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Abstract

The ability to evaluate the balance between risk and reward and to adjust behavior accordingly is 

fundamental to adaptive decision-making. Although brain-imaging studies consistently have 

shown involvement of the dorsolateral prefrontal cortex, anterior insula and striatum during risky 

decision-making, activation in a neural network formed by these regions has not been linked to 

structural connectivity. Therefore, in this study, white-matter connectivity was measured with 

diffusion-weighted imaging in 40 healthy research participants who performed the Balloon 

Analogue Risk Task, a test of risky decision-making, during fMRI. Fractional anisotropy within a 

network that includes white-matter pathways connecting four regions (the prefrontal cortex, insula 

and midbrain to the striatum) was positively correlated with the number of risky choices and total 

amount earned on the task, and with the parametric modulation of activation in regions within the 

network to the level of risk during choice selection. Furthermore, analysis using a mixed model 

demonstrated how relationships of the parametric modulation of activation in each of the four 

aforementioned regions are related to risk probabilities, and how previous trial outcomes and task 

progression influence the choice to take risk. The present findings provide the first direct evidence 

that white-matter integrity is linked to function within previously identified components of a 

network that is activated during risky decision-making, and demonstrate that the integrity of white-

matter tracts is critical in consolidating and processing signals between cortical and striatal circuits 

during the decision-making process.
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1. Introduction

Neuroimaging studies have shown that activation in the prefrontal cortex (PFC), striatum, 

and insula is important for maintaining the neural representations of risk and reward (Paulus 

et al., 2003; Kuhnen and Knutson, 2005; Rao et al., 2008; Kohno et al., 2013), but how 

structural connectivity between these brain regions influences risky decision-making and 

associated neural function is unclear. Activity in the insula is associated with tracking risk 

(Ishii et al., 2012; Naqvi et al., 2014; Paulus et al., 2003; Kuhnen and Knutson, 2005), and 

patients with insula lesions make choices that reflect insensitivity to the odds of winning on 

gambling tasks (Clark et al., 2008). In addition, projections from the midbrain to the 

striatum signal the presence of motivationally salient events, and anticipatory dopaminergic 

responses modulate risk preferences (St Onge and Floresco, 2009; Sugam et al., 2012). 

Afferents from the PFC to the striatum facilitate shifts in decision-making on the basis of 

reward contingencies in rodents (St Onge et al., 2012); and in humans, corticostriatal 

functional connectivity has been associated with right dorsolateral PFC (rDLPFC) function 

during risky decision-making (Kohno et al., 2014). Notably, anatomical studies of nonhuman 

primates have identified white-matter pathways that link the striatum with the PFC, insula 

and midbrain (Lynd-Balta and Haber, 1994). It is therefore plausible that structural 

connectivity between the striatum and these three regions may be critical for integrating the 

signals that shape adaptive decision-making.

Few studies have examined the association between white-matter integrity and risky 

decision-making. Impairments on the Iowa Gambling task are linked to lower fractional 

anisotropy (FA), an index of white-matter integrity, of the superior longitudinal fasciculus, 

corticospinal tract, and superior corona radiata in cocaine-dependent participants (Lane, 

Steinberg et al. 2010), and in frontal, parietal, occipital, and callosal regions across samples 

of healthy and alcohol-dependent participants (Zorlu et al., 2013). These studies have begun 

to detail the importance of white-matter integrity in reward-based risky decision-making, but 

the links between structural connectivity and functional brain activation have not been 

directly examined.

Relationships between structural connectivity and functional activity have been observed in 

studies combining diffusion tensor imaging (DTI) and functional magnetic resonance 

imaging (fMRI) (Bennett and Rypma, 2013), consistent with the view that brain function 

parallels structural connectivity. It was recently shown that coherence of a tract connecting 

the anterior insula and nucleus accumbens was correlated with reduced risk-taking, indexed 

by a participant’s preference for positively-skewed gambles, and that this association was 

mediated by activation in the nucleus accumbens (Leong et al., 2016). The goal of the 

present study was to assess how structural connectivity within a broader network influences 

network-wide activation during risky decision-making.

