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Abstract

Reward neurocircuitry links motivation with complex behavioral responses. Studies of incentive

processing have repeatedly demonstrated activation of nucleus accumbens (NAc), thalamus, and

anterior insula, three key components of reward neurocircuitry. The contribution of the thalamus

to this circuitry in humans has been relatively ignored, a gap that needs to be filled, given the

central role of this structure in processing and filtering information. This study aimed to

understand how these three regions function as a network during gain or loss anticipation in adults

and youth. Towards this goal, functional magnetic resonance imaging (fMRI) and dynamic causal

modeling (DCM) were used to examine effective connectivity among these three nodes in healthy

adults and adolescents who performed the monetary incentive delay (MID) task. Seven

connectivity models, based on anatomic connections, were tested. They were estimated for

incentive anticipation and underwent Bayesian Model Selection (BMS) to determine the best-fit

model for each adult and adolescent group. Connection strengths were extracted from the best-fit

model and examined for significance in each group. These variables were then entered into a

linear mixed model to test between-group effects on effective connectivity in reward

neurocircuitry. The best-fit model for both groups included all possible anatomic connections.

Three main findings emerged: (1) Across the task, thalamus and insula significantly influenced

NAc; (2) A broader set of significant connections was found for the loss-cue condition than the

gain-cue condition in both groups; (3) Finally, between-group comparisons of connectivity

strength failed to detect statistical differences, suggesting that adults and adolescents use this

incentive-processing network in a similar manner. This study demonstrates the way in which the

thalamus and insula influence the NAc during incentive processing in humans. Specifically, this is

the first study to demonstrate in humans the key role of thalamus projections onto the NAc in

support of reward processing. Our results suggest that anticipation of gain/loss involves an
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‘alerting’ signal (thalamus) that converges with interoceptive information (insula) to shape action

selection programs in the ventral striatum.

Introduction

Reward neurocircuitry consists of a distributed neural network that translates motivation into

motor responses (Haber and Knutson, 2010; Robbins and Everitt, 1996). Within this

network, meta-analyses of reward processing in functional magnetic resonance imaging

(fMRI) studies demonstrate consistent activation within the nucleus accumbens (NAc),

thalamus, and insula cortex (meta-analyses: Knutson and Greer, 2008; Liu et al., 2011).

These studies have reported similar Activation Likelihood Estimate (ALE) scores for all

three regions within an order of magnitude during gain anticipation vs loss anticipation, and

gain anticipation vs. gain outcome (meta-analysis:(Knutson and Greer, 2008)), as well as

similar Parametric Voxel-based Meta-Analysis (PVM) scores for the three regions during

reward anticipation (meta-analysis: Liu et al., 2011). While other regions such as

orbitofrontal (OFC) and medial prefrontal cortices are involved in reward processing, the

size and varied functions within sub-areas of these regions has made it difficult to assign an

explicit role to specific coordinates in independent studies (Duncan and Owen, 2000; Gilbert

et al., 2010). Instead, the NAc, thalamus, and anterior insula are smaller, discrete regions

that demonstrate a likelihood of increased blood oxygen level dependent (BOLD) signal

activations during reward processing similar to other regions such as the amygdala and OFC

(meta-analysis: Liu et al., 2011). The consistency and strength of these activations make

these regions ideal for connectivity analyses requiring strongly activated regions, such as

dynamic causal modeling (DCM) (Friston et al., 2003). Surprisingly, despite its central

position within the basal ganglia loops, the thalamus has largely been ignored in functional

imaging analyses of reward anticipation. The use of DCM to measure how these regions

influence one another as a network is particularly suitable, given the classic non-human

primate studies demonstrating anatomic interconnections among these three regions

(Chikama et al., 1997; Gimenez-Amaya et al., 1995; Haber et al., 1990; Mufson and

Mesulam, 1984). This focus on connectivity among these three structures, particularly the

thalamus, represents a novel contribution of this work.

The NAc is at the core of the reward system, as it integrates emotional information to

modulate motivated behavior (Mogenson et al., 1980; Roesch et al., 2009). Accordingly,

fMRI studies repeatedly report increased BOLD signal activation of the NAc in response to

rewards vs. losses (Breiter et al., 2001; Cooper and Knutson, 2008; Delgado et al., 2000;

Knutson et al., 2001), but see (Jensen et al., 2003; Zink et al., 2003). The NAc receives

inputs from many regions, among which the thalamus and anterior insula occupy key

positions; in turn, thalamus and anterior insula project to one another (Fig. 1) (Chikama et

al., 1997; Gimenez-Amaya et al., 1995; Groenewegen and Berendse, 1994; Van der Werf et

al., 2002). In addition, meta-analysis has shown that spontaneous activity in the NAc

predicts activity in other reward regions, including the thalamus and insula, suggesting

consistent co-activation among these three regions (meta-analysis: Cauda et al., 2011).
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The midline thalamus is strongly modulated by the ascending reticular activating system and

therefore plays an important ‘alerting’ role in salience detection (Matsumoto et al., 2001).

Through its massive projections to the striatum, the midline thalamus drives attentional and

behavioral shifts to changing external cues (Smith et al., 2011). One hypothesis is that the

thalamostriatal pathway stimulates cholinergic neurons, creating a substrate for suppression

of ongoing motor activity in the face of salient external stimuli (Ding et al., 2010). As such,

this function is critical to adjust behavior to incentives. Accordingly, meta-analyses of fMRI

studies also demonstrate consistent activation of the thalamus in studies of reward

processing in the context of both gains and losses (meta-analyses: Knutson and Greer, 2008;

Liu et al., 2011). Adolescents also demonstrate increased thalamic activation, or significant

effects of age on thalamic activation, during reward processing (Bjork et al., 2004, 2010;

Christakou et al., 2011; Cohen et al., 2010; Van Leijenhorst et al., 2010a,b), a finding that

may be related to changes in thalamic grey-matter volume and white-matter tract

organization in children and adolescents (Asato et al., 2010; Barnea-Goraly et al., 2005;

Group, 2012; Hasan et al., 2011; Sowell et al., 2002).

The anterior insula also integrates multiple sensory modalities from the brainstem, including

visceral, autonomic and somatosensory information. Only in higher primates are these

interoceptive cues relayed by the ventromedial nucleus of the thalamus (Craig, 2002). The

anterior half of the insula also receives exteroceptive cues from the amygdala (Mufson et al.,

1981; Nishijo et al., 1988). The convergence of exteroceptive and vegetative inputs leads to

the notion that the insula processes ‘interoceptive awareness’, or a continuous sense of the

‘sentient self’ (Craig, 2009; Nieuwenhuys, 2012). Therefore, the projections from the insula

to the NAc are expected to critically influence motivated behavior, particularly decision-

making (Clark et al., 2008; Damasio, 1999; Naqvi and Bechara, 2009). Finally, the NAc

integrates the information from the insula and the thalamus into motivational processes, and

this processed information is then output back to the thalamus, either directly, or mostly

indirectly via the globus pallidus, feeding basal-ganglia loops to shape behavior (Haber et

al., 1990; rev: Haber 2003).

