction effects (see Table 12). Simple effect 

analyses are used to describe group differences within each condition. 

Table 12. Group by Condition Interaction for Breathing Load Task   
Mask Volume (µl) x y z Anatomic Location Relationship in ST Sig.  
WB 1792 2 -17 -25 R Brain Stem S > E > C   
WB 1728 -28 -19 -23 L Parahippocampal Gyrus S > E > C †  
WB 1536 45 -8 17 R Posterior Insula S > E > C †  
WB 832 17 -39 70 R Postcentral Gyrus S > C > E ◊ ‡  
WB 768 20 -7 -10 R Parahippocampal Gyrus S > C > E † ◊  
ROI 768 42 -9 17 R Posterior Insula S > E > C   
ROI 448 35 8 5 R Anterior Insula S > E > C   
ROI 448 -45 4 -5 L Anterior Insula E > S > C   
ROI 256 9 17 -7 R Anterior Cingulate C > E > S † ‡  

Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group; WB= Whole brain analyses; ROI = ROI mask analysis; Anatomic Location is 
center of mass. Coordinates are in Talairach space. Relationship in ST describes the order of 
means during the Soft Touch condition (simple effect of condition) and does not reflect 
statistical significance. † = SUD+ differs from CON at p<.05; ◊ = SUD+ differs from EXP at 
p<.05; ‡ = EXP differs from CON at p<.05. 
 

Two significant clusters emerged in the right insular cortex (Figure 14). Groups 

did not differ during the anticipation condition in either cluster. In the right PIC cluster, 

SUD+ demonstrated the greatest activation to the Breathing Load stimulus, followed by 

EXP, and then CON who had the least activation. SUD+ differed significantly from CON 

(p=.02, d=.82) but not from EXP (p=.16, d=.50) during loaded breathing. In addition, 

CON and EXP did not differ (p=.28, d=.43). In the right dorsal AIC cluster, SUD+ and 

EXP had the greatest activation during loaded breathing while CON had the least. While 
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the simple main effect within the Breathing Load condition was not statistically 

significant for this cluster, the change in activation from anticipation to soft touch was of 

much greater magnitude for EXP and SUD+ than for CON (difference in differences), 

which drove the significant interaction effect.  Group differences emerged during the 

anticipation condition in the left ventral AIC (Figure 15). In this region, CON had the 

greatest activation, which differed from SUD+ who showed deactivation during 

anticipation (p=.003, d=1.1). Activation in the EXP group fell in between and did not 

statistically differ from either CON (p=.09, d=.60) or SUD+ (p=.06, d=.67).   

 

 
 

 

 
Figure 14. Right insular regions with group by condition interactions for the Breathing Load 
Task. Right posterior insula center of mass Talairach coordinates are x=42, y=-9, z=17. Right 
anterior insula center of mass Talairach coordinates are x=35, y=8, z=5. Bar graphs depict 
percent signal change relative to baseline in anticipation and loaded breathing stimulus 
conditions. Error bars indicate SE. CON = Control group; EXP = Substance experimenter 
group; SUD+ = Substance use disorder group 

  



 

 

64 

 

 

 

 

 

 

 

 

 
 
Figure 15. Anterior insula group by condition interaction for the Breathing Load Task. Left 
anterior insula center of mass Talairach coordinates are x=-45, y=4, z=-5. Bar graphs depict 
percent signal change relative to baseline in anticipation and loaded breathing stimulus 
conditions. Error bars indicate SE. CON = Control group; EXP = Substance experimenter 
group; SUD+ = Substance use disorder group 
 

 In the right ACC, groups did not differ during the anticipation condition. During 

the loaded breathing, only the CON group had positive average activation, differing 

significantly from both EXP (p=.01, d=.95) and SUD+ (p=.03, d=.76). EXP and SUD+ 

were statistically similar (p=.45, d=.26) (Figure 15). 

 

 

 

 

 

 

 



 

 

65 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Anterior cingulate group by condition interaction for the Breathing Load Task. 
Right anterior cingulate cortex center of mass Talairach mass coordinates are x=9, y=17, z=-7. 
Bar graph depicts percent signal change relative to baseline in anticipation and loaded 
breathing stimulus conditions. Error bars indicate SE. CON = Control group; EXP = 
Substance experimenter group; SUD+ = Substance use disorder group. 
 

 Brain-Substance Use Relationships. Regression results for the insula BOLD 

response during the Breathing Load stimulus are presented below. Controlling for age 

and gender, no significant linear relationship was seen between insula BOLD response 

and total lifetime days of substance use (p=.87). Controlling for age, gender, and total 

lifetime days of substance use, a significant relationship was seen between insula BOLD 

response and sensation seeking (p=.012, model R2=.12; higher levels of sensation seeking 

were associated with less insula activation during aversive loaded breathing), but not 

SUD symptoms (p=.49), impulsivity (p=.81), body awareness (p=.06), or family history 

SUD density (p=.89). 

Gray Matter Morphology 
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 Sample Characteristics. After manual quality checking, the final sample for 

anatomical analysis was 75 participants (24 SUD+, 28 EXP, 23 CON). Of 108 total 

eligible subjects with high-resolution T1-weighted MRI scans, 33 were excluded due to 

motion artifact and/or inadequate automated processing through the standard FreeSurfer 

processing pipeline.  

 Demographic characteristics and questionnaire variables for the final 75 

participants are presented in Table 13. There were no significant group differences in 

terms of age (F(2, 72)= 0.19, p=.83), gender (χ2(2) = 0.22, p = .90), SES (F(2, 68)=0.97, 

p=.38), or estimated academic achievement (F(2, 72)=2.28, p=.11). Groups did not 

significantly differ on family history density of SUD (F(2, 72)=0.80, p=.45). However, 

ANOVAs were significant for internalizing psychopathology symptoms (YSR 

Internalizing; F(2, 72)=4.17 p=.02) and externalizing psychopathology symptoms (YSR 

Externalizing; F(2, 72)=17.17 p<.001). Pairwise t-tests demonstrated that the SUD+ 

group endorsed a greater degree of internalizing symptoms than the CON group 

(t(49.26)=2.74 p=.008) and the EXP group (t(43.20)=2.15 p=.008), while CON and EXP 

did not differ (t(43.20)=2.74 p=.40). For externalizing symptoms, all three groups 

differed from one another. SUD+ endorsed greater symptomatology than EXP 

(t(45.75)=3.19 p=.003) who endorsed greater symptomatology than CON (t(42.55)=3.00 

p=.004).   
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Table 13. Characteristics of subjects for gray matter morphology analysis  
Variable CON EXP SUD+ Sig. 
Age [M (SD)] 16.43 (0.66) 16.54 (0.69) 16.54 (0.66)  
Gender [% Female] 34.78 39.29 33.33  
SES [M (SD)] 44.93 (11.02) 46.23 (13.39) 49.74 (11.08)  
Reading [M (SD)] 108.50 (9.35) 104.30 (11.82) 111.5 (14.76)  
YSR Internalizing [M (SD)] 45.70 (10.23) 48.00 (9.00) 53.29 (8.70) † ◊ 
YSR Externalizing [M (SD)] 45.96 (9.56) 53.43 (7.87) 61.04 (9.14) † ◊ ‡ 
Family History SUD [M (SD)] 0.28 (0.40) 0.28 (0.40) 0.42 (0.50)  
Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group; SES = socioeconomic status as measured by the BRFSS; Reading refers to 
WRAT-4 Reading score (age-corrected Standard Score). YSR = Youth Self Report. SUD = 
Substance use disorder. Family history of SUD measured by the FHAM. † = SUD+ differs 
from CON at p<.05; ◊ = SUD+ differs from EXP at p<.05; ‡ = EXP differs from CON at 
p<.05. 
 
 
 Substance Use. As expected, the SUD+ group reported the greatest lifetime 

substance exposure with a mean of 619 days of use, followed by the EXP group with a 

mean of 120 days of use (Wilcoxon W=214.5, p=.001). The CON group reported minimal 

substance use with a lifetime mean of 2.8 days of use, which differed significantly from 

both SUD+ (Wilcoxon W=0, p<.001) and EXP (Wilcoxon W=5, p<.001) (see Table 14).  

 Furthering examining use by substance type, SUD+ reported more alcohol use 

than EXP (Wilcoxon W=543.5, p<.001), while CON reported less alcohol use than both 

SUD+ (Wilcoxon W=6, p<.001) and EXP (Wilcoxon W=44, p<.001). A similar pattern 

was observed for cannabis, with SUD+ reporting more days of cannabis use than EXP 

(Wilcoxon W=575, p<.001) while the CON group used less than both SUD+ (Wilcoxon 

W=0, p<.001) and EXP (Wilcoxon W=29.5, p<.001). Other illicit drug use reported in 

this sample included prescription opiates, benzodiazepines, stimulants, hallucinogens, 

ecstasy/MDMA, and synthetic cannabinoids. Summing together this other drug use, 

SUD+ used more than EXP (Wilcoxon W=516, p<.001). The CON group reported no 
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other drug use, which differed from both SUD+ (Wilcoxon W=69, p<.001) and EXP 

(Wilcoxon W=218.5, p=.003).  

Table 14. Substance use for gray matter morphology subjects  
Variable CON EXP SUD+ Sig. 

Ever Alcohol [% drank] 26.09  100 100  
Ever Cannabis [% used] 8.70 92.86 100  
Ever Other Drugs [% used] 0.00 32.14 73.91  
Lifetime Alcohol [M (SD)] 2.57 (5.46) 58.04 (132.40) 165.50 (220.70) † ◊ ‡ 
Lifetime Cannabis [M (SD)] 0.22 (0.85) 57.57 (107.20) 387.80 (340.90) † ◊ ‡ 
Lifetime Other Drugs [M (SD)] 0.00 (0.00) 4.36 (15.72) 65.92 (155.50) † ◊ ‡ 
Lifetime Total [M (SD)] 2.78 (6.08) 120.00 (189.80) 619.20 (563.80) † ◊ ‡ 
Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group. Lifetime substance use is measured in days of use. † = SUD+ differs from 
CON at p<.05; ◊ = SUD+ differs from EXP at p<.05; ‡ = EXP differs from CON at p<.05. 