Decision-making and neural activation were modeled using The Balloon Analogue Risk 

Task (BART) (Lejuez et al., 2002) paired with fMRI. During the BART, participants can 

pump a balloon for greater potential gain while risking the loss of accumulated earnings. In 

each trial, the alternate choice is to cash-out and retain earnings accrued. White-matter 
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pathways connecting the striatum to the rDLPFC and anterior insula were selected on the 

basis of previous findings that activation in these regions was parametrically modulated by 

levels of risk and reward on the BART (Kohno et al., 2013). In addition, two studies paired 

transcranial stimulation with the Risk Task (Rogers, Owen et al. 1999), showing that risky 

choices were influenced by stimulation of the rDLPFC. Specifically, risk-taking behavior 

was affected by repetitive transcranial magnetic stimulation over the right but not the left 

DLPFC (Knoch, Gianotti et al. 2006) and by anodal stimulation over the right DLPFC 

coupled with cathodal stimulation over the left DLPFC with no changes in behavior when 

anodal stimulation was applied to the left DLPFC coupled with cathodal stimulation over the 

right DLPFC (Rogers, Owen et al. 1999). Therefore, FA was determined in white-matter 

pathways connecting the striatum with the rDLPFC, anterior insula and midbrain.

Previous studies have shown that poor decision-making on the Gambling Task, a test in 

which risk-taking leads to a smaller amount of earnings, is negatively associated with FA in 

white-matter tracts (Lane, Steinberg et al. 2010), but taking more risk as the trials progress 

on the BART is an adaptive strategy that produces a more positive outcome (Dean, Sugar et 

al. 2011). In addition, resting-state functional connectivity between the rDLPFC and 

striatum is positively related to the sensitivity of rDLPFC activation to levels of risk during 

decision-making (Kohno et al., 2014), and rDLPFC function is positively associated with 

overall performance (Kohno et al., 2013). Given these findings it was expected that FA 

would be positively associated with the modulation of activation in the rDLPFC, striatum 

and insula by risk.

2. METHODS

2.1 Participants

Forty healthy, right-handed research volunteers (18–51 years of age: mean= 27.83 SD= 1.79; 

10 female) participated in this study, which was approved by the UCLA Office of the 

Human Research Protection Program. Each participant provided written informed consent 

prior to enrollment. Exclusion criteria, determined by a physical examination and psychiatric 

evaluation using the Structured Clinical Interview for DSM-IV, were: systemic, 

neurological, cardiovascular, or pulmonary disease; head trauma with loss of consciousness; 

any current Axis I psychiatric diagnoses except nicotine dependence; and current use of 

prescribed psychotropic medications. Participants who tested positive for cocaine, 

marijuana, methamphetamine, benzodiazepines, or opiates by urine toxicology were 

excluded, as were those with MRI contraindications.

2.2 Balloon Analog Risk Task

A version of the BART (Lejuez et al., 2002), adapted for event-related fMRI, was used (Fig. 

1). Red or blue balloons were presented on active trials, and white balloons were presented 

on control trials. Participants were instructed that when an active balloon was presented, 

they should choose between pumping the balloon for a potential increase in earnings ($0.25/

pump) or cashing out to retain the earnings accumulated during that trial. Either choice was 

registered by a bar press. Pumping increased the size of an active balloon and accumulated 

earnings, or resulted in the balloon exploding and forfeiture of unrealized earnings 
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accumulated during the trial. Trials included all pumps starting with the first presentation of 

a balloon and ended with the choice to cash out, which resulted in a 2-s display of the total 

earned or in a balloon explosion followed by a 2-s display of an exploded balloon with the 

message, “Total=$ 0.00”. Prior to scanning, participants were informed that red and blue 

balloons were associated with monetary reward and that they would receive their winnings 

after scanning, but not that the number of pumps to produce an explosion was pre-

determined. For each active balloon trial, that number was determined from a uniform 