Collectively, data on anatomic interconnections, together with the strong pattern of fMRI

activation in reward tasks, support the notion that the NAc, thalamus, and insula function as

a unit to influence incentive processing through mutual interactions. A few studies have

used DCM to understand how a network operates in response to incentives, demonstrating

the involvement of NAc and cortical connections during reward processing (Alexander and

Brown, 2010; Gonen et al., 2012; Veldhuizen et al., 2011). These studies highlight not only

the pattern of functional links among other key structures in a reward context, but also raise

the additional question of how incentive valence (e.g., gain vs. loss) influences this

functional pattern, and within a wider network. In addition, a developmental perspective,

particularly across adolescence, has enormous relevance given the adolescent peak

vulnerability for substance use problems, which implicates these same structures (Gu et al.,

2010; Jia et al., 2011).

To address these questions, the present study uses the well-published monetary incentive

delay (MID) task (Knutson et al., 2001) in conjunction with dynamic causal modeling

(DCM) to quantify the effects of monetary gain and loss anticipation on direction-specific
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effective connectivity (Friston et al., 2003). Effective connectivity models the influence of

one brain region on another (Friston et al., 2003). As such, DCM builds upon a traditional

general linear model (GLM) analysis by modeling the effective connectivity of activated

regions, thereby requiring regions of interest that are strongly activated by the task at hand

(Stephan et al., 2010). The three regions selected for the DCM analysis, NAc thalamus and

insula, are all consistently activated by the MID task (Bjork et al., 2004; Knutson and Greer,

2008; Knutson et al., 2001; Samanez-Larkin et al., 2007). In addition, this task has been

previously examined in two studies comparing adults and adolescents, allowing us to extend

previous findings (Bjork et al., 2004, 2010). While demonstrating relative hypoactivation of

the ventral striatum during reward anticipation in adolescents compared to adults, both

studies reported that the adolescent and the adult groups independently exhibited robust

activation to the MID task, making it ideal for a DCM study (Bjork et al., 2004, 2010).

The goal of this work is to examine how cue-elicited incentive anticipation modulates

anatomically relevant connections within a core incentive-processing network in adults and

adolescents. We hypothesize that: 1. connections among the thalamus, NAc and insula

would reveal an incentive processing neural network, which, based on the above basic-

science review, would exhibit the strongest links for thalamus-to-NAc, insula-to-NAc, and

thalamus-to-insula connections; 2. based on studies reporting differential BOLD activation

patterns in response to incentive valence (Hardin and Ernst, 2009; Tom et al., 2007), the

network would be modulated distinctly by gains and losses, with a stronger implication of

insula connections in losses than gains, and NAc connections in gains than losses; 3. finally,

based on developmental resting-state functional connectivity work (Fair et al., 2008; Kelly

et al., 2009; Stevens et al., 2009), adolescents would demonstrate weaker effective

connectivity in this network than adults.

Methods

Subjects

Thirty healthy adults, aged 22–48 years (mean 28.8±7.5 years; 11 males and 19 females),

and twenty-four healthy adolescents, aged 10–17 years (mean 14.6±2.0 years; 15 males and

9 females), were recruited locally through advertisements. Groups did not differ

significantly on sex, socioeconomic status, or handedness. However, IQ was significantly

higher (t=3.4, df=52, p=0.001) in adults (mean 120.8±10.6) than adolescents (mean

110.4±11.9), and was thus used as a covariate of nuisance in fMRI analyses. Physical and

mental health was confirmed by medical history, physical examination, and administration

of the Kiddie Schedule for Affective Disorders and Schizophrenia—Present and Lifetime

version (K-SADS-PL) (Kaufman et al., 1997) for adolescents or the Structured Clinical

Interview for DSM-IV (SCID) (Spitzer et al., 1992) for adults. Exclusion criteria included a

history of psychiatric illness or head injury, neurological disorders, exposure to traumatic

life events, use of a psychoactive substance or inability to complete the fMRI scan (e.g.,

those with metal implants or claustrophobia). All methods were approved by the institutional

review board of the National Institute of Mental Health (Bethesda, MD). After being

explained the study, adult participants and parents of minors signed a consent form, and

adolescents signed an assent form.
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MID task

The event-related MID task probes anticipation and response to visual cues representing

forthcoming monetary rewards or losses (Knutson et al., 2001). The entire task was

composed of two runs of 72 trials each, with each trial lasting 6 s. Each trial began with a

250 ms cue indicating the amount of potential reward or loss, followed by a fixation period

(2000–2500 ms), and a response target (160–250 ms) (Fig. 2). Subjects were asked to press

a button as quickly as possible during the response target presentation, in order to win, or

avoid losing, money. Following the disappearance of the target, subjects received feedback

for 1650 ms indicating the outcome of the trial, and their cumulative dollar amount.

Consistent with the original MID task, the inter-trial interval (ITI) was jittered between 1350

and 1940 ms. This relatively short ITI has raised questions regarding the efficiency of the

design. A recent study used a modified version of the MID task with longer ITIs (Bjork et

al., 2010) and showed similar results to the past work with a shorter ITI design (Bjork et al.,

2004), suggesting reasonable stability in activation patterns, independent of the ITI length.

In addition, the original version of the MID task that we employed has been used in far more

published studies than the version with variable-duration ITI, allowing the present study to

extend previous findings.

Circle cues represented the potential for monetary gain (presented 64 times total, across both

runs), square cues indicated the potential for losses (presented 64 times total, across both

runs), and triangle cues represented no money to be won or lost (presented 16 times total,

across both runs). The amount of reward or loss was represented by one line drawn within

the shape ($0.20), two lines ($1), or three lines ($5), each shown 32 times across both the

circle and square cues. Both circle and square stimuli also included cues without lines (n=32

total). These cues signaled unpredictable values (“surprise” trials), addressing a question of

no interest to the present study, and thus were not examined. The order of trials was

randomized within each run. Subjects were trained on the task and performed a practice run

before the two experimental runs conducted during the functional scans. The length of

response target presentation was set such that subjects succeeded two-thirds of the time,

with the target duration for the first run selected based on the initial practice run. Five

durations (1 = shortest through 5 = longest) of target presentation were defined, and an

appropriate duration was selected at the start of each new run, based on participants’

performance of the previous run, in order to achieve a success rate of 66%. For both adults

and adolescent groups, most subjects had durations set in the 2 or 3 range.

fMRI scanning

A General Electric (Waukesha, WI) Signa 3 Tesla magnet was used for scanning. Visual

stimuli were shown on a screen at the foot of the scanner, and viewed with mirrors mounted

at the head coil. Head movement was constrained with foam padding. The functional images

were T2-weighted echo-planar images collected with a repetition time (TR) of 2500 ms, an

echo time (TE) of 23 ms, and a flip angle of 90°. Images consisted of 30 interleaved, sagittal

slices, each 4 mm thick. Voxel dimension was 3.75 mm×3.75 mm×4 mm, matrix size was

64 by 64, and the field of view was 24 cm. The first four acquisitions in each scan series,

collected before equilibrium magnetization was reached, were discarded. A T1-weighted

anatomical image was collected on each subject using TR=8100 ms, TE=32 ms, flip angle of
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15°, and consisted of 124 1 mm thick slices. The matrix size was 256×256, and field of view

was 24 cm. Reaction times for button presses were collected on a Cedrus (San Pedro, CA)

Lumina response box.