 

Group Differences in Morphology. No significant group differences were seen 

across any of the a priori regions of interest for volume, surface area, or cortical thickness 

metrics. Group means, p-values, and effect sizes associated with each ANOVA are 

presented in Table 15.  
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Table 15. Gray matter volume, surface area, and cortical thickness  
Anatomic Location CON EXP SUD+ p η2 
Volume (mm3) 

    
 

   Total Intracranial Volume 1593193 1556708 1595654 0.657 0.01 
   L Anterior Cingulate  8824 8534 8875 0.625 0.01 
   L Anterior Insula  6305 6172 6446 0.455 0.02 
   L Caudate  4153 4171 4217 0.911 <0.01 
   L Lentiform Nucleus 8064 7864 8086 0.752 <0.01 
   L Nucleus Accumbens 731.3 727.5 724.3 0.973 <0.01 
   L Posterior Insula  3676 3545 3665 0.488 0.02 
   L Prefrontal Cortex 65078 63458 65101 0.647 0.01 
   R Anterior Cingulate  9816 9435 9718 0.509 0.02 
   R Anterior Insula 5654 5664 5845 0.596 0.01 
   R Caudate 4331 4284 4282 0.932 <0.01 
   R Lentiform Nucleus  8146 8016 8255 0.610 0.01 
   R Nucleus Accumbens  739.2 690.8 727.3 0.183 0.05 
   R Posterior Insula 3298 3162 3296 0.433 0.02 
   R Prefrontal Cortex  62647 60115 61594 0.412 0.02 
      
Cortical Surface Area (mm2) 

   
 

   L Anterior Cingulate  2791 2699 2796 0.698 <0.01 
   L Anterior Insula  2099 2045 2138 0.356 0.03 
   L Posterior Insula  1295 1223 1269 0.177 0.05 
   L Prefrontal Cortex 18688 18042 18650 0.445 0.02 
   R Anterior Cingulate 3197 3071 3167 0.503 0.02 
   R Anterior Insula 1856 1866 1919 0.594 0.01 
   R Posterior Insula 1149 1123 1166 0.465 0.02 
   R Prefrontal Cortex 18438 17395 17933 0.187 0.05 
      
Cortical Thickness (mm) 

    
 

   Whole Brain Average 2.627 2.628 2.616 0.899 <0.01 
   L Anterior Cingulate 3.025 3.011 3.002 0.831 <0.01 
   L Anterior Insula 3.211 3.204 3.172 0.606 0.01 
   L Posterior Insula 3.182 3.19 3.128 0.398 0.03 
   L Prefrontal Cortex 2.788 2.788 2.753 0.572 0.02 
   R Anterior Cingulate 2.893 2.862 2.854 0.591 0.01 
   R Anterior Insula 3.162 3.173 3.15 0.866 <0.01 
   R Posterior Insula 3.237 3.153 3.119 0.101 0.06 
   R Prefrontal Cortex 2.679 2.679 2.667 0.935 <0.01 

Note. CON = Control group; EXP = Substance experimenter group; SUD+ = Substance use 
disorder group. Groups did not differ on any of the above measures.  

 

 Brain-Substance Use Relationships. Regression results for insula morphology 

variables are presented below. Controlling for age and gender, there was no significant 

linear relationship between total lifetime days of substance use and insula volume 
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(p=.87), surface area (p=.64), or cortical thickness (p=.08). Controlling for age, gender, 

and total lifetime days of substance use, there was no significant linear relationship 

between total SUD symptoms and insula volume (p=.06), surface area (p=.07), or cortical 

thickness (p=.74). Similarly, controlling for age, gender, and total lifetime days of 

substance use, there was no significant linear relationship between family history SUD 

density and insula volume (p=.12), surface area (p=.19), or cortical thickness (p=.30). 

Gender was significantly related to insula morphology in all models (ps>.05).  

 Chapters I-IV, in part, are currently being prepared for submission for publication 

of the material in two manuscripts: Migliorini, R., May, A. C., Stewart, J. L., Berk, L., 

Paulus, M. P., & Tapert, S. F. and Migliorini, R., May, A. C., Stewart, J. L., Paulus, M. 

P., & Tapert, S. F. The dissertation author was the primary investigator and author of this 

material. 
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IV. DISCUSSION 

 The present study was designed to investigate the relationship between 

interoception and addiction in an adolescent population. Specifically, I sought to 

characterize the structure and function of interoceptive brain regions in 15-17 year-olds 

with a variety of alcohol and drug use histories, divided into three groups: non-using 

controls, sub-clinical substance “experimenters,” and individuals with substance use 

disorders. The inclusion of these experimenters, who were at relatively early stage of 

their substance use trajectories, allowed approximation of the degree to which altered 

interoceptive processing precedes or follows heavy substance use within a cross-sectional 

study design. Specific aims of this project were to compare BOLD response during direct 

induction of pleasant or aversive physical sensations during fMRI scanning, as well as 

compare gray matter volume, cortical thickness, and surface area of key interoceptive 

brain regions across groups. An additional aim was to examine the relationship between 

the insular cortex — the central hub of the interoceptive network — and other clinical 

and substance use variables thought to contribute to addiction risk. 

Pleasant Interoceptive Stimulation 

 The Soft Touch stimulus, which was designed to be a positively-valenced 

interoceptive probe, was rated as moderately pleasant by all groups of adolescents, 

consistent with prior studies using this stimulus (May et al., 2013; May et al., 2014; 

Migliorini et al., 2013). Despite comparable task performance during fMRI scanning, 

significant group differences were observed the interoceptive network, including the 

insula, anterior cingulate, frontal cortex, and striatum.  
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 The first part of Hypothesis 1 — that SUD+ and EXP youth would show less 

BOLD response in PIC, ACC, and frontal cortex during pleasant visceral stimulation 

compared to controls — was supported. SUD+ teens had blunted activation in the left 

PIC, left ACC, left inferior frontal gyrus, right inferior frontal gyrus, and right middle 

frontal gyrus in response to the pleasant sensation, compared to CON. The EXP group 

also had comparably blunted activation in these same regions, not differing from the 

SUD+ group, and showed attenuated BOLD response in regions where SUD+ did not, 

including the right PIC, right middle insula, and left middle frontal gyrus, making the 

experimenters the group that deviated most from control group activation patterns.  

 The second part of Hypothesis 1, that SUD+ and EXP would show elevated 

response in the striatum and AIC during pleasant visceral stimulation compared to 

controls, was supported only for the SUD+ group and not the EXP group. Specifically, 

SUD+ demonstrated heightened BOLD response in the left lentiform nucleus during the 

Soft Touch stimulus. SUD+ also had the greatest activation change from anticipation to 

soft touch in the left dorsal AIC. By contrast, EXP youth did not differ from the CON 

group in either of these regions. However, there was a separate ventral left AIC region 

that emerged as a main effect of group where CON and SUD+ had similar activation 

while EXP showed a blunted response in comparison. In addition, although groups 

largely did not differ on anticipatory activation, the EXP group did demonstrate increased 

anticipation response in middle frontal gyri compared to CON. Finally, I predicted in 

Hypothesis 4 that BOLD percent signal change would be linearly related to substance 

use risk factors over and above substance use exposure. This hypothesis was not 
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supported for any of the tested risk factors, including body awareness, impulsivity, 

sensation seeking, and family history of substance use disorders. 

That widespread alterations in the interoceptive network were observed in both 

SUD positive youth and subclinical substance experimenters suggests that there is a 

shared vulnerability in the processing of pleasant stimuli in teens at risk for addiction, 

regardless of degree of substance exposure and clinical pathology. In the present study, 

this shared vulnerability was characterized by hypoactivation in regions associated with 

primary somatovisceral processing, cognitive and integrative aspects of interoception, 

and higher order decision making, inhibitory control, and behavioral regulation. 

Additional findings emerged that were only associated with a more severe degree of 

substance involvement, differentiating the two user groups. Specifically, youth who met 

criteria for a SUD showed hyperactivation in regions important for reward learning and 

conscious recognition of the body state.  

Previous research has described similar patterns of dampened frontal and insular 

cortex activation in methamphetamine dependent adults (May et al., 2013) and alcohol 

and marijuana dependent adolescents using the same Soft Touch Task (Migliorini et al., 

2013). The present study provides the first observation that these alterations are also 

present quite early in the substance use trajectory – before the onset of a clinical disorder 

– raising the question of whether attenuated neural processing of non-drug pleasant 

sensations could be an early risk factor for addiction.  

 The precise implications of such a risk factor are not yet clear. One might 

hypothesize that if normally enjoyable stimuli are processed less intensely, then they may 

be less salient, and if they are less salient they may be less inherently rewarding. 
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Individuals might then be motivated to seek out more intensely pleasant visceral 

experiences, such as alcohol and drug intoxication. This underlying principle is similar to 

the proposed reward deficiency syndrome, where a dysfunction in the dopaminergic 

reward cascade is thought to be the primary underlying pathology (Blum et al., 2000). 

However, the present study suggests that this pleasure hyposensitivity might also stem 

from changes in primary somatovisceral perception. Dampened activation in the insula 

could then cue motivation or “wanting” of a pleasant body state, which is thought to 

localize to the dorsal striatum. Known as incentive salience, this type of “wanting” is 

distinct from hedonic “liking” (Robinson, Fischer, Ahuja, Lesser, & Maniates, 2016) and 

as defined by Berridge, “does not require a clear cognition of what is wanted, and does 

not even need to be consciously experienced as a feeling of wanting” (Berridge, 2009). 

My results also support the idea that interoceptive alterations in adolescent substance 

users could take place outside of awareness, as groups did not differ on their 

pleasantness, unpleasantness, or intensity ratings of the Soft Touch stimulus, nor did they 

differ on their self-reported body awareness. Follow up regressions also failed to show a 

relationship between insular response and self-reported sensation seeking or body 

awareness.  

 Finally, both salience and reward-related activation likely interact with 

supervisory control and decision-making functions of the frontal lobe to guide approach 

behaviors toward pleasurable stimuli. In the present study, frontal lobe activation was 

dampened during pleasant interoceptive stimulation in substance-using youth, which is 

consistent with the notion that poorer top-down control contributes to both the onset and 

maintenance of addiction (Goldstein & Volkow, 2002). From an interoceptive 
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perspective, weaker cognitive control and response inhibition may make it more difficult 

for youth to adequately assess or resist riskier sources of visceral pleasure, such as 

alcohol and drug use.  

Aversive Interoceptive Stimulation 

 The inspiratory Breathing Load stimulus, which was designed to be a direct 

aversive interoceptive probe, was rated as moderately unpleasant by all groups of 

adolescents, consistent with prior studies using this stimulus (Berk et al., 2015; Stewart, 

Juavinett, et al., 2015; Stewart et al., 2014; Stewart et al., 2013). Despite comparable task 

performance during fMRI scanning, significant group differences were observed in key 

interoceptive regions, including the insula, anterior cingulate, frontal cortex, and striatum.  

I predicted in Hypothesis 2 that SUD+ and EXP youth would show greater BOLD 

response in insular and frontal cortex during aversive visceral stimulation compared to 

controls. This hypothesis was partially supported for the insular cortex. Specifically, both 

SUD+ and EXP had exaggerated activation patterns in response to the breathing load 

stimulus in the right dorsal AIC. Only the SUD+ group showed a significantly elevated 

response relative to controls in the right PIC, while the EXP group showed an 

intermediate level of activation that did not significantly differ from CON or SUD+. The 

frontal cortex findings were mixed. For example, SUD+, but not EXP, had elevated 

activation in the left ACC. On the other hand, SUD+ group also had relatively blunted 

reactivity in the left middle frontal gyrus and right rostral ACC, where the CON teens had 

the greatest activation. The EXP group was more similar to SUD+ in the right rostral 

ACC, but comparable to the CON group in the left middle frontal gyrus.  
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Significant findings were also seen in regions and conditions not included in the 

above hypothesis. For example, in a main effect of group, EXP youth showed a distinct 

pattern of deactivation in both the left caudate and left posterior cingulate. Moreover, the 

left rostral AIC was sensitive to anticipating the aversive stimulus in the CON group but 

deactivated during this condition in the SUD+ group, with the EXP group falling in 

between the two. Groups did not differ during the sensation of loaded breathing in the left 

rostral AIC.  

I also predicted in Hypothesis 4 that BOLD percent signal change would be 

linearly related to substance use risk factors over and above substance use exposure. 

This hypothesis was not supported for the majority of risk factors, including body 

awareness, impulsivity, and family history of substance use disorders. However, there 

was a relationship between sensation seeking and insula BOLD signal, where having 

higher levels of sensation seeking was associated with decreased insula activation during 

aversive loaded breathing.  

 In summary, the SUD+ group was the group that deviated the most from control 

activation patterns. Youth with substance use disorders showed hyperactivation in 

regions associated with somatovisceral processing and the cognitive aspects of 

interoception, but hypoactivation in areas associated with cognitive control and 

behavioral regulation in response to the aversive stimulus. SUD+ teens also showed 

hypoactivation while anticipating the onset of the aversive stimulus in a region important 

for emotional and anticipatory aspects of interoceptive processing that has been shown to 

serve a specialized role in coding aversive vs. appetitive valence (Jensen et al., 2007). 