probability distribution, ranging from 1 to 8 and 1 to 12 pumps for red and blue balloons, 

respectively. Participants were informed that the white balloons did not explode and were 

not associated with potential reward, and that they should pump each white balloon until the 

trial ended. The white balloon trials were used to control for activation related to motor 

activity and visual processing. The number of white-balloon presentations within the trial 

varied randomly between 1–12, according to a uniform distribution. Red, blue and white 

balloon trials were randomly interspersed throughout the task. The task was administered in 

two 10-min runs. Because the task was self-paced and each balloon remained on the screen 

until the participant pressed a button, the total number of trials varied with the participant. 

Participants were able to cash out at any time prior to a balloon explosion, and the number of 

pumps within a trial depended on the participant’s choices. Participants could also avoid 

pumping the first balloon and choose to cash-out and receive $ 0.25. The inter-stimulus 

interval for balloon presentations was randomly sampled from a uniform distribution ranging 

from 1–3 s, and the inter-trial interval was randomly sampled from an exponential 

distribution (mean: 4 s; range: 1–14 s). Participants received their earnings in cash at the end 

of the scanning session.

2.3 fMRI Acquisition

Imaging was performed at 3 Tesla on a Siemens Magnetom Trio MRI system. A set of 302 

functional, T2*-weighted, echoplanar images (EPI) were acquired (slice thickness = 4 mm; 

34 slices; repetition time = 2 s; echo time = 30 ms; flip angle = 90°; matrix = 64 × 64; field 

of view = 200 mm). High-resolution, T2-weighted, matched-bandwidth and magnetization-

prepared rapid-acquisition gradient echo (MPRAGE) scans were also acquired using an 

oblique axial orientation to maximize brain coverage and to optimize signal from 

ventromedial prefrontal regions.

2.4 DTI Acquisition

DTI data were acquired on a 3T Trio Scanner at a resolution of 2 × 2 × 2 mm3 (TR=8400 

ms; TE=93 ms). One volume had no diffusion weighting (b=0), and diffusion gradients were 

applied along 64 directions at a diffusion weighting of b=1000.

2.5 Analysis of fMRI Data

Image analysis was performed using the FMRIB Software Library (FSL; version 5.0; 

www.fmrib.ox.ac.uk/fsl). The image series from each participant was first realigned to 

compensate for small head movements (Jenkinson et al., 2002), and then high-pass temporal 

filtering (100-sec) was applied. Data were spatially smoothed using a 5-mm FWHM 

Gaussian kernel, and skull-stripping was performed using the FSL Brain Extraction Tool. 

EPI images were first registered to the matched-bandwidth structural image, then to the 
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high-resolution MPRAGE structural image, and finally into standard Montreal Neurological 

Institute space, using 12-parameter affine transformations. Registration of MPRAGE 

structural images to standard space was further refined using FNIRT nonlinear registration 

(Andersson et al., 2007). Statistical analyses were performed on data in native space using 

FMRIBs fMRI Expert Analysis Tool (FEAT), and the statistical maps were spatially 

normalized to standard space prior to higher-level analysis.

Four types of events were included in the general linear model (GLM): pumps on active 

balloons, cash outs, balloon explosions and pumps on control balloons. Active-balloon and 

control-balloon pump events were defined as starting with the onset of the balloon 

presentation and ending with the button press to pump. Cash-out events were defined as the 

time between the appearance of the balloon and the disappearance of the feedback message, 

displaying the total earned. The balloon explosion event started with the appearance of and 

ended with the disappearance of the image of the exploded balloon and the message “Total 

Earned = $0.00”. As a trial progressed, risk and potential reward increased with each pump, 

as did the amount earned with the choice to cash out. For each of the four types of events, 

estimates of mean activation and of parametric modulation of activation by pump number 

were included in a GLM using FEAT. Parametric regressors tested the linear relationship 

between pump number and blood oxygen level dependent (BOLD) signal, by using 

demeaned pump number (pump number minus mean number of pumps within each trial) as 

a parametric modulator with greater weight assigned to later pumps. For example, within a 

trial, the second pump event, for which twice the reward was at stake, was given twice the 

weight as the first. The parametric modulator for cash-out and explode events was the 

number of pumps before the decision to cash out or before the balloon exploded, 

respectively. The nonparametric regressors were used to estimate the mean response for each 

event without consideration of the escalation of potential reward/loss within the trial.