Behavioral data analysis

Accuracy (number of successful button presses), reaction time (time between target

presentation and button press), and post-scan ratings (ranging from −5 = dislike very much,

to +5 = like very much) of the different cues (Neutral, Gain $0.20, $1 or $5, Lose $0.20, $1

or $5) were included as dependent variables. Each of these three variables was analyzed

using a 3-way repeated-measures ANOVA in SPSS 18 (SPSS, Chicago, IL), with group as a

between-subjects factor, and valence (positive or negative) and magnitude ($0.20, $1 or $5)

as within-subject factors. For consistency with the fMRI GLM analysis (see below), the

rating for the neutral ($0) cue was covaried with each cue rating. Because of technical

difficulties, post-scan ratings were not collected for eight adolescents and one adult, and

accuracy counts were not collected for eight adolescents. These subjects were excluded from

the respective analyses.

fMRI data analysis

All fMRI data was analyzed with the Statistical Parametric Mapping software, version 8

(SPM8, Wellcome Trust Centre for Neuroimaging, London, UK). All functional images

were first slice-time corrected, realigned, and then coregistered to their individual anatomic

images. Slice-timing correction was done during preprocessing, and not during DCM

analysis, due to the interleaved acquisition sequence. Subjects who moved >4 mm in any

direction were eliminated. Coregistered anatomic images were then segmented and

normalized to a standard MNI template. Images were then smoothed using an 8 mm full-

width half-maximum Gaussian kernel.

General linear model analysis

A whole-brain, voxel-wise general linear model (GLM) for cueelicited anticipation was

created for each subject. For each cue type (Neutral; Gain $0.20, $1, or $5; Lose $0.20, $1,

or $5), the BOLD response was modeled by convolving a sum of delta functions (one at

each cue onset time) with a synthetic hemodynamic response function. A high-pass filter

cutoff of 128 s was applied to eliminate slow drift. Vectors of no interest included the

“surprise” trials, and were not used in any contrasts. For each subject, three contrasts were

computed. These contrasts provided the coordinates for the regions of interest to be used in

the DCM analysis. These contrasts included: (1) all gain cues versus neutral cue, (2) all loss

cues versus neutral cue, and (3) all cues versus neutral cue. Random-effects analysis was

used to enter individual subject contrasts into group-level, voxel-wise, regions of interest

(ROI) analyses. For completeness, and to validate that the MID task behaved as expected in

our hands, we examined not only our three target regions (NAc, thalamus and insula), but

also regions commonly activated in previous MID studies (Bjork and Hommer, 2007; Bjork

et al., 2004, 2008, 2010, 2011; Guyer et al., 2006; Knutson et al., 2001; Samanez-Larkin et

al., 2007). While different contrasts and groups have been used for different studies, regions

were chosen if they were activated in more than three separate MID studies across any

contrast and any group. The resulting regions included: putamen (Bjork and Hommer, 2007;
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Bjork et al., 2004, 2010; Knutson et al., 2001; Samanez-Larkin et al., 2007); caudate (Bjork

et al., 2004; Guyer et al., 2006; Knutson et al., 2001; Samanez-Larkin et al., 2007);

amygdala (Bjork et al., 2004, 2008; Guyer et al., 2006; Knutson et al., 2001); mPFC/ACC

(Bjork et al., 2004, 2008, 2010, 2011; Knutson et al., 2001; Samanez-Larkin et al., 2007);

pre-motor/supplementary-motor/motor cortices (Bjork and Hommer, 2007; Bjork et al.,

2004, 2008, 2010; Knutson et al., 2001). Anatomic masks that were hand-drawn from

previous studies (caudate, putamen, amygdala, mPFC/ACC; Guyer et al., 2006), or from the

Automated Anatomical Labeling (AAL) atlas (motor/premotor cortex; Tzourio-Mazoyer et

al., 2002) were searched for peak voxel activations surpassing a small-volume correction of

p<0.05, family-wise error (FWE).

Dynamic causal modeling

DCM assesses effective connectivity of a priori defined regions by employing either a

bilinear or nonlinear mathematical model to understand how experimental manipulations

perturb the relationships between regions of interest (Friston et al., 2003; Stephan et al.,

2008). DCM uncovers hidden neuronal states and relationships between regions of interest

by additionally employing a forward model of how neuronal or synaptic activity leads to a

measurable BOLD signal (Friston et al., 2003; Stephan et al., 2010). This model is then

inverted by using the BOLD signal to uncover the hidden neuronal states and comment on

direction-specific changes in coupling between regions in response to task demands (Friston

et al., 2003; Stephan et al., 2010).

Bilinear and nonlinear equations

The bilinear form of DCM models experimental task modulation of inter-regional

relationships, while the nonlinear form additionally models how activity in anatomic foci

modulates inter-regional relationships (Friston et al., 2003; Stephan et al., 2008). Both forms

use the BOLD data to solve for three sets of parameters governing: 1. Endogenous

connectivity, the first-order connectivity between regions in the absence of task effect; 2.

Modulation of the endogenous connectivity by specific task conditions, here, to either gain

or loss cues; 3. Direct inputs, the response of a specific region (called the “driver”) to task

demands (here, thalamus, see below for rationale). The nonlinear form includes an

additional set of parameters modeling the modulation of the connection between two regions

by the activity in a third region (Stephan et al., 2008).

Model space selection

DCM further elucidates the potential mechanisms leading to BOLD activations in traditional

GLM analyses (Stephan et al., 2010). Therefore, the selection of regions is guided by BOLD

activations seen in GLM results, and narrowed according to a priori hypotheses about the

functions of the regions of interest. In accordance with this, three regions— NAc, insula,

and thalamus—activated in our GLM analysis, as well as in other GLM analyses using this

task (Bjork et al., 2004, 2010; Knutson et al., 2001; Samanez-Larkin et al., 2007), were

chosen. While other regions, such as orbitofrontal and medial prefrontal cortices, and

amygdala, are undoubtedly involved in reward processing, our GLM analysis did not

demonstrate activation of these regions in both groups and thus could not be used in the
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DCM analysis. All tested models were bound by anatomic constraints based on tract-tracing

studies in non-human primates. The models employed different combinations of the

following connections: bidirectionally between the thalamus and insula, and between the

thalamus and NAc (a small accumbens-medial thalamus projection has been documented

and was modeled for completeness), and unidirectionally from insula to nucleus accumbens

(Chikama et al., 1997; Gimenez-Amaya et al., 1995; Haber et al., 1990; Mufson and

Mesulam, 1984).

All models employed the thalamus as the initial recipient of incoming cue sensory

information. The thalamus was chosen as the ‘driver’ site because of its role in sensory and

emotional integration (Groenewegen and Berendse, 1994; Van der Werf et al., 2002), and

because the MID task features visual cues that have an associated emotional value (valence

and salience). The schematic for all seven tested models is shown in Fig. 3. Each model is

comprised of anatomically-relevant connections (see above) between the three selected

nodes, thalamus, NAc and insula, based on non-human primate literature. Because little is

known about how these three regions interact during reward processing, seven models were

hypothesized and entered into Bayesian Model Selection (BMS, below) to determine the

best-fit model. All models are therefore iterations based on the fully-connected,

anatomically-relevant model, Model 1. Model 2 posits the thalamus as a central processing

region, independently communicating with the NAc and insula. Model 3 hypothesizes the

NAc as the final receiving site of incentive information from the thalamus and insula. Model

4 is a closed-loop model based on the striato-thalamo-cortico-striatal loop model. Models 5

and 6 posit an open thalamo-cortico-striatal path, with bidirectional thalamo-insula

connections in Model 5. Finally, Model 7 uses a nonlinear DCM to hypothesize the insula as

a key influence on the thalamus-to-NAc connection. All interregional connections were

allowed to be modulated by DCM-specific regressors of interest—all gain cues, or all loss

cues. Like the GLM analysis, the DCM regressors were created using cue-onset times, in

order to extend the GLM findings, as well as the findings of previous MID studies that have

used cue-onset times (Bjork et al., 2004, 2010; Knutson et al., 2001; Samanez-Larkin et al.,

2007).