Youth who were experimenting with alcohol and drug use also had hyperactivation in 
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areas associated with the cognitive aspects of interoception and hypoactivation in striatal 

regions important for reward learning, but in many other regions showed an intermediate 

level of activation that did not differ significantly from controls.  

 At the broadest level, these findings indicate that neural processing of a non-drug 

related unpleasant respiratory sensation is dysregulated in youth with a clinically 

diagnosed substance use disorder, but that circumscribed alterations are also present even 

in substance experimenters who do not meet criteria for a disorder. This latter observation 

is consistent with findings from the Soft Touch Task, where both user groups 

demonstrated deviant patterns of activation to the pleasant skin sensations.  

 Breathing Load Task findings have implications for the potential role of negative 

reinforcement processing and conscious homeostatic regulation in adolescent substance 

use. When presented with an unpleasant body sensation, adolescents with SUD showed 

hypersensitivity to the aversive sensation in primary interoceptive regions of the insula. If 

normally negative internal states are processed in an exaggerated manner, it is possible 

that substance use could be initiated to dampen or escape these feelings. From a 

developmental perspective, teenagers may be at particular risk for maladaptive 

processing of unpleasant feelings, as adolescence is associated with heightened 

sensitivity to stress, negative affect, and increases in subsequent autonomic nervous 

system and hypothalamic-pituitary-adrenal (HPA) axis activity (Spear, 2009). While this 

normative change may be adaptive for many, youth at risk may shift toward poor stress 

regulation (Stroud et al., 2009). Moreover, adolescents may be less able to regulate their 

behavioral responses to this emotional and physiological reactivity due to protracted 

maturation of frontal lobe relative to other brain systems (Giedd, 2008). 
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 In this context, alcohol and drugs may be used as a means of altering an aversive 

state in attempt to achieve homeostasis (Paulus et al., 2009). After repeated intoxication, 

withdrawal-based motivation can negatively reinforce further use through interoceptive 

cues (Baker, Piper, McCarthy, Majeskie, & Fiore, 2004; Berridge, 2009; Koob, 2008; 

Koob & Le Moal, 1997). In individuals with dysregulated interoception, visceral 

withdrawal symptoms may also be experienced as excessively aversive, amplifying the 

reinforcement of continued escape behaviors and chronic maladaptive use.  

 In contrast to the exaggerated processing of the aversive sensation, adolescents 

with substance use disorders showed blunted reactivity in the anterior insula when 

anticipating the stimulus, perhaps representing a mismatch between what is expected and 

what is felt. The difference between a predicted body state and an experienced body state 

is known as body prediction error (Seth, Suzuki, & Critchley, 2011). A larger body 

prediction error (i.e., a greater mismatch) may make it more difficult to reliably regulate 

the internal state, which could further contribute to addiction risk (Paulus et al., 2009). 

Indeed, previous research has shown that adolescents who can better predict and 

modulate physiological responses to aversive stimuli may be less likely to engage in 

addictive behaviors (J. Taylor, Carlson, Iacono, Lykken, & McGue, 1999). This type of 

interoceptive prediction and decision making is likely complex (Paulus & Yu, 2012) and 

requires recruitment of frontal lobe networks critical for cognitive control and reward 

motivation (Dixon & Christoff, 2014). That youth with substance use disorders showed 

blunted reactivity in prefrontal cortex and variable activation of the anterior cingulate 

suggests that this network may be broadly disrupted, impacting the higher-order aspects 

of processing an aversive body sensation.   
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Gray Matter Morphology of Interoceptive Regions 

In Hypothesis 3, I predicted that SUD+ and EXP youth would show gray matter 

size reductions compared to controls in insula, ACC, striatum, and frontal cortex. The 

proposed analyses failed to show support for this hypothesis, as groups did not differ on 

any of the brain regions examined across volumetric, surface area, and cortical thickness 

variables. Effect sizes were small across all regions. Hypothesis 4, which stated that gray 

matter morphology of the insula would be linearly related to substance use risk factors 

over and above substance use exposure, was also not supported. Insula volume, surface 

area, and cortical thickness all had no significant linear relationship with lifetime 

substance exposure, total SUD symptoms, or family history density of SUD.  

Given these findings, one could infer that adolescent substance use is not 

associated with morphological brain differences in the interoceptive network. This is 

consistent with a recent cortical thickness analysis by Chumachenko and colleagues, who 

failed to find insula or frontal cortex differences in adolescents with SUD using sample 

sizes and methods that are comparable to the present study (Chumachenko et al., 2015). 

Using an even larger sample and focusing on subcortical structures, Weiland and 

colleagues showed a lack of morphological differences between adolescents who used 

cannabis daily vs. non-users (Weiland et al., 2015).  

By contrast, other prior literature has reported gray matter alterations in key 

interoceptive regions. For example, decreased cortical thickness in insula and frontal 

cortex have been previously reported in adolescent cannabis users (Lopez-Larson et al., 

2011) and reduced insula and prefrontal volumes has been observed in adults who use 

cannabis regularly (Battistella et al., 2014; Lorenzetti, Solowij, Fornito, Lubman, & 
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Yucel, 2014). Frontal cortex reductions have also been observed in alcohol-using youth 

(Churchwell et al., 2010; De Bellis et al., 2005), mirroring patterns observed in adults 

with alcohol use disorders (Sullivan & Pfefferbaum, 2005).  

Overall, whether adolescent substance use is reliably associated with gray matter 

changes in interoceptive brain regions remains to be determined, but there are a number 

of reasons why the present study may have failed to detect group differences. First, this 

study is comprised of a mix of alcohol, cannabis, and polysubstance users. The extant 

literature on adolescent substance use largely focuses on youth using a single class of 

substances, such as alcohol users or cannabis users, and neuroimaging data on 

polysubstance use is limited (Meyerhoff, 2017). To the degree that morphological 

impacts are substance-specific, the exposure variability inherent in our sample may have 

interfered with the ability to detect significant differences. In addition, the interaction 

between substance use and dynamic neuromaturation may make it more difficult to 

capture subtle neural impacts of adolescent substance use in a cross-sectional design. 

While the present analysis did not detect any significant group differences at a single time 

point, our null findings cannot rule out the possibility of disruptions in normal age-related 

changes in volume, surface area, or cortical thickness observable in longitudinal designs 

(e.g., as seen in (Squeglia et al., 2015). Finally, the present study focused exclusively on 

analysis of a priori regions of interest for morphological analysis. It is possible that group 

differences may exist, but that these effects are missed when data is aggregated or 

segmented at the ROI level. Future analyses could include whole brain analysis to better 

investigate a wider range of neural regions.  

Summary 
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 Three key findings emerge from this study. First, results suggest that adolescent 

substance use is associated with aberrant interoceptive processing in the central nervous 

system, and that the nature of this abnormality depends on the valence of the 

physiological experience. For example, pleasant stimulation led to down-regulation of 

somatovisceral neural activity in the posterior insula, whereas unpleasant stimulation led 

to up-regulation of this same brain region. This pattern positive blunting vs. negative 

heightening underscores the likelihood that interoceptive dysfunction in adolescent 

substance use is characterized by dynamic and context-specific dysregulation rather than 

a static loss of function.   

 Second, these differences between groups during the fMRI tasks were seen in the 

absence of group differences in subjective ratings of experimental stimuli or self-reported 

body awareness, suggesting that interoceptive dysregulation at the neural level takes 

place outside of conscious awareness. In addition, the fact that no differences were found 

in gray matter morphometry provides the first evidence that interoceptive dysregulation is 

not due to gross structural abnormalities.  

 Third, aberrant activation patterns were seen not only in youth with SUD, but also 

in adolescents with more moderate substance exposure who do not meet criteria for a 

disorder. Though preliminary, this finding advances the theory that individual differences 

in the perception and processing of visceral sensations may be, at least in part, an early 

predisposing factor for substance misuse, rather than simply a downstream consequence 

of addiction or long-term drug and alcohol exposure. This is consistent with a growing 

body of neuroimaging studies reporting brain differences in teenagers at risk for 

addiction, often even prior to the onset of drug or alcohol consumption.  For example, 
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longitudinal designs have demonstrated that non-using teens who later transition to 

substance use had widespread neural hypoactivation during inhibitory control (Norman et 

al., 2011). Greater PFC activity and ventral AIC activity during a reward task can also be 

used to predict future substance use (Nitschke, Sarinopoulos, Mackiewicz, Schaefer, & 

Davidson, 2006). Furthermore, cross-sectional studies have used individual and family 

characteristics as proxies for future SUD risk and found that non-using youth with SUD 

risk also have activation patterns that differ from lower risk controls (Acheson et al., 

2014; Cservenka, Fair, & Nagel, 2014; Cservenka & Nagel, 2012; Hardee et al., 2014; 

Schweinsburg et al., 2004). Of note, insula-specific BOLD response was largely 

unrelated to other SUD risk factors measured in the present study, including body 

awareness, sensation seeking, family history, and severity of substance use, suggesting 

that interoceptive processing may be a relatively independent factor.  

Limitations and Future Directions 

 The proposed study is the first to date to directly examine both the structure and 

function of interoceptive brain networks in adolescent substance users. The inclusion of 

an intermediate substance use group in addition to non-using controls and youth with 

current SUD provided the opportunity to examine interoceptive dysregulation at very 

early stages of substance use. However, the cross-sectional nature of this study limits the 

ability to draw inferences about the timing, development, and cause of observed brain 

changes. Significant differences may be attributable to a variety of mechanisms. For 

instance, genetic and environmental factors could lead to dampened or enhanced 

interoceptive processing in childhood, constituting a risk factor for future substance 

addiction. Or, non-interoceptive factors could cause teenagers to initiate substance use 
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and the neurotoxicity of alcohol and other drugs could subsequently disrupt normal 

development of interoceptive circuitry. Alternatively, recent substance use could cause 

transient changes in BOLD activation that remit with extended abstinence. These 

mechanisms may not be mutually exclusive. Because this study is unable to observe 

youth prior to substance initiation, follow them over time, or study them during periods 

of extended abstinence, the ability to pinpoint the exact causes of interoceptive 

deficiencies is substantially restricted. Longitudinal investigations are required to firmly 

answer the question of how abnormal interoceptive develops. 

 Future studies should also seek to more directly link patterns of brain activation, 

substance use history, and other indicators of homeostatic regulation and interoceptive 

awareness. The present study failed to show group differences in body awareness, but 

relied only on participants’ self-report. More direct behavioral and physiological 

measures, such as heartbeat detection paradigms could be used to more precisely 

investigate interoceptive awareness and accuracy (Garfinkel, Seth, Barrett, Suzuki, & 

Critchley, 2015) in substance-using adolescents.  

A number of additional factors limit the interpretability and generalizability of 

study results. First, my sample size was at best moderate for neuroimaging analyses. As 

such, subtle differences between groups may not be possible to detect due to low power. 

Thus, results showing that groups do not statistically differ must be interpreted with 

caution. That the null hypothesis cannot be rejected does not mean that groups have 

equivalent structure or function of a particular brain region. That said, the very small 

effect sizes seen in my analyses of gray matter volume, cortical thickness, and surface 

area suggest that even a larger sample size would still produce null results.  
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Second, while the use of direct visceral stimuli during fMRI is a significant 

strength, this study only investigated two non-drug related sensations that are rated as 

moderately pleasing/displeasing. It may not be appropriate to generalize these findings to 

the pleasure of acute substance intoxication or the pain of withdrawal symptoms – 

visceral sensations that likely play a central role in the onset and maintenance of 

addiction. Third, this project targeted a relatively high-functioning sample of non-

treatment seeking adolescents, the majority of whom used alcohol and/or cannabis as 

primary substances. Future investigations of interoceptive processing should utilize a 

wider variety of interoceptive probes more severe SUD populations with other drugs of 

choice.  