Regressors were created by convolving a set of delta functions that represented the onset 

times of the events with a canonical (double-gamma) hemodynamic response function 

(HRF). The participant’s response time to pump and the inter-stimulus interval determined 

the width of the HRF for each event. In order for the HRF to approach baseline prior to the 

cash-out or balloon-explosion event, the width of the HRF for the last pump of each trial was 

modeled using the participant’s response time. Additional regressors that represented the 

first temporal derivatives of the eight event-related regressors were included to capture 

variance associated with slight variations in the temporal lag of the hemodynamic response.

Whole-brain statistical analyses, using a fixed-effects model, were conducted separately for 

each imaging run per participant, and again to combine contrast images across the two runs. 

For between-participant analyses, the FMRIB Local Analysis of Mixed Effects module was 

used with sex and age as covariates. Thresholds for statistical images were set at a voxel 

height of Z > 2.3 and a cluster-probability threshold of p < 0.05, corrected for whole-brain 

multiple comparisons using the Theory of Gaussian Random Fields.

2.6 DTI Preprocessing

DTI data were preprocessed using the diffusion toolbox in FSL (http://fsl.fmrib.ox.ac.uk/fsl/

fsl-4.1.9/fdt/index.html). Images were first corrected for motion and eddy currents. A 
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diffusion tensor model was fit at each voxel, and whole-brain maps of FA were generated. 

Voxelwise estimates of the angular distribution of local tract direction were calculated using 

BedpostX, which estimated a 2-fiber model using Markov Chain Monte Carlo sampling. A 

region of interest (ROI) sampling the midbrain, encompassing the ventral tegmental area and 

the substantia nigra, was hand-drawn on a standard template. The striatum was defined as 

indicated in the Harvard-Oxford Atlases, and the region of prefrontal cortex sampled was the 

middle frontal gyrus (MFG), as defined in the Desikan–Killiany Atlas (Desikan et al., 2006). 

Considering previous studies that parcellated the insula on the basis of function (Deen et al., 

2011), the anterior and posterior components of the insula were separated along the left/right 

plane of the anterior commissure (MNI coordinate: Y=4) (Morales et al., 2014). ProbtrackX 

was used to determine the probability of connectivity between the striatum and midbrain, 

striatum and MFG, and striatum and anterior insula. Each tract was delineated twice, once 

with the striatum as a seed and the midbrain, striatum or MFG as termination/waypoint 

masks and vice versa. For every voxel in the seed mask, Probtrackx sampled from the 

posterior distribution of fiber orientations and computed a streamline through local fiber 

samples. Five thousand streamlines were traced from every voxel in the seed mask, and 

voxel values in the resulting maps represented the number of streamlines that entered that 

voxel when tracing between the seed and the termination/waypoint mask (where tracing 

ceased). The two maps for each tract were added together, transformed to standard space 

using FNIRT, and were binarized and averaged. Then a threshold of 0.8 was applied to 

remove any voxels that did not have streamlines connecting the seed and target masks in at 

least 80% of the participants (Fig. 2).

Tract-based spatial statistics (TBSS) was used to register individual FA maps into standard 

space using a nonlinear registration algorithm. FA maps were averaged across all subjects, 

and the resulting average was thinned to create a registration-invariant average FA 

“skeleton.” A threshold of 0.2 was applied to the average FA skeleton to remove areas with 

low FA or high inter-subject variability. FA values for each subject were then projected onto 

the skeleton from the nearest tract center. Masks of pathways between the seed and target 

mask generated with Probtrackx were used to extract average values from the FA skeleton.