Region of interest (ROI) extraction

Anatomic masks of the NAc, anterior insula and anteromedial thalamus were searched to

determine peak voxels (p<0.05, family-wise error [FWE], small-volume corrected) for the

contrast all cues vs the neutral cue. Masks for the NAc and insula were hand-drawn masks

used in previous studies (Guyer et al., 2006), and for the anteromedial thalamus was an 8

mm sphere approximating this subdivision of the thalamus, based on coordinates from a

functional-anatomical map of the thalamus (Johansen-Berg et al., 2005). This contrast was

used because both groups and all ROIs showed significant BOLD activations for both the

contrasts of all gain-cues vs. neutral cue, and all loss-cues vs. neutral cue, and these peak

coordinates were within a few millimeters of each other. For each subject, the principal

eigenvariate of all voxels within a 6 mm sphere centered at the associated peak group

coordinate (p<0.05, FWE, small-volume corrected) were then extracted for each region (see

Fig. 4 for a full list of coordinates). In addition, the location of these regions was restricted

to subregions with anatomic connections delineated by non-human primate tract-tracing
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studies. Coordinates for the insula were restricted to the anterior, agranular division, which

projects to the NAc, and is interconnected with the medial thalamus (Chikama et al., 1997;

Mufson and Mesulam, 1984). Thalamic coordinates were restricted to the medial aspect of

the thalamus in order to target the mediodorsal, midline and intralaminar nuclei, which are

limbic subregions interconnected with the NAc and anterior insula (Chikama et al., 1997;

Haber et al., 1990; Johansen-Berg et al., 2005; Mufson and Mesulam, 1984; Zhang et al.,

2008). All ROI extractions were from the right side of the brain because of the stronger

BOLD activation pattern on this side of the brain.

Following ROI extraction, the seven DCM models described above were estimated for each

subject. These estimated models underwent Bayesian Model Selection (BMS) in DCM8 to

determine the relative best-fit model for each group. The adolescent and adult groups were

kept separate during voxel extraction, model selection, and parameter extraction (see below)

because of our a priori interest in understanding the groups separately.

Bayesian model selection (BMS)

All seven models were tested at the same time, and BMS was done for each group

individually. This analysis derives an exceedance probability (φk, reported here), i.e., the

probability that one model is more likely than any other model, given the group data

(Stephan et al., 2009, 2010). Note that the exceedance probabilities of all tested models sum

to one, and thus the fit of a model to a population is always considered relative to other

tested models.

Following selection of the optimal model (highest exceedance probability), the maximum a

posteriori (MAP) estimates of each parameter of the best-fit model were extracted for each

subject, averaged across runs, and then entered into a random-effects analysis with one-

sample t-tests for each group using SPSS (SPSS, Chicago, IL) (Stephan et al., 2010). We

assumed no effect of run, and verified this with paired t-tests. Two types of parameters were

extracted and reported: 1. the inter-regional connectivity specific to the experiment and

irrespective of task effect (termed endogenous connectivity); 2. the modulation of inter-

regional connectivity in response to experimental task manipulation, i.e., loss and gain

conditions separately.

Parameter weights for anticipation of all gain cues and all loss cues were then entered into a

linear mixed model using restricted maximum likelihood estimates for between-group tests.

Group, valence (all gain or all loss), and connection (thalamus-to-NAc, thalamus-to-insula,

etc.) were entered as fixed factors, using IQ as a covariate of nuisance. Post-hoc tests were

corrected using a Bonferroni correction for multiple comparisons.

Results

Behavioral data

Task performance—Three-way ANOVAs of group by valence by magnitude revealed no

significant 3-way or 2-way interactions for accuracy (number of successful hits) or reaction

time (p>0.05). For both accuracy and reaction time, the associated main effects were not

significant (p>0.05).
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Post-scan affective ratings of cues—The three-way ANOVA of group by valence by

magnitude was not significant (p>0.05). The 2-way valence by magnitude interaction was

significant, (F(2,86)=68.6, p<0.001, d=1.79), and there was a significant effect of magnitude

among both the loss and gain cues (loss: F(2,134)=8.1, p<0.001, d=.49; gain: F(2, 135)=7.5,

p<0.001, d=.47). No other two-way interactions were significant, and the main effect of

group was not significant (p>0.05). Participants rated loss cues significantly more negatively

than gain cues (p<0.05, Bonferroni corrected), and the ratings tracked the magnitude of cues

(p<0.05, Bonferroni corrected). These post-scan affective ratings of cues suggest that both

groups accurately learned the relevance of the individual cues, and were similarly aroused.

See Fig. 5 for graphical representation.

fMRI data

GLM analyses of local activations—For completeness and validation of the task, and

to detail the selection of our ROIs, we first present the GLM analysis of local activations.

DCM analysis, the focus of this paper, follows after. We report the small-volume corrected

peak activations in the regions commonly activated in the previous studies of the MID task

(Bjork and Hommer, 2007; Bjork et al., 2004, 2008, 2010, 2011; Guyer et al., 2006;

Knutson et al., 2001; Samanez-Larkin et al., 2007) (Tables 1A,1B). Each group

demonstrated a pattern of regional activation including ventral striatum, thalamus, insula,

caudate and putamen, similar to that reported in previous publications of the task (Bjork et

al., 2004, 2010; Knutson et al., 2001).

All gain cues vs. neutral cue

Adults—Anticipation of all potential monetary gain cues versus the neutral cue was

associated with significant activations in NAc (bilateral), caudate (bilateral), putamen

(bilateral), thalamus (bilateral), insula (bilateral), and anterior cingulate cortex (bilateral),

small-volume corrected (SVC), p<0.05, FWE-corrected. See Table 1A.

Adolescents—In adolescents, significant increases in BOLD activity to all gain cues

versus the neutral cue were found in regions similar to those seen in adults. These regions

included NAc (bilateral), caudate (bilateral), putamen (bilateral), thalamus (right), and insula

(bilateral), SVC, p<0.05, FWE-corrected. See Table 1A.

Between-group—The putamen (right) and motor cortex (left) were significantly more

activated in adults than adolescents, SVC, p<0.05, FWE-corrected. No regions were

significantly more activated in adolescents than adults, SVC, p<0.05, FWE-corrected. See

Table 1B.

All loss cues vs. neutral cue

Adults—Anticipation of all loss cues, compared to the neutral cue, was associated with

significant activation in NAc (bilateral), caudate (bilateral), putamen (bilateral), insula

(right), and thalamus (bilateral), SVC, p<0.05, FWE-corrected. See Table 2A for all

activated regions.
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Adolescents—Anticipation elicited by all loss cues, compared to the neutral cue, led to

significant activation in the NAc (bilateral), caudate (left) and thalamus (bilateral), SVC,

p<0.05, FWE-corrected. See Table 2A for all activated regions.

Between-group—Adults showed significantly higher BOLD signal activation than

adolescents in the right putamen, SVC, p<0.05, FWE-corrected. For this same contrast, no

regions demonstrated significantly more BOLD signal activation in adolescents than adults,

SVC, p<0.05, FWE-corrected. See Table 2B for all differentially activated regions, SVC,

p<0.05, FWE-corrected.