Finally, while interoception may be a contributing factor to substance use risk, it 

cannot be considered in isolation. The subjective experience of the physiological 

condition is an important component of addiction, but it is only one piece of a larger 

puzzle. Multi-method and multi-domain research is likely necessary to account for the 

complex internal and external variables that can give rise to maladaptive substance use 

(Squeglia et al., 2017). 

Clinical Relevance  

 By further elucidating a novel mechanism that may contribute to addiction risk, 

the present study may aid in the development of innovative interventions to improve 

visceral processing. At the neural level, mindfulness based approaches have shown early 

promise in their ability to modulate activity of the interoceptive brain network in healthy 

adults.  For instance, graduates of a Mindfulness-Based Stress Reduction (MBSR) course 

showed greater AIC activation compared to a waitlist control during a neutral breath 
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monitoring task (Farb, Segal, & Anderson, 2013). Mindfulness training has also been 

shown to enhance the connectivity of PIC and frontal cortex during reward receipt, 

suggesting superior integration of interoceptive input when coding appetitive stimulus 

value (Kirk, Gu, Harvey, Fonagy, & Montague, 2014). Mindfulness can also modify the 

neural response to aversive sensations. Using the same inspiratory breathing load 

employed in the current study, Haase and colleagues showed that AIC and ACC 

activation to the unpleasant stimulus was significantly reduced in Marines who 

completed supplementary mindfulness training compared to those in the training-as-usual 

condition (Haase et al., 2014).  

 From a clinical perspective, these neural impacts of mindfulness could potentially 

translate to improved abilities to process body-state relevant information, including 

alcohol and drug-related cues, thereby impacting how an individual engages in motivated 

behavior to regulate their internal feelings (Paulus, Stewart, & Haase, 2013). In support 

of this theory, Westbrook and colleagues demonstrated that mindful attention reduced 

both self-reported craving and activity of the ACC in response to smoking cues 

(Westbrook et al., 2013). Treatment trials have also provided initial evidence for the 

efficacy of mindfulness-based approaches in treating addiction (Bowen & Marlatt, 2009; 

Brewer et al., 2009). Unfortunately, data on the use of mindfulness therapies in 

adolescence is relatively limited at this time (Tan, 2016). Future research could evaluate 

interoception-informed interventions to prevent or treat maladaptive substance use in 

youth at risk.   
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 Chapters I-IV, in part, are currently being prepared for submission for publication 

of the material in two manuscripts: Migliorini, R., May, A. C., Stewart, J. L., Berk, L., 

Paulus, M. P., & Tapert, S. F. and Migliorini, R., May, A. C., Stewart, J. L., Paulus, M. 

P., & Tapert, S. F. The dissertation author was the primary investigator and author of this 

material.



 

 87 

V. REFERENCES 
 
Achenbach, T. M., & Rescorla, L. A. . (2001). Manual for the ASEBA school-age forms 

& profiles. Burlington: University of Vermont, Research Center for Children, 
Youth, and Families. 

Acheson, A., Tagamets, M. A., Rowland, L. M., Mathias, C. W., Wright, S. N., Hong, L. 
E., . . . Dougherty, D. M. (2014). Increased forebrain activations in youths with 
family histories of alcohol and other substance use disorders performing a 
Go/NoGo task. Alcohol Clin Exp Res, 38(12), 2944-2951. doi: 
10.1111/acer.12571 

Akerstedt, T., & Gillberg, M. (1990). Subjective and objective sleepiness in the active 
individual. Int J Neurosci, 52(1-2), 29-37.  

Albert, J., Lopez-Martin, S., Tapia, M., Montoya, D., & Carretie, L. (2012). The role of 
the anterior cingulate cortex in emotional response inhibition. Hum Brain Mapp, 
33(9), 2147-2160. doi: 10.1002/hbm.21347 

Alcauter, S., Lin, W., Keith Smith, J., Gilmore, J. H., & Gao, W. (2015). Consistent 
anterior-posterior segregation of the insula during the first 2 years of life. Cereb 
Cortex, 25(5), 1176-1187. doi: 10.1093/cercor/bht312 

American Psychiatric Association. (2013). Diagnostic and statistical manual of mental 
disorders (5th ed. ed.). Washington, D.C.: American Psychiatric Association. 

Ames, S. L., Wong, S. W., Bechara, A., Cappelli, C., Dust, M., Grenard, J. L., & Stacy, 
A. W. (2014). Neural correlates of a Go/NoGo task with alcohol stimuli in light 
and heavy young drinkers. Behav Brain Res, 274, 382-389. doi: 
10.1016/j.bbr.2014.08.039 

Augustine, J. R. (1996). Circuitry and functional aspects of the insular lobe in primates 
including humans. Brain Res Brain Res Rev, 22(3), 229-244.  

Baker, T. B., Piper, M. E., McCarthy, D. E., Majeskie, M. R., & Fiore, M. C. (2004). 
Addiction motivation reformulated: an affective processing model of negative 
reinforcement. Psychol Rev, 111(1), 33-51. doi: 10.1037/0033-295x.111.1.33 

Balleine, B. W., Delgado, M. R., & Hikosaka, O. (2007). The role of the dorsal striatum 
in reward and decision-making. J Neurosci, 27(31), 8161-8165. doi: 
10.1523/jneurosci.1554-07.2007 

Barratt, Will. (2006). The Barratt simplified measure of social status (BSMSS). Indiana 
State University. 



 

 

88 

Battistella, G., Fornari, E., Annoni, J. M., Chtioui, H., Dao, K., Fabritius, M., . . . Giroud, 
C. (2014). Long-term effects of cannabis on brain structure. 
Neuropsychopharmacology, 39(9), 2041-2048. doi: 10.1038/npp.2014.67 

Behrendt, S., Wittchen, H. U., Hofler, M., Lieb, R., & Beesdo, K. (2009). Transitions 
from first substance use to substance use disorders in adolescence: is early onset 
associated with a rapid escalation? Drug Alcohol Depend, 99(1-3), 68-78. doi: 
10.1016/j.drugalcdep.2008.06.014 

Berk, L., Stewart, J. L., May, A. C., Wiers, R. W., Davenport, P. W., Paulus, M. P., & 
Tapert, S. F. (2015). Under pressure: adolescent substance users show 
exaggerated neural processing of aversive interoceptive stimuli. Addiction. doi: 
10.1111/add.13090 

Berridge, K. C. (2009). Wanting and Liking: Observations from the Neuroscience and 
Psychology Laboratory. Inquiry (Oslo), 52(4), 378. doi: 
10.1080/00201740903087359 

Bjornsdotter, M., Loken, L., Olausson, H., Vallbo, A., & Wessberg, J. (2009). 
Somatotopic organization of gentle touch processing in the posterior insular 
cortex. The Journal of Neuroscience, 29(29), 9314-9320. doi: 
10.1523/JNEUROSCI.0400-09.2009 

Bjornsdotter, M., Morrison, I., & Olausson, H. (2010). Feeling good: on the role of C 
fiber mediated touch in interoception. Exp Brain Res, 207(3-4), 149-155. doi: 
10.1007/s00221-010-2408-y 

Blum, K., Braverman, E. R., Holder, J. M., Lubar, J. F., Monastra, V. J., Miller, D., . . . 
Comings, D. E. (2000). Reward deficiency syndrome: a biogenetic model for the 
diagnosis and treatment of impulsive, addictive, and compulsive behaviors. J 
Psychoactive Drugs, 32 Suppl, i-iv, 1-112.  

Bonomo, Y. A., Bowes, G., Coffey, C., Carlin, J. B., & Patton, G. C. (2004). Teenage 
drinking and the onset of alcohol dependence: a cohort study over seven years. 
Addiction, 99(12), 1520-1528. doi: ADD846 [pii] 

 10.1111/j.1360-0443.2004.00846.x 

Bowen, S., & Marlatt, A. (2009). Surfing the urge: brief mindfulness-based intervention 
for college student smokers. Psychol Addict Behav, 23(4), 666-671. doi: 
10.1037/a0017127 

Braams, B. R., van Duijvenvoorde, A. C., Peper, J. S., & Crone, E. A. (2015). 
Longitudinal changes in adolescent risk-taking: a comprehensive study of neural 
responses to rewards, pubertal development, and risk-taking behavior. J Neurosci, 
35(18), 7226-7238. doi: 10.1523/jneurosci.4764-14.2015 



 

 

89 

Braver, T. S., Barch, D. M., Gray, J. R., Molfese, D. L., & Snyder, A. (2001). Anterior 
cingulate cortex and response conflict: effects of frequency, inhibition and errors. 
Cereb Cortex, 11(9), 825-836.  

Brewer, J. A., Sinha, R., Chen, J. A., Michalsen, R. N., Babuscio, T. A., Nich, C., . . . 
Rounsaville, B. J. (2009). Mindfulness training and stress reactivity in substance 
abuse: results from a randomized, controlled stage I pilot study. Subst Abus, 
30(4), 306-317. doi: 10.1080/08897070903250241 

Brumback, T., Squeglia, L. M., Jacobus, J., Pulido, C., Tapert, S. F., & Brown, S. A. 
(2015). Adolescent heavy drinkers' amplified brain responses to alcohol cues 
decrease over one month of abstinence. Addictive behaviors, 46, 45-52. doi: 
10.1016/j.addbeh.2015.03.001 

Bush, G., Luu, P., & Posner, M. I. (2000). Cognitive and emotional influences in anterior 
cingulate cortex. Trends Cogn Sci, 4(6), 215-222.  

Cabanac, M. (1971). Physiological role of pleasure. Science, 173(4002), 1103-1107.  

Cao, W., Luo, C., Zhu, B., Zhang, D., Dong, L., Gong, J., . . . Yao, D. (2014). Resting-
state functional connectivity in anterior cingulate cortex in normal aging. Front 
Aging Neurosci, 6, 280. doi: 10.3389/fnagi.2014.00280 

Casey, B. J., Getz, S., & Galvan, A. (2008). The adolescent brain. Dev Rev, 28(1), 62-77. 
doi: 10.1016/j.dr.2007.08.003 

Cauda, F., Costa, T., Torta, D. M., Sacco, K., D'Agata, F., Duca, S., . . . Vercelli, A. 
(2012). Meta-analytic clustering of the insular cortex: characterizing the meta-
analytic connectivity of the insula when involved in active tasks. Neuroimage, 
62(1), 343-355. doi: 10.1016/j.neuroimage.2012.04.012 

Cauda, F., D'Agata, F., Sacco, K., Duca, S., Geminiani, G., & Vercelli, A. (2011). 
Functional connectivity of the insula in the resting brain. Neuroimage, 55(1), 8-
23. doi: 10.1016/j.neuroimage.2010.11.049 

Chang, L. J., Yarkoni, T., Khaw, M. W., & Sanfey, A. G. (2013). Decoding the role of 
the insula in human cognition: functional parcellation and large-scale reverse 
inference. Cereb Cortex, 23(3), 739-749. doi: 10.1093/cercor/bhs065 

Cheetham, A., Allen, N. B., Whittle, S., Simmons, J. G., Yucel, M., & Lubman, D. I. 
(2012). Orbitofrontal volumes in early adolescence predict initiation of cannabis 
use: a 4-year longitudinal and prospective study. Biol Psychiatry, 71(8), 684-692. 
doi: 10.1016/j.biopsych.2011.10.029 

Cheetham, A., Allen, N. B., Whittle, S., Simmons, J., Yucel, M., & Lubman, D. I. (2014). 
Volumetric differences in the anterior cingulate cortex prospectively predict 



 

 

90 

alcohol-related problems in adolescence. Psychopharmacology (Berl), 231(8), 
1731-1742. doi: 10.1007/s00213-014-3483-8 

Chikama, M., McFarland, N. R., Amaral, D. G., & Haber, S. N. (1997). Insular cortical 
projections to functional regions of the striatum correlate with cortical 
cytoarchitectonic organization in the primate. The Journal of Neuroscience, 
17(24), 9686-9705.  