2.7 Analysis of fMRI, DTI and Behavior

A Mixed Effects (FLAME1) module (Beckmann et al., 2003) was used for between-

participant data analyses. The average FA of white-matter tracts connecting the striatum with 

the midbrain, insula and MFG, was taken as the measure for “network FA”, and was used as 

a regressor in group-level analyses. Statistical images were created using cluster-corrected 

statistics with a height threshold of Z > 2.3 and a cluster probability threshold of p < 0.05.

Two measures were calculated to represent overall task performance: total earnings and total 

number of pumps on trials that did not end in a balloon explosion. These values were used as 

outcome variables in partial correlation analyses with network FA and age, sex and smoking 

status as covariates. Post hoc tests of correlation between total earnings and total adjusted 

pumps with tracts connecting the striatum with the midbrain, insula, and MFG were 

performed using SPSS v22.
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A general linear mixed model was used to test for relationships between brain function and 

risk-taking behavior. In the model, risk-taking behavior was indexed by pumps per trial. As 

trials progressed, risk-taking behavior may reflect exploring and learning the risk 

probabilities associated with balloon explosions; therefore, trial number (continuing across 

the two fMRI runs) and balloon color (red vs. blue balloons) were included in the model. In 

addition, the outcomes of each trial and the preceding trial were included to allow for an 

examination of the influence of explosions or the decision to cash-out on behavior (pumps). 

The model also included parameter estimates (β-values that corresponded to the modulation 

of activation by pump number) from regions where modulation of activation by pump 

number was associated with network FA in the whole-brain voxel-wise analysis. The 

rDLPFC was sampled as a spherical VOI with a 10-mm radius around the peak voxel (MNI 

coordinates: x=30, y=36, z=20) from a cluster that previously showed modulation of 

activation by risk during decision-making on the BART (Kohno et al., 2013). Bilateral 

caudate, putamen and nucleus accumbens regions were anatomically derived from the 

Harvard-Oxford subcortical atlas and were combined to create a VOI representing the whole 

striatum (left and right combined). The caudal anterior cingulate was anatomically defined 

using the Desikan-Killiany Atlas (Desikan et al., 2006), and the anterior insula was defined 

using information from a functional parcellation study (Deen et al., 2011). Also included in 

the model were the age, sex and smoking status of each participant.

3. RESULTS

3.1 fMRI during the BART

As reported previously (Kohno et al., 2013), pump number modulated activation in the right 

inferior and right middle frontal gyri, right orbitofrontal cortex, right insula, anterior 

cingulate, thalamus and brainstem (p < 0.05, whole-brain corrected) (data not shown).

3.2 fMRI and DTI Associations

Network FA was correlated with the parametric modulation of activation bilaterally in the 

anterior insula, putamen, anterior cingulate cortex (ACC) and right MFG (p < 0.05, whole-

brain corrected) by risk (Fig. 3, Table 1). The effect size maps show how each tract 

contributes to the modulation of activation by level of risk in the rDLPFC, striatum, ACC 

and insula (Fig. 4). Tracts that connect the insula and striatum show the smallest effects on 

the modulation of activation, while the tracts connecting the midbrain and striatum have the 

largest effect on the modulation of activation in the rDLPFC, striatum, ACC and insula.

3.3 DTI and Behavioral Performance (Table 2)

Network FA was correlated with total adjusted pumps (r = 0.297, p = 0.037) and total 

earnings (r = 0.299, p = 0.036). FA in tracts connecting the midbrain with the striatum was 

correlated with total earnings (r = 0.288, p = 0.042) and showed a nonsignificant trend for 

positive association with total adjusted pumps (r = 0.254, p = 0.064). There were no 

significant relationships between FA in tracts connecting the MFG and the striatum with 

total adjusted pumps (r = 0.059, p = 0.363) or with total earnings (r = 0.141, p = 0.202). FA 

between the insula and striatum was associated with both total adjusted pumps (r = 0.347, p 

= 0.018) and total earnings (r = 0.287, p = 0.042).
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3.4 fMRI and Performance on the BART (Table 3)