All cues vs. neutral cue

This contrast was examined to select coordinates for extracting voxels of interest for DCM.

Adults—In response to anticipation elicited by all cues versus the neutral cue, adults

showed significant activation of the NAc (bilateral), caudate (bilateral), putamen (bilateral),

thalamus (bilateral), insula (bilateral), and anterior cingulate cortex (bilateral), SVC, p<0.05,

FWE-corrected. See Table 3A for all activated regions and coordinates.

Adolescents—Adolescents demonstrated significant activation of the NAc (bilateral),

caudate (bilateral), putamen (bilateral), and insula (bilateral), SVC, p<0.05, FWE-corrected.

See Table 3A for all activated regions and coordinates.

Between-group—In response to anticipation of all cues versus the neutral cue, adults

showed significantly more activation than adolescents in the putamen (right), SVC, p<0.05,

FWE-corrected. For this same contrast, adolescents demonstrated significantly more

activation in the anterior cingulate cortex (left), SVC, p<0.05, FWE-corrected. See Table 3B

for all differentially activated regions and coordinates at SVC, p<0.05, FWE-corrected.

DCM analysis

Bayesian model selection—A set of seven hypothesized models composed of the NAc,

insula and thalamus (see Methods section) were entered into Bayesian Model Selection to

determine a best-fit model. Two similarly best-fitting models, Models 1 and 2 (see Figs. 3,

6), emerged for each group. Model 3 followed closely these two models.

See Table 4 and Fig. 6 for exceedance probabilities for adults and adolescents. Models 1 and

2 differed only by one connection. Model 1 was retained for further analysis because it was

the most comprehensive one with the fewest a priori constraints.

Model parameter weight extraction

Endogenous connectivity across the whole task is reported first, followed by modulation of

this endogenous connectivity by specific task conditions—gain or loss anticipation. See

Tables 5-7 for a full list of connectivity weights.

Endogenous connectivity—The sets of endogenous connections with significant

connection strengths were similar in the adult group and adolescent group. Both groups
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demonstrated significant effective connectivity across the task for the thalamus-to-NAc,

thalamus-to-insula, and insula-to-NAc links. The only difference was that adolescents

additionally showed significant NAc-to-thalamus connectivity. Parameters for endogenous

connectivity can be found in Fig. 7 and Table 5.

Connections modulated by cue class—A schematic of all connections significantly

modulated by cue valence (p<0.05) is shown in Fig. 8, and Table 6 for adults and Table 7 for

adolescents.

Connections modulated by all gain cues

Gain cues significantly modulated only one connection in each group.

Adults (Table 6)—In the adult group, the connection from thalamus-to-NAc was

significantly modulated by anticipation of monetary gain cues. There was a trend for the

modulation of the thalamus-to-insula connection by gain cues.

Adolescents (Table 7)—In contrast to the adult group, the adolescent group

demonstrated significant modulation of the thalamus-to-insula connection by gain cues.

Connections modulated by all loss cues

A number of connections in the incentive processing network were significantly modulated

by loss anticipation in both groups.

Adults (Table 6)—Anticipation elicited by loss cues significantly modulated the

connectivity of thalamus-to-NAc, insula-to-NAc, and thalamus-to-insula connections in the

adult group.

Adolescents (Table 7)—Like the adults, the adolescent group showed significant

modulation by loss cues of the thalamus-to-NAc and insula-to-NAc connections. In contrast

to the adult group, adolescents showed significant modulation of the insula-to-thalamus and

NAc-to-thalamus connections, but not thalamus-to-insula.

Between group comparisons

For the endogenous connectivity, the two-way interaction of group*connection was not

significant, and the associated main effects were also not significant, p>0.05.

Parameter weights reflecting connectivity modulation by all gain or all loss cues were

entered in a linear mixed model. Neither the 3-way interaction of group*valence*connection

nor the associated 2-way interactions were significant (p>0.05). The main effects of valence

and group were not significant (p>0.05), however, the main effect of connection was

significant, F(4, 349)=10.7, p<0.001. Pairwise comparisons showed that the modulation of

the thalamus-to-NAc and thalamus-to-insula connections were significantly stronger than

the modulation of the NAc-to-thalamus, insula-to-NAc, or insula-to-thalamus connections

(p<0.001, Bonferonni corrected).
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Discussion

This study used DCM to examine effective connectivity among the NAc, thalamus, and

insula during cue-elicited incentive anticipation in typical adults and adolescents. The DCM

analysis yielded three main findings: 1. The best-fit model, independently for both groups,

involved all existing anatomic connections, and demonstrated thalamic and insula influences

on the NAc. In particular, the thalamus-to-NAc connection was the strongest link of the

model. This is the first time that this directional link has been demonstrated in humans in the

context of reward processing; 2. In contrast to expectation, the number of significant

connections was higher in the loss-cue condition than the gain-cue condition in both groups;

3. Finally, contrary to our predictions, between-group comparisons of connectivity strength

failed to detect statistical differences. In general, task-elicited BOLD activations were

similar to previous studies of this paradigm in adults and adolescents (Bjork et al., 2004,

2010; Knutson et al., 2001). Also, in line with previous work (Bjork et al., 2004, 2010),

adults activated the striatum more strongly than did adolescents. Findings in the current

study emerged in a different striatal region, here putamen and in previous work, NAc

extending into dorsal striatum. Nevertheless, in all three studies, the MID task elicited robust

activation of both the adult and adolescent striatum, with relative hypoactivation of the

striatum in adolescents, compared with adults. These results are presented for completeness,

but their discussion is beyond the scope of this paper.

Functional circuitry of incentive processing—endogenous connectivity

The best-fit model of incentive processing included functional connections among all

regions with established anatomic connections. Additionally, this best-fit model was the

same for each group, demonstrating replication in two independent samples. Examination of

the significant endogenous connectivity revealed a core incentive processing network

involving the NAc, thalamus and insula (Fig. 7). Adults and adolescents recruited networks

with similar endogenous connectivity, and both groups demonstrated thalamic influence on

insula and NAc, as well as insula influence on the NAc. Adolescents additionally

demonstrated significant connectivity of the NAc-to-thalamus connection, though the

strength of this connection did not significantly differ from that in adults, for whom no

evidence of NAc-to-thalamus connectivity emerged. While the NAc has long been

associated with incentive processing (Breiter and Rosen, 1999; Colle and Wise, 1988;

Delgado et al., 2000; Ikemoto et al., 1997; Knutson et al., 2001), the current study highlights

the thalamus and insula as important functional influences on the NAc during incentive

processing.

Traditionally described as a relay system, the thalamus also participates in associative

processes, as demonstrated by animal studies examining discriminative approach and

avoidance learning, context-induced reward seeking, and anticipation of unpleasant stimuli

(Chandrasekhar et al., 2008; Freeman et al., 1996; Groenewegen and Berendse, 1994;

Hamlin et al., 2009; Herwig et al., 2007; Smith et al., 2002; Van der Werf et al., 2002). Like

the thalamus, the anterior insula is often reported in fMRI studies as showing increased

BOLD activation during incentive processing (Chandrasekhar et al., 2008; Herwig et al.,

2007; Knutson and Greer, 2008; Liu et al., 2011; Paulus et al., 2003; Villafuerte et al.,
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2011). In contrast to the thalamus, however, the insula is a cortical site for highly processed

interoceptive and exteroceptive, information, and here may code for the somatic/autonomic

changes that occur in response to incentive exposure (Craig, 2003, 2004; Naqvi et al., 2007;

Villafuerte et al., 2011). In addition, BOLD activations of the insula and NAc have recently

been found to be associated with individual variations in motivation (Clithero et al., 2011).