Cho, Y. T., Fromm, S., Guyer, A. E., Detloff, A., Pine, D. S., Fudge, J. L., & Ernst, M. 
(2013). Nucleus accumbens, thalamus and insula connectivity during incentive 
anticipation in typical adults and adolescents. Neuroimage, 66, 508-521. doi: 
10.1016/j.neuroimage.2012.10.013 

Chumachenko, S. Y., Sakai, J. T., Dalwani, M. S., Mikulich-Gilbertson, S. K., Dunn, R., 
Tanabe, J., . . . Crowley, T. J. (2015). Brain cortical thickness in male adolescents 
with serious substance use and conduct problems. Am J Drug Alcohol Abuse, 
41(5), 414-424. doi: 10.3109/00952990.2015.1058389 

Churchwell, J. C., Lopez-Larson, M., & Yurgelun-Todd, D. A. (2010). Altered frontal 
cortical volume and decision making in adolescent cannabis users. Front Psychol, 
1, 225. doi: 10.3389/fpsyg.2010.00225 

Churchwell, J. C., & Yurgelun-Todd, D. A. (2013). Age-related changes in insula cortical 
thickness and impulsivity: significance for emotional development and decision-
making. Dev Cogn Neurosci, 6, 80-86. doi: 10.1016/j.dcn.2013.07.001 

Copeland, J., Rooke, S., & Swift, W. (2013). Changes in cannabis use among young 
people: impact on mental health. Curr Opin Psychiatry, 26(4), 325-329. doi: 
10.1097/YCO.0b013e328361eae5 

Courtney, K. E., Schacht, J. P., Hutchison, K., Roche, D. J., & Ray, L. A. (2016). Neural 
substrates of cue reactivity: association with treatment outcomes and relapse. 
Addict Biol, 21(1), 3-22. doi: 10.1111/adb.12314 

Cox, R. W. (1996). AFNI: software for analysis and visualization of functional magnetic 
resonance neuroimages. Computers and biomedical research, an international 
journal, 29(3), 162-173.  

Craig, A. D. (2002). How do you feel? Interoception: the sense of the physiological 
condition of the body. Nat.Rev.Neurosci, 3(8), 655-666.  

Craig, A. D. (2003). Interoception: the sense of the physiological condition of the body. 
Curr Opin Neurobiol, 13(4), 500-505.  

Craig, A. D. (2009a). How do you feel - now? The anterior insula and human awareness. 
Nat.Rev.Neurosci., 10(1), 59-70.  



 

 

91 

Craig, A. D. (2009b). How do you feel--now? The anterior insula and human awareness. 
Nat Rev Neurosci, 10(1), 59-70. doi: 10.1038/nrn2555 

Critchley, H. D., Mathias, C. J., Josephs, O., O'Doherty, J., Zanini, S., Dewar, B. K., . . . 
Dolan, R. J. (2003). Human cingulate cortex and autonomic control: converging 
neuroimaging and clinical evidence. Brain, 126(Pt 10), 2139-2152. doi: 
10.1093/brain/awg216 

Cservenka, A., Fair, D. A., & Nagel, B. J. (2014). Emotional processing and brain 
activity in youth at high risk for alcoholism. Alcohol Clin Exp Res, 38(7), 1912-
1923. doi: 10.1111/acer.12435 

Cservenka, A., & Nagel, B. J. (2012). Risky decision-making: an FMRI study of youth at 
high risk for alcoholism. Alcohol Clin Exp Res, 36(4), 604-615. doi: 
10.1111/j.1530-0277.2011.01650.x 

Dager, A. D., Anderson, B. M., Rosen, R., Khadka, S., Sawyer, B., Jiantonio-Kelly, R. 
E., . . . Pearlson, G. D. (2014). Functional magnetic resonance imaging (fMRI) 
response to alcohol pictures predicts subsequent transition to heavy drinking in 
college students. Addiction, 109(4), 585-595. doi: 10.1111/add.12437 

Davenport, P. W., & Vovk, A. (2009). Cortical and subcortical central neural pathways in 
respiratory sensations. Respir Physiol Neurobiol, 167(1), 72-86. doi: 
10.1016/j.resp.2008.10.001 

De Bellis, M. D., Narasimhan, A., Thatcher, D. L., Keshavan, M. S., Soloff, P., & Clark, 
D. B. (2005). Prefrontal cortex, thalamus, and cerebellar volumes in adolescents 
and young adults with adolescent-onset alcohol use disorders and comorbid 
mental disorders. Alcohol Clin Exp Res, 29(9), 1590-1600.  

Deen, B., Pitskel, N. B., & Pelphrey, K. A. (2011). Three systems of insular functional 
connectivity identified with cluster analysis. Cereb Cortex, 21(7), 1498-1506. doi: 
10.1093/cercor/bhq186 

Destrieux, C., Fischl, B., Dale, A., & Halgren, E. (2010). Automatic parcellation of 
human cortical gyri and sulci using standard anatomical nomenclature. 
Neuroimage, 53(1), 1-15. doi: 10.1016/j.neuroimage.2010.06.010 

DeWit, D. J., Adlaf, E. M., Offord, D. R., & Ogborne, A. C. (2000). Age at first alcohol 
use: a risk factor for the development of alcohol disorders. Am J Psychiatry, 
157(5), 745-750.  

Dixon, M. L., & Christoff, K. (2014). The lateral prefrontal cortex and complex value-
based learning and decision making. Neurosci Biobehav Rev, 45, 9-18. doi: 
10.1016/j.neubiorev.2014.04.011 



 

 

92 

Durazzo, T. C., Tosun, D., Buckley, S., Gazdzinski, S., Mon, A., Fryer, S. L., & 
Meyerhoff, D. J. (2011). Cortical thickness, surface area, and volume of the brain 
reward system in alcohol dependence: relationships to relapse and extended 
abstinence. Alcohol Clin Exp Res, 35(6), 1187-1200. doi: 10.1111/j.1530-
0277.2011.01452.x 

Engelmann, J. M., Versace, F., Robinson, J. D., Minnix, J. A., Lam, C. Y., Cui, Y., . . . 
Cinciripini, P. M. (2012). Neural substrates of smoking cue reactivity: a meta-
analysis of fMRI studies. Neuroimage, 60(1), 252-262. doi: 
10.1016/j.neuroimage.2011.12.024 

Farb, N. A., Segal, Z. V., & Anderson, A. K. (2013). Mindfulness meditation training 
alters cortical representations of interoceptive attention. Soc Cogn Affect 
Neurosci, 8(1), 15-26. doi: 10.1093/scan/nss066 

Fein, G., Greenstein, D., Cardenas, V. A., Cuzen, N. L., Fouche, J. P., Ferrett, H., . . . 
Stein, D. J. (2013). Cortical and subcortical volumes in adolescents with alcohol 
dependence but without substance or psychiatric comorbidities. Psychiatry Res, 
214(1), 1-8. doi: 10.1016/j.pscychresns.2013.06.001 

Filbey, F. M., Schacht, J. P., Myers, U. S., Chavez, R. S., & Hutchison, K. E. (2009). 
Marijuana craving in the brain. Proc Natl Acad Sci U S A, 106(31), 13016-13021. 
doi: 10.1073/pnas.0903863106 

Fischl, B., Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., . . . Dale, A. 
M. (2002). Whole brain segmentation: automated labeling of neuroanatomical 
structures in the human brain. Neuron, 33(3), 341-355.  

Fischl, B., van der Kouwe, A., Destrieux, C., Halgren, E., Segonne, F., Salat, D. H., . . . 
Dale, A. M. (2004). Automatically parcellating the human cerebral cortex. Cereb 
Cortex, 14(1), 11-22.  

Frot, M., Faillenot, I., & Mauguiere, F. (2014). Processing of nociceptive input from 
posterior to anterior insula in humans. Hum Brain Mapp, 35(11), 5486-5499. doi: 
10.1002/hbm.22565 

Galvan, A., Hare, T. A., Parra, C. E., Penn, J., Voss, H., Glover, G., & Casey, B. J. 
(2006). Earlier development of the accumbens relative to orbitofrontal cortex 
might underlie risk-taking behavior in adolescents. J Neurosci, 26(25), 6885-
6892. doi: 10.1523/jneurosci.1062-06.2006 

Garavan, H., Ross, T. J., Murphy, K., Roche, R. A., & Stein, E. A. (2002). Dissociable 
executive functions in the dynamic control of behavior: inhibition, error detection, 
and correction. Neuroimage, 17(4), 1820-1829.  



 

 

93 

Garfinkel, S. N., Seth, A. K., Barrett, A. B., Suzuki, K., & Critchley, H. D. (2015). 
Knowing your own heart: distinguishing interoceptive accuracy from 
interoceptive awareness. Biol Psychol, 104, 65-74. doi: 
10.1016/j.biopsycho.2014.11.004 

Giedd, J. N. (2008). The teen brain: insights from neuroimaging. J Adolesc Health, 42(4), 
335-343. doi: 10.1016/j.jadohealth.2008.01.007 

Giedd, J. N., & Rapoport, J. L. (2010). Structural MRI of pediatric brain development: 
what have we learned and where are we going? Neuron, 67(5), 728-734. doi: 
10.1016/j.neuron.2010.08.040 

Giedd, J. N., Raznahan, A., Alexander-Bloch, A., Schmitt, E., Gogtay, N., & Rapoport, J. 
L. (2015). Child psychiatry branch of the National Institute of Mental Health 
longitudinal structural magnetic resonance imaging study of human brain 
development. Neuropsychopharmacology, 40(1), 43-49. doi: 
10.1038/npp.2014.236 

Gogtay, N., Giedd, J. N., Lusk, L., Hayashi, K. M., Greenstein, D., Vaituzis, A. C., . . . 
Thompson, P. M. (2004). Dynamic mapping of human cortical development 
during childhood through early adulthood. Proc Natl Acad Sci U S A, 101(21), 
8174-8179. doi: 10.1073/pnas.0402680101 

Goldstein, R. Z., & Volkow, N. D. (2002). Drug addiction and its underlying 
neurobiological basis: neuroimaging evidence for the involvement of the frontal 
cortex. Am J Psychiatry, 159(10), 1642-1652. doi: 10.1176/appi.ajp.159.10.1642 

Goudriaan, A. E., de Ruiter, M. B., van den Brink, W., Oosterlaan, J., & Veltman, D. J. 
(2010). Brain activation patterns associated with cue reactivity and craving in 
abstinent problem gamblers, heavy smokers and healthy controls: an fMRI study. 
Addict Biol, 15(4), 491-503. doi: 10.1111/j.1369-1600.2010.00242.x 

Grant, J. D., Scherrer, J. F., Lynskey, M. T., Lyons, M. J., Eisen, S. A., Tsuang, M. T., . . 
. Bucholz, K. K. (2006). Adolescent alcohol use is a risk factor for adult alcohol 
and drug dependence: evidence from a twin design. Psychological Medicine, 
36(1), 109-118. doi: Doi 10.1017/S0033291705006045 

Haase, L., Thom, N. J., Shukla, A., Davenport, P. W., Simmons, A. N., Stanley, E. A., . . 
. Johnson, D. C. (2014). Mindfulness-based training attenuates insula response to 
an aversive interoceptive challenge. Soc Cogn Affect Neurosci. doi: 
10.1093/scan/nsu042 

Haber, S. N. (2011). Neuroanatomy of Reward: A View from the Ventral Striatum. In J. 
A. Gottfried (Ed.), Neurobiology of Sensation and Reward. Boca Raton, FL: CRC 
Press. 