The parametric modulation of activation in the ACC (F(1, 1,737) = 7.984, p = 0.005) and 

whole striatum (F(1, 1,738) = 6.444, p = 0.011) to level of risk during decision-making 

interacted with the outcome of the previous trial to influence choice selection. Following a 

cashout, modulation of activation in the ACC and striatum was more negatively associated 

with risk level and number of pumps than on trials following a balloon explosion. Trial 

number also interacted with modulation of activation in the ACC (F(1, 1,737) = 7.984, p = 

0.005) and whole striatum (F(1, 1,738) = 6.444, p = 0.011) on risk-taking, as indicated by 

number of pumps in a trial. Specifically, as trials progressed, participants decided to pump 

less when there was less modulation of ACC and striatal activation. There was a significant 

interaction of the parametric modulation of rDLPFC activation with outcome of an 

individual trial on choice selection (F(1, 1,735) = 4.991, p = 0.026); modulation of rDLPFC 

activation was positively associated with number of pumps before cashing out. There were 

no significant interactions of modulation of insula activation by risk with the trial-by-trial 

parameters on choice selection.

4. DISCUSSION

This study provides evidence that the structural integrity of a network comprising white-

matter pathways connecting the prefrontal cortex, insula and midbrain to the striatum is 

related to network-wide brain function during risky decision-making and to risk-taking 

behavior, and indicates how different contextual factors interact with brain function to guide 

choice selection. By delineating a network that links brain function, white-matter integrity 

and risk-taking behavior, these results extend the observation that FA in the pathway 

connecting the insula to the nucleus accumbens is associated with activation in the nucleus 

accumbens and with risk taking (Leong et al., 2016). The present findings also detail how 

each tract independently is related to brain function.

Behavioral measures, specifically the choice to take risk and total earnings, were 

significantly associated with FA of the network, demonstrating the importance of white-

matter integrity to brain function during risky-decision-making. As risk-taking on the BART 

is an adaptive strategy (Dean, Sugar et al. 2011), the positive relationship between FA and 

behavior is in line with studies showing that FA in the corona radiata, which connects 

DLPFC, ACC and the insula is negatively associated with impaired performance on the Iowa 

Gambling Task (Lane, Steinberg et al. 2010). FA in tracts connecting the insula and striatum 

was positively related to risk-taking, indicated by the number of choices to pump and the 

total earnings. These findings are in line with previous findings that the connectivity 

between anterior insula to nucleus accumbens correlates with inconsistent risk preferences 

indexed by the reduced tendency to choose positively skewed gambles (Leong, Pestilli et al. 

2016) and that the insula provides a risk-prediction signal that guides risky choices 

(Preuschoff et al., 2008). FA in a tract between the midbrain and striatum was also positively 

associated with total earnings. Taken together, these results suggest that adaptive decision-

making requires a balance in signaling, whereby white-matter tracts connecting the midbrain 

and striatum mediate signaling of potential reward while connections of the striatum with 

the insula have been implicated in the integration of value and risk representations. 
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Surprisingly, FA of white matter between the MFG and striatum was not correlated with 

risk-taking behavior or total earnings. Since DTI-derived indices of white-matter 

connectivity provide no information on direction of signaling, it is not possible to distinguish 

between the effects of “top-down” from “bottom-up” connections between the PFC and 

striatum. However, inclusion of these tracts in whole network FA improves the strength of 

the correlation with performance compared to the association with independent tracts, 

suggesting that white-matter pathways between the MFG and striatum do contribute to 

overall performance.

Results from this study extend previous findings that risky decision-making is associated 

with activation in the rDLPFC, anterior insula, striatum and ACC (Rao et al., 2008; Kohno et 

al., 2013), demonstrating an importance of structural integrity of white matter tracts to the 

parametric modulation of activation in these regions to risk. In addition, results of the mixed 

model analysis highlight the importance of each region within a network that integrates the 

various situational factors determining risky decision-making.