In our study, the significant endogenous connectivity of the thalamus-to-insula-to-NAc path,

and thalamus-to-NAc path in both adolescents and adults suggests that the insula and

thalamus may provide the NAc with information about drive (from interoceptive signals)

and opportunity (from exteroceptive signals), respectively, for incentive processing.

Cue-elicited reward and loss anticipation

The modulation of the endogenous connectivity by cue-elicited gain or loss anticipation was

separately examined. In both adolescents and adults, loss anticipation modulated the

incentive-processing network more broadly than gain anticipation, and loss specifically

modulated connections involving the insula with the NAc.

Cue-elicited gain anticipation modulated the thalamus-to-NAc connection in adults, and

thalamus-to-insula connection in adolescents. These patterns reflected within-group

variations only, and the groups were not found to directly differ on statistical grounds. In

adults, the prominence of the thalamus-to-NAc connectivity (Fig. 8) contrasts with the

direction of the striato-thalamo-cortico-striatal loops. This finding may reflect the early

phase of reward processing that was modeled in this study (recognition of motivational cues)

and the substantial glutamatergic projection from the thalamus to the NAc (Christie et al.,

1987; Gimenez-Amaya et al., 1995). The significant modulation of the thalamus-to-NAc

connectivity also supports the hypothesis that the thalamus gates striatal activity to modulate

attentional or motor responses, and cortical input (Groenewegen and Berendse, 1994; Haber

and McFarland, 2001). Similarly, animal studies have demonstrated increased dopamine

efflux in the NAc following medial thalamus stimulation, and functionally, this path has

been shown to contribute to the renewal of context-induced reward seeking (Hamlin et al.,

2009; Parsons et al., 2007; Pinto et al., 2003). The present study provides evidence for the

importance of the thalamus-NAc pathway in human adults during reward processing,

specifically during cue-elicited reward anticipation. Because of the lack of statistical group

differences in the connectivity strengths, it would be inappropriate to discuss the distinct

patterns of connectivity apparent on inspection of Fig. 8.

Cue-elicited loss anticipation seemed to modulate a broader set of connections than gain

anticipation (Fig. 8), though the modulation strength was not significantly different between

both conditions. Interestingly, in this study, cue-elicited loss anticipation modulated

connections involving the insula to NAc (Fig. 8). Insula activation, particularly in the right

hemisphere, has been reported in response to a wide variety of negatively-valenced stimuli,

findings related to its proposed role in interoception. Insula activation has been shown in

response to faces expressing disgust (Phillips et al., 1997), under risk-aversive conditions,

(Liu et al., 2007; Paulus et al., 2003; Xue et al., 2010), and during anticipation or

presentation of aversive visual stimuli or pain (Mataix-Cols et al., 2008; Wiech et al., 2010).

In our study and others, insula and NAc BOLD activation occurred during both reward and
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loss anticipation (Bjork et al., 2004, 2010; Knutson et al., 2001; Samanez-Larkin et al.,

2007), and DCM revealed that only cue-elicited loss anticipation strengthened significantly

the insula-to-NAc connectivity in both groups. The insula’s influence on the NAc may help

discriminate negatively-valenced stimuli and, thus, facilitate appropriate behavioral

responses from the NAc.

Finally, though this study did not show a significant effect of valence among the

connections, a significant effect of connection was found. Specifically, the thalamus-to-NAc

and thalamus-to-insula connectivity were found to be significantly stronger than other

connections across both groups. Thus, the thalamus appeared to be a central node in both

cue-elicited gain and loss anticipation. As discussed earlier, this likely reflects its role in

processing salient exteroceptive information to redirect attention and behavior, a function

that may be achieved through activation of cholinergic interneurons (Ding et al., 2010;

Matsumoto et al., 2001; Smith et al., 2011). These results highlight the importance of the

thalamus in reward processing, and its influence on key reward regions. As this area of study

is not well understood yet, future research should more specifically address the role of

thalamic effective connectivity in reward processing.

Developmental comparisons

The third main finding of the present study is the absence of statistically significant

differences in connectivity modulation between adolescents and adults. This finding was

unexpected, and could reflect high individual variability in effective connectivity measures

that might warrant larger sample sizes to detect group differences. The wide age range in

each group might also have contributed to an increased variability and, in turn, difficulty

detecting group differences. However, restricting age in each group (13–16 years old for the

adolescents, and 20–30 years old for the adults) did not change the results, perhaps a

reflection of the reduced sample size (data not shown). Additionally, neural regions outside

of those included in our study may be responsible for developmental differences.

The non-significance of our between-group findings is difficult to interpret due to the lack of

studies on incentive processing connectivity concomitantly in both age groups. This is the

first study to use DCM with this task in healthy adolescents and adults. The non-significance

of the connectivity strengths between groups are in contrast to findings of group-differences

in striatal activation, in the present work as well as in previous fMRI-activation studies

(Bjork et al., 2004, 2010; Ernst and Fudge, 2009; Ernst et al., 2005; Galvan, 2010; Galvan et

al., 2006; Geier et al., 2010; Spear, 2000; Van Leijenhorst et al., 2010a). Because this is the

first study of its kind, it warrants replication, and more research is needed to understand the

adolescent-specific associated neural circuitry, and how this informs decision-making across

development.

Study limitations

Our model was restricted to a minimal number of nodes and did not include other reward-

related regions, such as orbitofrontal cortex, dopaminergic midbrain, medial pre-frontal

cortex, amygdala, or globus pallidus (Knutson and Greer, 2008; Liu et al., 2011; O’Doherty,

2004). These regions, while important, were not consistently activated in this study (or other
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MID studies), a requirement for DCM. The number of nodes was also purposely limited to

avoid model over-fitting and to increase generalizability.

In addition, only connectivity associated with regions of the right side of the brain were

examined, because of its stronger activation patterns. Although the subject of debate,

laterality may have been affected by the task. Further work is needed to test this possibility.

Future work may also examine finer age discriminations. Finally, we did not test sex effects

because of the lack of a priori hypotheses.

Conclusions and future directions

This study used DCM and the MID task to provide evidence for a core incentive processing

network involving the NAc, thalamus and anterior insula in typical adults and adolescents.

Both groups demonstrated similar endogenous connectivity of the core incentive processing

network, and demonstrated thalamic and insula influences on the NAc, suggesting that these

regions may provide the NAc with exteroceptive signals about cues and interoceptive

signals about drive. In addition, in both groups, cue-elicited loss anticipation modulated the

connections involving the insula to the NAc. This is the first study of effective connectivity

of the MID task in both adults and adolescents. This study also provides novel information

regarding the role of the thalamus in reward anticipation. Taken together, considering the

novelty of these findings, replication is warranted before drawing further conclusions.

Finally, future studies may involve testing this incentive-processing network across different

tasks or reward phases, a larger model space, or younger or older age groups.
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Fig. 1.
Anatomic interconnections among nucleus accumbens (NAc), thalamus and insula. Midline

thalamus also gets input from reticular activating system (RAS) and brainstem regions:

nucleus tractus solitarius (NTS) and parabrachial (PB) nucleus. There are bidirectional

connections between thalamus and insula, and thalamus and NAc (there is a small direct

NAc to thalamus projection, as well as a larger indirect connection, through the globus

pallidus). There is a unidirectional connection between insula and NAc.