 

 

94 

Haber, S. N., Lynd, E., Klein, C., & Groenewegen, H. J. (1990). Topographic 
organization of the ventral striatal efferent projections in the rhesus monkey: an 
anterograde tracing study. J Comp Neurol, 293(2), 282-298.  

Hardee, J. E., Weiland, B. J., Nichols, T. E., Welsh, R. C., Soules, M. E., Steinberg, D. 
B., . . . Heitzeg, M. M. (2014). Development of impulse control circuitry in 
children of alcoholics. Biol Psychiatry, 76(9), 708-716. doi: 
10.1016/j.biopsych.2014.03.005 

Hare, T. A., O'Doherty, J., Camerer, C. F., Schultz, W., & Rangel, A. (2008). 
Dissociating the role of the orbitofrontal cortex and the striatum in the 
computation of goal values and prediction errors. J Neurosci, 28(22), 5623-5630. 
doi: 10.1523/jneurosci.1309-08.2008 

Hester, R., Nestor, L., & Garavan, H. (2009). Impaired error awareness and anterior 
cingulate cortex hypoactivity in chronic cannabis users. 
Neuropsychopharmacology, 34(11), 2450-2458. doi: 10.1038/npp.2009.67 

Hulvershorn, L. A., Hummer, T. A., Fukunaga, R., Leibenluft, E., Finn, P., Cyders, M. 
A., . . . Brown, J. (2015). Neural activation during risky decision-making in youth 
at high risk for substance use disorders. Psychiatry Res. doi: 
10.1016/j.pscychresns.2015.05.007 

Ichikawa, N., Siegle, G. J., Jones, N. P., Kamishima, K., Thompson, W. K., Gross, J. J., 
& Ohira, H. (2011). Feeling bad about screwing up: emotion regulation and action 
monitoring in the anterior cingulate cortex. Cogn Affect Behav Neurosci, 11(3), 
354-371. doi: 10.3758/s13415-011-0028-z 

Im, K., Lee, J. M., Lyttelton, O., Kim, S. H., Evans, A. C., & Kim, S. I. (2008). Brain 
size and cortical structure in the adult human brain. Cereb Cortex, 18(9), 2181-
2191. doi: 10.1093/cercor/bhm244 

Jacobus, J., Goldenberg, D., Wierenga, C. E., Tolentino, N. J., Liu, T. T., & Tapert, S. F. 
(2012). Altered cerebral blood flow and neurocognitive correlates in adolescent 
cannabis users. Psychopharmacology (Berl), 222(4), 675-684. doi: 
10.1007/s00213-012-2674-4 

Jacobus, J., Squeglia, L. M., Meruelo, A. D., Castro, N., Brumback, T., Giedd, J. N., & 
Tapert, S. F. (2015). Cortical thickness in adolescent marijuana and alcohol users: 
A three-year prospective study from adolescence to young adulthood. Dev Cogn 
Neurosci. doi: 10.1016/j.dcn.2015.04.006 

Jensen, J., Smith, A. J., Willeit, M., Crawley, A. P., Mikulis, D. J., Vitcu, I., & Kapur, S. 
(2007). Separate brain regions code for salience vs. valence during reward 
prediction in humans. Hum Brain Mapp, 28(4), 294-302. doi: 10.1002/hbm.20274 



 

 

95 

Jia, Z., Worhunsky, P. D., Carroll, K. M., Rounsaville, B. J., Stevens, M. C., Pearlson, G. 
D., & Potenza, M. N. (2011). An initial study of neural responses to monetary 
incentives as related to treatment outcome in cocaine dependence. Biol 
Psychiatry, 70(6), 553-560. doi: 10.1016/j.biopsych.2011.05.008 

Johnston, L. D., O’Malley, P. M., Miech, R. A., Bachman, J. G., & Schulenberg, J. E. . 
(2017). Monitoring the Future national survey results on drug use, 1975-2016: 
Overview, key findings on adolescent drug use. Ann Arbor: Institute for Social 
Research, The University of Michigan. 

Kaufman, J. N., Ross, T. J., Stein, E. A., & Garavan, H. (2003). Cingulate hypoactivity in 
cocaine users during a GO-NOGO task as revealed by event-related functional 
magnetic resonance imaging. J Neurosci, 23(21), 7839-7843.  

Kerns, J. G., Cohen, J. D., MacDonald, A. W., III, Cho, R. Y., Stenger, V. A., & Carter, 
C. S. (2004). Anterior cingulate conflict monitoring and adjustments in control. 
Science, 303(5660), 1023-1026. doi: 10.1126/science.1089910 

Khalsa, S. S., Rudrauf, D., & Tranel, D. (2009). Interoceptive awareness declines with 
age. Psychophysiology, 46(6), 1130-1136. doi: 10.1111/j.1469-
8986.2009.00859.x 

Kim, S. M., Han, D. H., Min, K. J., Kim, B. N., & Cheong, J. H. (2014). Brain activation 
in response to craving- and aversion-inducing cues related to alcohol in patients 
with alcohol dependence. Drug Alcohol Depend, 141, 124-131. doi: 
10.1016/j.drugalcdep.2014.05.017 

Kirk, U., Gu, X., Harvey, A. H., Fonagy, P., & Montague, P. R. (2014). Mindfulness 
training modulates value signals in ventromedial prefrontal cortex through input 
from insular cortex. Neuroimage, 100, 254-262. doi: 
10.1016/j.neuroimage.2014.06.035 

Koob, G. F. (2008). A role for brain stress systems in addiction. Neuron, 59(1), 11-34. 
doi: 10.1016/j.neuron.2008.06.012 

Koob, G. F., & Le Moal, M. (1997). Drug abuse: hedonic homeostatic dysregulation. 
Science, 278(5335), 52-58.  

Kurth, F., Zilles, K., Fox, P. T., Laird, A. R., & Eickhoff, S. B. (2010). A link between 
the systems: functional differentiation and integration within the human insula 
revealed by meta-analysis. Brain Struct Funct, 214(5-6), 519-534. doi: 
10.1007/s00429-010-0255-z 

Latvala, A., Rose, R. J., Pulkkinen, L., Dick, D. M., Korhonen, T., & Kaprio, J. (2014). 
Drinking, smoking, and educational achievement: cross-lagged associations from 



 

 

96 

adolescence to adulthood. Drug Alcohol Depend, 137, 106-113. doi: 
10.1016/j.drugalcdep.2014.01.016 

Lepusic, D., & Radovic-Radovcic, S. (2013). Alcohol--a predictor of risky sexual 
behavior among female adolescents. Acta Clin Croat, 52(1), 3-9.  

Li, D., Zucker, N. L., Kragel, P. A., Covington, V. E., & LaBar, K. S. (2016). Adolescent 
development of insula-dependent interoceptive regulation. Dev Sci. doi: 
10.1111/desc.12438 

Lopez-Larson, M. P., Bogorodzki, P., Rogowska, J., McGlade, E., King, J. B., Terry, J., 
& Yurgelun-Todd, D. (2011). Altered prefrontal and insular cortical thickness in 
adolescent marijuana users. Behav Brain Res, 220(1), 164-172. doi: 
10.1016/j.bbr.2011.02.001 

Lorenzetti, V., Solowij, N., Fornito, A., Lubman, D. I., & Yucel, M. (2014). The 
association between regular cannabis exposure and alterations of human brain 
morphology: an updated review of the literature. Curr Pharm Des, 20(13), 2138-
2167.  

Lovero, K. L., Simmons, A. N., Aron, J. L., & Paulus, M. P. (2009). Anterior insular 
cortex anticipates impending stimulus significance. Neuroimage, 45(3), 976-983.  

Luciana, M., Collins, P. F., Muetzel, R. L., & Lim, K. O. (2013). Effects of alcohol use 
initiation on brain structure in typically developing adolescents. Am J Drug 
Alcohol Abuse, 39(6), 345-355. doi: 10.3109/00952990.2013.837057 

Luijten, M., Veltman, D. J., van den Brink, W., Hester, R., Field, M., Smits, M., & 
Franken, I. H. (2011). Neurobiological substrate of smoking-related attentional 
bias. Neuroimage, 54(3), 2374-2381. doi: 10.1016/j.neuroimage.2010.09.064 

Mackey, S., & Paulus, M. (2013). Are there volumetric brain differences associated with 
the use of cocaine and amphetamine-type stimulants? Neurosci Biobehav Rev, 
37(3), 300-316. doi: 10.1016/j.neubiorev.2012.12.003 

Mahmood, O. M., Goldenberg, D., Thayer, R., Migliorini, R., Simmons, A. N., & Tapert, 
S. F. (2013). Adolescents' fMRI activation to a response inhibition task predicts 
future substance use. Addictive behaviors, 38(1), 1435-1441. doi: 
10.1016/j.addbeh.2012.07.012 

Manza, P., Zhang, S., Hu, S., Chao, H. H., Leung, H. C., & Li, C. S. (2015). The effects 
of age on resting state functional connectivity of the basal ganglia from young to 
middle adulthood. Neuroimage, 107, 311-322. doi: 
10.1016/j.neuroimage.2014.12.016 

May, A. C., Stewart, J. L., Migliorini, R., Tapert, S. F., & Paulus, M. P. (2013). 
Methamphetamine dependent individuals show attenuated brain response to 



 

 

97 

pleasant interoceptive stimuli. Drug Alcohol Depend, 131(3), 238-246. doi: 
10.1016/j.drugalcdep.2013.05.029 

May, A. C., Stewart, J. L., Tapert, S. F., & Paulus, M. P. (2014). The effect of age on 
neural processing of pleasant soft touch stimuli. Front Behav Neurosci, 8, 52. doi: 
10.3389/fnbeh.2014.00052 

McNaughton Reyes, H. L., Foshee, V. A., Bauer, D. J., & Ennett, S. T. (2014). Proximal 
and time-varying effects of cigarette, alcohol, marijuana and other hard drug use 
on adolescent dating aggression. J Adolesc, 37(3), 281-289. doi: 
10.1016/j.adolescence.2014.02.002 

Medford, N., & Critchley, H. D. (2010). Conjoint activity of anterior insular and anterior 
cingulate cortex: awareness and response. Brain Struct Funct, 214(5-6), 535-549. 
doi: 10.1007/s00429-010-0265-x 

Menon, V., & Uddin, L. Q. (2010). Saliency, switching, attention and control: a network 
model of insula function. Brain Struct Funct, 214(5-6), 655-667. doi: 
10.1007/s00429-010-0262-0 

Metereau, E., & Dreher, J. C. (2013). Cerebral correlates of salient prediction error for 
different rewards and punishments. Cereb Cortex, 23(2), 477-487. doi: 
10.1093/cercor/bhs037 

Meyerhoff, D. J. (2017). Structural Neuroimaging in Polysubstance Users. Curr Opin 
Behav Sci, 13, 13-18. doi: 10.1016/j.cobeha.2016.07.006 

Migliorini, R., Stewart, J. L., May, A. C., Tapert, S. F., & Paulus, M. P. (2013). What do 
you feel? Adolescent drug and alcohol users show altered brain response to 
pleasant interoceptive stimuli. Drug Alcohol Depend, 133(2), 661-668. doi: 
10.1016/j.drugalcdep.2013.08.015 