Cho et al. Page 22

Neuroimage. Author manuscript; available in PMC 2014 April 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 2.
Schematic of monetary incentive delay (MID) task. Subjects saw a cue representing the

amount of money to be won or lost, followed by fixation, then a target to press the button as

fast as possible. The outcome of the trial and total earnings were then presented. Circle cues

represented the potential to win money, square cues the potential to lose money, and triangle

cues no money (neutral cue). Within the shapes, one line represented $0.20 at stake, two

lines $1, and three lines $5. The GLM and DCM analysis used the cue-onset times to model

cue-elicited anticipation.
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Fig. 3.
The schematic for all seven tested models. All models represent iterations based on the

fully-connected, anatomically-relevant model, Model 1, as defined by anatomic connections

found in the non-human primate literature. Briefly, Model 2 posits the thalamus as the

central processing region, independently communicating with the NAc and insula. Model 3

posits the NAc as the final receiving site of incentive information, and Model 4

demonstrates a closed-loop model based on the striato-thalamo-cortico-striatal loop model.

Models 5 and 6 posit an open thalamo-cortico-striatal path, with bidirectional thalamo-insula

connections in Model 5. Finally, Model 7, based on a nonlinear DCM, posits the insula as a

key influence on the thalamus-to-NAc connection.

Cho et al. Page 24

Neuroimage. Author manuscript; available in PMC 2014 April 13.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 4.
Masks for ROI extraction. All voxels within a 6 mm sphere centered on the group peak

coordinates for the contrast ‘all cues vs. the neutral cue’ were extracted for each subject.

Coordinates refer to MNI space and represent the group peak coordinates (center of the

sphere).
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Fig. 5.
Post-scan ratings of cue “liking”. Participants rated how much they liked or disliked each

cue type after they finished the task. There was a significant interaction between valence and

magnitude (p<0.001), and there was a significant effect of magnitude among both the loss

and gain cues (p<0.001 for each). Blue lines represent the significant pairwise comparisons

among the cue types. *Participants significantly disliked the Lose $5 cue more than the Lose

$0.20 cue, p<0.001, Bonf. corrected. **Participants significantly preferred the Gain $5 cue

to the Gain $0.20 cue, p<0.001, Bonf. corrected. −5 = Dislike very much. +5 = Like very

much.
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Fig. 6.
The exceedance probabilities resulting from Bayesian Model Selection (BMS) for the seven

models hypothesized in Fig. 3. In both the adult (left) and adolescent (right) group, Models

1, 2, and 3 were similarly best-fit. See Table 4 for full list of exceedance probabilities.
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Fig. 7.
Significant endogenous connectivity in adults and adolescents. Endogenous connectivity

refers to the connectivity between regions across the whole task, irrespective of cue phase.

In color are those connections that were significant for each group, based on the best-fit,

fully connected Model 1. Non-significant connections of Model 1 are shown with dashed,

grey arrows. One-sample t-test, p<0.05.
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Fig. 8.
Significant modulation of the best-fit Model 1 connections by all gain or all loss cues in

typical adults and adolescents. The connections significantly modulated by all gain or all

loss cues are in color for each group. Non-significant connections are shown with dashed,

grey arrows. One-sample t-test, p<0.05. A colored, dashed line indicates trend towards

significance.
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Table 1A

All gain cues vs. neutral cue: peak voxels for regions commonly activated in previous studies of the Monetary

Incentive Delay (MID) task. Peak voxels within anatomic masks of each region are reported for the contrast

all gain cues vs. the neutral cue. Reported peak voxels for thalamus and insula are restricted to anatomic

subdivisions of interest–anteromedial thalamus and anterior insula, respectively–that were used for DCM.

Small-volume corrected p<0.05, family-wise error (FWE). MNI coordinates.

Adults Adolescents

p-value T-score x,y,z p-value T-score x,y,z

Nucleus accumbens (r) < 0.001 6.31 16,16, −4 0.001 4.97 10,12, − 4

Nucleus accumbens (l) 0.001 4.71 − 10,14, − 2 0.001 4.76 − 6,14, 0

Insula (r) 0.004 5.1 32, 22, −8 0.028 3.74 34, 20, − 6

Insula (l) 0.031 4.06 −30, 24, 8 0.001 5.56 − 28,14, −4

Thalamus (r) <0.001 5.47 8, 0, 6 0.016 3.79 4, −14, 6

Thalamus (l) <0.001 5.51 −4, −12,8 0.021 3.63 − 6, 0, 6

Putamen (r) <0.001 6.99 20,10, −2

Putamen (l) <0.001 8.38 −22, 0,10 0.008 4.43 18, 6, −12

Caudate (r) <0.001 5.88 12,12,0 0.011 4.23 10,12,0

Caudate (l) 0.001 5.03 −10,12,2 0.005 4.51 − 8,14, 2

Amygdala (r) 0.009 3.82 28, −2, −10 0.019 3.63 20, 0, −14

Amygdala (l) 0.007 3.9 −20, 2, −12 0.001 4.81 −18, 2, −14

Anterior cingulate cortex (r) 0.004 4.83 6,10,44

Anterior cingulate cortex (l) 0.022 4.18 − 4, 4, 44

Motor cortex (r) 0.036 4.13 2 4, −18, 66

Motor cortex (l) <0.001 7.25 −38, −6,54 0.025 4.53 − 40, −16, 58

Premotor cortex (r) 0.001 5.45 2, − 2, 58

Premotor cortex (l) <0.001 6.33 −6, −4, 56
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Table 1B

All gain cues vs. neutral cue: Between-group analysis of peak voxels for regions com monly activated in

previous studies of the Monetary Incentive Delay (MID) task. Peak voxels within anatomic masks of each

region are reported for the contrast all gain cues vs. the neutral cue. Small-volume corrected p <0.05, family-

wise error (FWE). MNI coordinates.

Adults > Adolescents Adolescents > Adults

p-value T-score x,y,z p-value T-score x,y,z

Putamen (r) 0.044 3.30 26, −4,12

Motor cortex (l) 0.030 3.95 −38, −4,56
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Table 2A

All loss cues vs. neutral cue: Peak voxels for regions commonly activated in previous studies of the Monetary

Incentive Delay (MID) task. Peak voxels within anatomic masks of each region are reported for the contrast

all loss cues vs. the neutral cue. Reported peak voxels for thalamus and insula are restricted to anatomic

subdivisions of interest–anteromedial thalamus and anterior insula, respectively–that were used for DCM.

Small-volume corrected p<0.05, family-wise error (FWE). MNI coordinates.

Adults Adolescents

p-value T-score x,y,z p-value T-score x,y,z

Nucleus accumbens (r) < 0.001 5.25 12,14, −2 0.012 3.61 10,10, −6

Nucleus accumbens (l) 0.004 4.01 −12,12, −6 0.008 3.85 −6,16,0

Insula (r) 0.002 5.33 32, 26, −6

Insula (l)

Thalamus (r) 0.018 3.55 8, −12,6 0.019 3.61 2, 0, 10

Thalamus (l) 0.023 3.45 − 8, 0, 4 0.042 3.21 −6, 0, 10

Putamen (r) <0.001 7.51 26, 2, 2

Putamen (l) 0.002 4.76 −16, 6,0

Caudate (r) <0.001 5.38 12,12,0

Caudate (l) 0.020 3.75 −10,12,0 0.022 3.79 −4, 8, 14

Amygdala (r) 0.027 3.32 28, − 4, −10

Amygdala (l) 0.037 3.13 −18, 2, −12 0.008 3.85 −6,16,0

Anterior cingulate cortex (r) 0.013 4.36 4, − 2, 48

Anterior cingulate cortex (l) 0.003 5.03 − 4, 4, 44

Motor cortex (r) 0.001 5.77 2 44, − 6, 50

Motor cortex (l) <0.001 6.03 −36, −12, 58 0.025 4.47 −42, −16,54

Premotor cortex (r) <0.001 6.04 2, − 2, 56

Premotor cortex (l) <0.001 6.07 − 4, − 4, 56
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Table 2B

All loss cues vs. neutral cue: Between-group analysis of peak voxels for regions com monly activated in

previous studies of the Monetary Incentive Delay (MID) task. Peak voxels within anatomic masks of each

region are reported for the contrast all loss cues vs. the neutral cue. Small-volume corrected p<0.05, family-

wise error (FWE). MNI coordinates.

Adults > Adolescents Adolescents > Adults

p-value T-score x,y,z p-value T-score x,y,z

Putamen (r) 0.005 4.08 26, 0, 0
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Table 3A

All cues vs. neutral cue: Peak voxels for regions commonly activated in previous studies of the Monetary

Incentive Delay (MID) task Peak voxels within anatomic masks of each region are reported for the contrast all

cues vs. the neutral cue. Reported peak voxels for thalamus and insula are restricted to anatomic subdivisions

of interest–anteromedial thal amus and anterior insula, respectively–that were used for DCM. Small-volume

corrected p<0.05, family-wise error (FWE). MNI coordinates.

Adults Adolescents

p-value T-score x,y,z p-value T-score x,y,z

Nucleus accumbens (r) < 0.001 4.44 14,14, −4 0.002 4.53 10, 10, −6

Nucleus accumbens (l) 0.002 6.09 −10,14, −2 0.001 4.69 − 6,16,0

Insula (r) 0.001 5.38 32, 24, −8 0.033 3.63 36, 18, −8

Insula (l) 0.027 4.12 −32, −28,16 0.002 5.00 − 28,16, − 2

Thalamus (r) 0.002 4.51 8, −12,6 0.041 3.25 4, −12,8

Thalamus (l) 0.002 4.65 −4, −14,6 0.02 3.63 − 6, 2, 8

Putamen (r) <0.001 7.77 26, 2, 2 0.028 3.81 18, 10, −8

Putamen (l) <0.001 6.85 −22, 0,10 0.017 4.04 18, 6, −12

Caudate (r) <0.001 6.03 12,12,0 0.039 3.60 10, 12,0

Caudate (l) 0.002 4.65 −10,12,2 0.007 4.37 − 6,14,4

Amygdala (r) 0.009 3.83 28, −4, −10

Amygdala (l) 0.006 3.95 −18, 2, −14 0.006 4.1 −18, 2, −14

Anterior cingulate cortex (r) 0.007 4.63 4, 0, 48

Anterior cingulate cortex (l) 0.032 4.01 − 4, 4, 44

Motor cortex (r) 0.003 5.24 42, − 8, 46

Motor cortex (l) <0.001 6.83 −38, −6,54

Premotor cortex (r) <0.001 6.29 2, − 2, 58

Premotor cortex (l) <0.001 6.8 −6, −4, 56
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Table 3B

All cues vs. neutral cue: Between-group analysis of peak voxels for regions commonly activated in previous

studies of the Monetary Incentive Delay (MID) task. Peak voxels within anatomic masks of each region are

reported for the contrast all cues vs. the neu tral cue. Small-volume corrected p<0.05, family-wise error

(FWE). MNI coordinates.

Adults > Adolescents Adolescents > Adults

p-value T-score x,y,z p-value T-score x,y,z

Putamen (r) 0.007 4.00 26,0,0

Anterior cingulate cortex (l) 0.045 3.63 − 2, 42, − 2
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Table 4

Exceedance probabilities, for each model. All probabilities sum to one, indicating the relative fit of the model.

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

Adults 0.3270 0.3106 0.2499 0.0399 0.0365 0.0361 0

Adolescents 0.2918 0.2582 0.2324 0.0658 0.0747 0.0771 0
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Table 5

Parameter weights representing the strength of endogenous connectivity of Model 1, with significant values in

bold.

Adults Adolescents

Mean (Hz)±SEM t, sig. Mean (Hz)±SEM t, sig.

Thai → NAc 0.049 ± 0.019 t(29) = 2.53, p = 0.017 0.051 ±0.023 t(23) = 2.17, p= 0.041

NAc → Thal 0.00020 ±0.0014 t(24) =−0.138, p = 0.89 0.0032 ± 0.0014 t(20) = 2.33, p= 0.030

Thai → Insula 0.053 ±0.014 t(29) = 3.85, p = 0.001 0.049± 0.021 t(23) = 2.37, p= 0.026

Insula → Thal −0.0011 ±0.0013 t(26) = − 0.87, p = 0.39 0.0010 ±0.0013 t(19) =0.794, p = 0.437

Insula → NAc 0.0095 ±0.0029 t(29) = 3.30, p = 0.003 0.011 ±0.0039 t(23) = 2.85, p= 0.009

Neuroimage. Author manuscript; available in PMC 2014 April 13.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Cho et al. Page 38

Table 6

Modulation of Model 1 connections by gain or loss cues in the adult group. Those in bold were significantly

influenced.

Adults All gain cues All loss cues

Mean (Hz)±SEM t, sig. Mean (Hz)±SEM t, sig.

Thal → NAc 0.018 ± 0.0073 t(26) = 2.44, p= 0.022 0.018 ± 0.0074 t(29) = 2.40, p = 0.023

NAc → Thal − 0.000017 ±0.00023 t(25) = − 0.076, p= 0.94 0.000060 ±0.00015 t(25) = 0.40, p = 0.69

Thal → Insula 0.0013 ±0.0067 t(28) = 2.033, p = 0.055 0.015 ±0.0068 t(29) = 2.15, p = 0.04

Insula → Thal 0.00006 ±0.00017 t(25) = 0.36, p= 0.72 −0.00048 ±0.0001 t(25) = −0.47, p = 0.65

Insula → NAc 0.0017 ±0.0013 t(26) = 1.26, p= 0.22 0.00010 ± 0.00033 t(28) = 3.03, p = 0.005
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Table 7

Modulation of Model 1 connections by gain or loss cues in the adolescent group. Those in bold were

significantly influenced.

Adolescents All gain cues All loss cues

Mean (Hz)±SEM t, sig. Mean (Hz) ±SEM t, sig.

Thal → NAc 0.0057 ±0.0093 t(23) =0.61, p = 0.55 0.031 ±0.011 t(23) = 2.87, p = 0.009

NAc → Thal 0.00014 ±0.00016 t(20) =0.85, p = 0.41 0.00055 ±0.00018 t(21) = 3.01, p = 0.007

Thal → Insula 0.026± 0.010 t(23) = 2.57, p= 0.017 0.016 ±0.010 t(23) = 1.63, p = 0.12

Insula → Thal 0.00041 ±0.00026 t(20) = 1.58, p = 0.13 0.00058 ±0.00024 t(23) = 2.41, p = 0.024

Insula → NAc 0.00021 ±0.00019 t(21) = 1.07, p = 0.30 0.00083 ± 0.00031 t(21) = 2.65, p = 0.015
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