Morrison, I., Loken, L. S., Minde, J., Wessberg, J., Perini, I., Nennesmo, I., & Olausson, 
H. (2011). Reduced C-afferent fibre density affects perceived pleasantness and 
empathy for touch. Brain, 134(Pt 4), 1116-1126. doi: 10.1093/brain/awr011 

Naqvi, N. H., & Bechara, A. (2010). The insula and drug addiction: an interoceptive view 
of pleasure, urges, and decision-making. Brain Struct Funct, 214(5-6), 435-450. 
doi: 10.1007/s00429-010-0268-7 

Naqvi, N. H., Rudrauf, D., Damasio, H., & Bechara, A. (2007). Damage to the insula 
disrupts addiction to cigarette smoking. Science, 315(5811), 531-534. doi: 
10.1126/science.1135926 

Nestor, L. J., Ghahremani, D. G., Monterosso, J., & London, E. D. (2011). Prefrontal 
hypoactivation during cognitive control in early abstinent methamphetamine-



 

 

98 

dependent subjects. Psychiatry Res, 194(3), 287-295. doi: 
10.1016/j.pscychresns.2011.04.010 

Nitschke, J. B., Sarinopoulos, I., Mackiewicz, K. L., Schaefer, H. S., & Davidson, R. J. 
(2006). Functional neuroanatomy of aversion and its anticipation. Neuroimage, 
29(1), 106-116. doi: 10.1016/j.neuroimage.2005.06.068 

Noel, X., Brevers, D., & Bechara, A. (2013). A neurocognitive approach to 
understanding the neurobiology of addiction. Curr Opin Neurobiol, 23(4), 632-
638. doi: 10.1016/j.conb.2013.01.018 

Norman, A. L., Pulido, C., Squeglia, L. M., Spadoni, A. D., Paulus, M. P., & Tapert, S. F. 
(2011). Neural activation during inhibition predicts initiation of substance use in 
adolescence. Drug Alcohol Depend, 119(3), 216-223. doi: 
10.1016/j.drugalcdep.2011.06.019 

Olausson, H., Lamarre, Y., Backlund, H., Morin, C., Wallin, B. G., Starck, G., . . . 
Bushnell, M. C. (2002). Unmyelinated tactile afferents signal touch and project to 
insular cortex. Nat Neurosci, 5(9), 900-904. doi: 10.1038/nn896 

Olausson, H., Wessberg, J., Morrison, I., McGlone, F., & Vallbo, A. (2010). The 
neurophysiology of unmyelinated tactile afferents. Neurosci Biobehav Rev, 34(2), 
185-191. doi: 10.1016/j.neubiorev.2008.09.011 

Ostby, Y., Tamnes, C. K., Fjell, A. M., Westlye, L. T., Due-Tonnessen, P., & Walhovd, 
K. B. (2009). Heterogeneity in subcortical brain development: A structural 
magnetic resonance imaging study of brain maturation from 8 to 30 years. J 
Neurosci, 29(38), 11772-11782. doi: 10.1523/jneurosci.1242-09.2009 

Pagnoni, G., Zink, C. F., Montague, P. R., & Berns, G. S. (2002). Activity in human 
ventral striatum locked to errors of reward prediction. Nat Neurosci, 5(2), 97-98. 
doi: 10.1038/nn802 

Panizzon, M. S., Fennema-Notestine, C., Eyler, L. T., Jernigan, T. L., Prom-Wormley, E., 
Neale, M., . . . Kremen, W. S. (2009). Distinct genetic influences on cortical 
surface area and cortical thickness. Cereb Cortex, 19(11), 2728-2735. doi: 
10.1093/cercor/bhp026 

Patton, J. H., Stanford, M. S., & Barratt, E. S. (1995). Factor structure of the Barratt 
Impulsiveness Scale. Journal of Clinical Psychology, 51(6), 768-774.  

Paulus, M. P. (2007). Neural basis of reward and craving--a homeostatic point of view. 
Dialogues in clinical neuroscience, 9(4), 379-387.  

Paulus, M. P., & Stewart, J. L. (2014). Interoception and drug addiction. 
Neuropharmacology, 76 Pt B, 342-350. doi: 10.1016/j.neuropharm.2013.07.002 



 

 

99 

Paulus, M. P., Stewart, J. L., & Haase, L. (2013). Treatment approaches for interoceptive 
dysfunctions in drug addiction. Front Psychiatry, 4, 137. doi: 
10.3389/fpsyt.2013.00137 

Paulus, M. P., Tapert, S. F., & Schulteis, G. (2009). The role of interoception and 
alliesthesia in addiction. Pharmacol Biochem Behav, 94(1), 1-7. doi: 
10.1016/j.pbb.2009.08.005 

Paulus, M. P., & Yu, A. J. (2012). Emotion and decision-making: affect-driven belief 
systems in anxiety and depression. Trends Cogn Sci, 16(9), 476-483. doi: 
10.1016/j.tics.2012.07.009 

Pierucci-Lagha, A., Gelernter, J., Feinn, R., Cubells, J. F., Pearson, D., Pollastri, A., . . . 
Kranzler, H. R. (2005). Diagnostic reliability of the Semi-structured Assessment 
for Drug Dependence and Alcoholism (SSADDA). Drug Alcohol Depend, 80(3), 
303-312. doi: 10.1016/j.drugalcdep.2005.04.005 

Pinheiro, J.C., Bates, D.M., DebRoy, S., Sarkar, D., & Team, R Development Core. 
(2012). nlme: Linear and nonlinear mixed effects models. R package version 3.1-
106.  

Rakic, P. (1988). Specification of cerebral cortical areas. Science, 241(4862), 170-176.  

Rakic, P. (2009). Evolution of the neocortex: a perspective from developmental biology. 
Nat Rev Neurosci, 10(10), 724-735. doi: 10.1038/nrn2719 

Rasic, D., Weerasinghe, S., Asbridge, M., & Langille, D. B. (2013). Longitudinal 
associations of cannabis and illicit drug use with depression, suicidal ideation and 
suicidal attempts among Nova Scotia high school students. Drug Alcohol Depend, 
129(1-2), 49-53. doi: 10.1016/j.drugalcdep.2012.09.009 

Raznahan, A., Shaw, P., Lalonde, F., Stockman, M., Wallace, G. L., Greenstein, D., . . . 
Giedd, J. N. (2011). How does your cortex grow? J Neurosci, 31(19), 7174-7177. 
doi: 10.1523/jneurosci.0054-11.2011 

Reuter, M., Rosas, H. D., & Fischl, B. (2010). Highly accurate inverse consistent 
registration: a robust approach. Neuroimage, 53(4), 1181-1196. doi: 
10.1016/j.neuroimage.2010.07.020 

Robinson, M. J., Fischer, A. M., Ahuja, A., Lesser, E. N., & Maniates, H. (2016). Roles 
of "Wanting" and "Liking" in Motivating Behavior: Gambling, Food, and Drug 
Addictions. Curr Top Behav Neurosci, 27, 105-136. doi: 10.1007/7854_2015_387 

Rodrigo, A. H., Domenico, S. I., Ayaz, H., Gulrajani, S., Lam, J., & Ruocco, A. C. 
(2014). Differentiating functions of the lateral and medial prefrontal cortex in 
motor response inhibition. Neuroimage, 85 Pt 1, 423-431. doi: 
10.1016/j.neuroimage.2013.01.059 



 

 

100 

Rolls, E. T., O'Doherty, J., Kringelbach, M. L., Francis, S., Bowtell, R., & McGlone, F. 
(2003). Representations of pleasant and painful touch in the human orbitofrontal 
and cingulate cortices. Cereb Cortex, 13(3), 308-317.  

SAMSHA. (2016). Results from the 2015 national survey on drug use and health: 
Detailed tables. Rockville, Maryland: Substance Abuse and Mental Health 
Services Administration. 

Sarinopoulos, I., Grupe, D. W., Mackiewicz, K. L., Herrington, J. D., Lor, M., Steege, E. 
E., & Nitschke, J. B. (2010). Uncertainty during anticipation modulates neural 
responses to aversion in human insula and amygdala. Cereb Cortex, 20(4), 929-
940. doi: 10.1093/cercor/bhp155 

Schweinsburg, A. D., Paulus, M. P., Barlett, V. C., Killeen, L. A., Caldwell, L. C., 
Pulido, C., . . . Tapert, S. F. (2004). An FMRI study of response inhibition in 
youths with a family history of alcoholism. Ann N Y Acad Sci, 1021, 391-394. doi: 
10.1196/annals.1308.050 

Seeley, W. W., Menon, V., Schatzberg, A. F., Keller, J., Glover, G. H., Kenna, H., . . . 
Greicius, M. D. (2007). Dissociable intrinsic connectivity networks for salience 
processing and executive control. J Neurosci, 27(9), 2349-2356. doi: 
10.1523/jneurosci.5587-06.2007 

Segerdahl, A. R., Mezue, M., Okell, T. W., Farrar, J. T., & Tracey, I. (2015). The dorsal 
posterior insula subserves a fundamental role in human pain. Nat Neurosci, 18(4), 
499-500. doi: 10.1038/nn.3969 

Segonne, F., Dale, A. M., Busa, E., Glessner, M., Salat, D., Hahn, H. K., & Fischl, B. 
(2004). A hybrid approach to the skull stripping problem in MRI. Neuroimage, 
22(3), 1060-1075. doi: 10.1016/j.neuroimage.2004.03.032 

Segonne, F., Pacheco, J., & Fischl, B. (2007). Geometrically accurate topology-
correction of cortical surfaces using nonseparating loops. IEEE Trans Med 
Imaging, 26(4), 518-529. doi: 10.1109/tmi.2006.887364 

Senatorov, V. V., Damadzic, R., Mann, C. L., Schwandt, M. L., George, D. T., Hommer, 
D. W., . . . Momenan, R. (2015). Reduced anterior insula, enlarged amygdala in 
alcoholism and associated depleted von Economo neurons. Brain, 138(Pt 1), 69-
79. doi: 10.1093/brain/awu305 

Seth, A. K., Suzuki, K., & Critchley, H. D. (2011). An interoceptive predictive coding 
model of conscious presence. Front Psychol, 2, 395. doi: 
10.3389/fpsyg.2011.00395 

Shaffer, David, Fisher, Prudence, Lucas, Christopher P, Dulcan, Mina K, & Schwab-
Stone, Mary E. (2000). NIMH Diagnostic Interview Schedule for Children 



 

 

101 

Version IV (NIMH DISC-IV): description, differences from previous versions, 
and reliability of some common diagnoses. Journal of the American Academy of 
Child & Adolescent Psychiatry, 39(1), 28-38.  

Shaw, P., Eckstrand, K., Sharp, W., Blumenthal, J., Lerch, J. P., Greenstein, D., . . . 
Rapoport, J. L. (2007). Attention-deficit/hyperactivity disorder is characterized by 
a delay in cortical maturation. Proc Natl Acad Sci U S A, 104(49), 19649-19654. 
doi: 10.1073/pnas.0707741104 

Shaw, P., Kabani, N. J., Lerch, J. P., Eckstrand, K., Lenroot, R., Gogtay, N., . . . Wise, S. 
P. (2008). Neurodevelopmental trajectories of the human cerebral cortex. J 
Neurosci, 28(14), 3586-3594. doi: 10.1523/jneurosci.5309-07.2008 

Shields, S.A., Mallory, M.E., & Simon, A. (1989). The body awareness questionnaire: 
Reliability and validity. Journal of Personality Assessment, 53(4), 802-815.  

Sled, J. G., Zijdenbos, A. P., & Evans, A. C. (1998). A nonparametric method for 
automatic correction of intensity nonuniformity in MRI data. IEEE Trans Med 
Imaging, 17(1), 87-97. doi: 10.1109/42.668698 

Sobell, L .C., & Sobell, M. B. (1992). Timeline Follow-back: A technique for assessing 
self-reported alcohol consumption. New Jersey: Humana Press. 

Soriano-Mas, C., Harrison, B. J., Pujol, J., Lopez-Sola, M., Hernandez-Ribas, R., Alonso, 
P., . . . Cardoner, N. (2013). Structural covariance of the neostriatum with 
regional gray matter volumes. Brain Struct Funct, 218(3), 697-709. doi: 
10.1007/s00429-012-0422-5 

Spear, L. P. (2009). Heightened stress responsivity and emotional reactivity during 
pubertal maturation: Implications for psychopathology. Dev Psychopathol, 21(1), 
87-97. doi: 10.1017/s0954579409000066 

Squeglia, L. M., Ball, T. M., Jacobus, J., Brumback, T., McKenna, B. S., Nguyen-Louie, 
T. T., . . . Tapert, S. F. (2017). Neural Predictors of Initiating Alcohol Use During 
Adolescence. Am J Psychiatry, 174(2), 172-185. doi: 
10.1176/appi.ajp.2016.15121587 

Squeglia, L. M., Rinker, D. A., Bartsch, H., Castro, N., Chung, Y., Dale, A. M., . . . 
Tapert, S. F. (2014). Brain volume reductions in adolescent heavy drinkers. Dev 
Cogn Neurosci, 9, 117-125. doi: 10.1016/j.dcn.2014.02.005 

Squeglia, L. M., Sorg, S. F., Schweinsburg, A. D., Wetherill, R. R., Pulido, C., & Tapert, 
S. F. (2012). Binge drinking differentially affects adolescent male and female 
brain morphometry. Psychopharmacology (Berl), 220(3), 529-539. doi: 
10.1007/s00213-011-2500-4 



 

 

102 

Squeglia, L. M., Tapert, S. F., Sullivan, E. V., Jacobus, J., Meloy, M. J., Rohlfing, T., & 
Pfefferbaum, A. (2015). Brain development in heavy-drinking adolescents. Am J 
Psychiatry, 172(6), 531-542. doi: 10.1176/appi.ajp.2015.14101249 

Stewart, J. L., Juavinett, A. L., May, A. C., Davenport, P. W., & Paulus, M. P. (2015). Do 
you feel alright? Attenuated neural processing of aversive interoceptive stimuli in 
current stimulant users. Psychophysiology, 52(2), 249-262. doi: 
10.1111/psyp.12303 

Stewart, J. L., May, A. C., Poppa, T., Davenport, P. W., Tapert, S. F., & Paulus, M. P. 
(2014). You are the danger: attenuated insula response in methamphetamine users 
during aversive interoceptive decision-making. Drug Alcohol Depend, 142, 110-
119. doi: 10.1016/j.drugalcdep.2014.06.003 

Stewart, J. L., May, A. C., Tapert, S. F., & Paulus, M. P. (2015). Hyperactivation to 
pleasant interoceptive stimuli characterizes the transition to stimulant addiction. 
Drug Alcohol Depend, 154, 264-270. doi: 10.1016/j.drugalcdep.2015.07.009 

Stewart, J. L., Parnass, J. M., May, A. C., Davenport, P. W., & Paulus, M. P. (2013). 
Altered frontocingulate activation during aversive interoceptive processing in 
young adults transitioning to problem stimulant use. Front Syst Neurosci, 7, 89. 
doi: 10.3389/fnsys.2013.00089 

Stoeckel, L. E., Chai, X. J., Zhang, J., Whitfield-Gabrieli, S., & Evins, A. E. (2015). 
Lower gray matter density and functional connectivity in the anterior insula in 
smokers compared with never smokers. Addict Biol. doi: 10.1111/adb.12262 

Stroud, L. R., Foster, E., Papandonatos, G. D., Handwerger, K., Granger, D. A., 
Kivlighan, K. T., & Niaura, R. (2009). Stress response and the adolescent 
transition: performance versus peer rejection stressors. Dev Psychopathol, 21(1), 
47-68. doi: 10.1017/s0954579409000042 

Sullivan, E. V., & Pfefferbaum, A. (2005). Neurocircuitry in alcoholism: a substrate of 
disruption and repair. Psychopharmacology (Berl), 180(4), 583-594. doi: 
10.1007/s00213-005-2267-6 

Tan, L. B. (2016). A critical review of adolescent mindfulness-based programmes. Clin 
Child Psychol Psychiatry, 21(2), 193-207. doi: 10.1177/1359104515577486 

Tapert, S. F., Brown, G. G., Baratta, M. V., & Brown, S. A. (2004). fMRI BOLD 
response to alcohol stimuli in alcohol dependent young women. Addictive 
behaviors, 29(1), 33-50.  

Taylor, J., Carlson, S. R., Iacono, W. G., Lykken, D. T., & McGue, M. (1999). Individual 
differences in electrodermal responsivity to predictable aversive stimuli and 
substance dependence. Psychophysiology, 36(2), 193-198.  



 

 

103 

Taylor, K. S., Seminowicz, D. A., & Davis, K. D. (2009). Two systems of resting state 
connectivity between the insula and cingulate cortex. Hum Brain Mapp, 30(9), 
2731-2745. doi: 10.1002/hbm.20705 

Torta, D. M., & Cauda, F. (2011). Different functions in the cingulate cortex, a meta-
analytic connectivity modeling study. Neuroimage, 56(4), 2157-2172. doi: 
10.1016/j.neuroimage.2011.03.066 

Touroutoglou, A., Hollenbeck, M., Dickerson, B. C., & Feldman Barrett, L. (2012). 
Dissociable large-scale networks anchored in the right anterior insula subserve 
affective experience and attention. Neuroimage, 60(4), 1947-1958. doi: 
10.1016/j.neuroimage.2012.02.012 

Tricomi, E. M., Delgado, M. R., & Fiez, J. A. (2004). Modulation of caudate activity by 
action contingency. Neuron, 41(2), 281-292.  

Ture, U., Yasargil, D. C., Al-Mefty, O., & Yasargil, M. G. (1999). Topographic anatomy 
of the insular region. J Neurosurg, 90(4), 720-733.  

Uddin, L. Q., Kinnison, J., Pessoa, L., & Anderson, M. L. (2014). Beyond the tripartite 
cognition-emotion-interoception model of the human insular cortex. J Cogn 
Neurosci, 26(1), 16-27. doi: 10.1162/jocn_a_00462 

van Duijvenvoorde, A. C., Huizenga, H. M., Somerville, L. H., Delgado, M. R., Powers, 
A., Weeda, W. D., . . . Figner, B. (2015). Neural correlates of expected risks and 
returns in risky choice across development. J Neurosci, 35(4), 1549-1560. doi: 
10.1523/jneurosci.1924-14.2015 

Van Leijenhorst, L., Gunther Moor, B., Op de Macks, Z. A., Rombouts, S. A., 
Westenberg, P. M., & Crone, E. A. (2010). Adolescent risky decision-making: 
neurocognitive development of reward and control regions. Neuroimage, 51(1), 
345-355. doi: 10.1016/j.neuroimage.2010.02.038 

Verdejo-Garcia, A., Clark, L., & Dunn, B. D. (2012). The role of interoception in 
addiction: a critical review. Neurosci Biobehav Rev, 36(8), 1857-1869. doi: 
10.1016/j.neubiorev.2012.05.007 

Vogt, B. A. (2005). Pain and emotion interactions in subregions of the cingulate gyrus. 
Nat Rev Neurosci, 6(7), 533-544. doi: 10.1038/nrn1704 

von Leupoldt, A., & Dahme, B. (2005). Cortical substrates for the perception of dyspnea. 
Chest, 128(1), 345-354. doi: 10.1378/chest.128.1.345 

Watson, David, Clark, Lee A, & Tellegen, Auke. (1988). Development and validation of 
brief measures of positive and negative affect: the PANAS scales. Journal of 
personality and social psychology, 54(6), 1063.  



 

 

104 

Weiland, B. J., Thayer, R. E., Depue, B. E., Sabbineni, A., Bryan, A. D., & Hutchison, K. 
E. (2015). Daily marijuana use is not associated with brain morphometric 
measures in adolescents or adults. J Neurosci, 35(4), 1505-1512. doi: 
10.1523/jneurosci.2946-14.2015 

Westbrook, C., Creswell, J. D., Tabibnia, G., Julson, E., Kober, H., & Tindle, H. A. 
(2013). Mindful attention reduces neural and self-reported cue-induced craving in 
smokers. Soc Cogn Affect Neurosci, 8(1), 73-84. doi: 10.1093/scan/nsr076 

Wetherill, R. R., Childress, A. R., Jagannathan, K., Bender, J., Young, K. A., Suh, J. J., . . 
. Franklin, T. R. (2014). Neural responses to subliminally presented cannabis and 
other emotionally evocative cues in cannabis-dependent individuals. 
Psychopharmacology (Berl), 231(7), 1397-1407. doi: 10.1007/s00213-013-3342-z 

Whitford, T. J., Rennie, C. J., Grieve, S. M., Clark, C. R., Gordon, E., & Williams, L. M. 
(2007). Brain maturation in adolescence: concurrent changes in neuroanatomy 
and neurophysiology. Hum Brain Mapp, 28(3), 228-237. doi: 10.1002/hbm.20273 

Wierenga, L. M., Langen, M., Ambrosino, S., van Dijk, S., Oranje, B., & Durston, S. 
(2014). Typical development of basal ganglia, hippocampus, amygdala and 
cerebellum from age 7 to 24. Neuroimage, 96, 67-72. doi: 
10.1016/j.neuroimage.2014.03.072 

Wierenga, L. M., Langen, M., Oranje, B., & Durston, S. (2014). Unique developmental 
trajectories of cortical thickness and surface area. Neuroimage, 87, 120-126. doi: 
10.1016/j.neuroimage.2013.11.010 

Wilkinson, G.S., & Robertson, G.J. (2006). Wide range achievement test-fourth edition: 
Professional manual. Lutz, FL: Psychological Assessment Resources. 

Xiao, L., Bechara, A., Gong, Q., Huang, X., Li, X., Xue, G., . . . Johnson, C. A. (2013). 
Abnormal affective decision making revealed in adolescent binge drinkers using a 
functional magnetic resonance imaging study. Psychol Addict Behav, 27(2), 443-
454. doi: 10.1037/a0027892 

Yu, C., Zhou, Y., Liu, Y., Jiang, T., Dong, H., Zhang, Y., & Walter, M. (2011). 
Functional segregation of the human cingulate cortex is confirmed by functional 
connectivity based neuroanatomical parcellation. Neuroimage, 54(4), 2571-2581. 
doi: 10.1016/j.neuroimage.2010.11.018 

Zaki, J., Davis, J. I., & Ochsner, K. N. (2012). Overlapping activity in anterior insula 
during interoception and emotional experience. Neuroimage, 62(1), 493-499. doi: 
10.1016/j.neuroimage.2012.05.012 



 

 

105 

Zielinski, B. A., Gennatas, E. D., Zhou, J., & Seeley, W. W. (2010). Network-level 
structural covariance in the developing brain. Proc Natl Acad Sci U S A, 107(42), 
18191-18196. doi: 10.1073/pnas.1003109107 

Zuckerman, M. (1996). Item revisions in the sensation seeking scale form V (SSS-V). 
Personality and Individual Differences, 20(4), 515-515.  

 
 