The association between the parametric modulation of ACC activation to risk and risk-taking 

behavior varied with the number of trials completed and the outcome of the previous trial is 

in line with a role of the ACC in error and performance monitoring (Paulus et al., 2002; 

Brown and Braver, 2008), and suggests that the parametric modulation of activation in the 

ACC may serve as a signal that maintains representations of task duration and recent gains 

to modify behavior (Brown, 2013). Similarly, the outcome of the previous trial and the trial 

number interacted with the parametric modulation of activation to risk in the whole striatum 

in influencing choice selection. This result is consistent with previous findings that striatal 

activation and striatal D2/D3 receptor availability were negatively correlated with number of 

pumps following a reward (Kohno et al., 2013), and suggests that striatal signaling modifies 

risk-taking behavior as a function of reward contingencies. In trials where participants 

decided to cash out, modulation of rDLPFC activation was positively associated with 

number of pumps, consistent with the role of the rDLPFC in maintaining goal-directed 

behavior (Miller and Cohen, 2001).

FA is influenced by a number of biological variables, such as myelination, axon caliber, and 

axon coherence (Beaulieu, 2009); therefore, greater FA may enhance signal transduction 

within and between cortical and striatal circuits. These results show that decision-making is, 

in part, a reflection of recent experiences and outcomes, which are represented and 

integrated by different regions within a functional network, and that therefore, the speed of 

signal transduction within that network is a critical variable in dynamic processing of factors 

that influence decision-making. As human and animal studies have indicated that signaling 

between the midbrain, striatum and prefrontal cortex mediates executive functions, including 

cognitive control, risk-taking, and impulsivity (Redgrave et al., 1999; Salamone and Correa, 

2002), these findings suggest that structural connectivity of a mesolimbic/mesocortical 

network may be a key factor in integrating multiple synaptic inputs and in prescribing a 

balance between cortical and striatal regions to guide risky decision-making.

This study broadens our understanding of the neural networks important for risky decision-

making, but has some limitations. The combination of the temporal resolution of fMRI with 
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the BART was not sufficient to allow for clear dissociation between the decision to cash out 

and the receipt of reward. In addition, because the magnitude of potential earnings as well as 

the risk of forfeiting earnings increased with each pump, it was not possible to separate the 

effects of risk from those of potential reward in modulation of cortical activation. In 

addition, FA is influenced by a number of factors such as myelination, axon caliber, and 

axon coherence (Beaulieu, 2009), and it is not possible to know the contribution of each to 

the present findings. However, future studies examining differences in axial diffusivity and 

radial diffusivity will provide a better understanding of how different indices of white-matter 

affect brain function and behavior.

5. Conclusions

Where other studies have focused on specific white-matter pathways and brain regions 

associated with decision-making, this study focused on network-wide activation as a 

function of dynamic situational factors and white-matter structure within a network of 

regions that contribute to decision-making under uncertain, risky conditions. The results 

provide insights into the dynamic interactions between activation and white-matter integrity 

of this network, suggesting that for adaptive decision-making, activation of the rDLPFC 

facilitates adaptive risky choices, while the ACC and striatum maintain representations of 

recent experience. The results demonstrate that the integration of decision-making factors by 

cortical and subcortical regions may depend on white-matter integrity within a neural 

network associated with risky decision-making.
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Figure 1. Balloon Analogue Risk Task
a. Pumping an active balloon increases potential earnings but carries risk of balloon 

explosion and loss of earnings accumulated during the trial. b. If participants cash out before 

the balloon explodes, they retain the earnings accumulated. c. White balloons, which do not 

increase in size with pumping, do not explode, and are not associated with reward potential, 

are presented in control trials (see 2. Methods).
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Figure 2. Structural connectivity within a network of regions involved in risky decision-making
Maps show TBSS derived white-matter skeleton in the pathways connecting the striatum 

with the right DLPFC (red), midbrain (green) and insula (blue). Fractional anisotropy (FA) 

was calculated by extracting data from each of these pathways and averaging the data to 

generate a single measure of white-matter integrity in a “risk-taking” network for each 

subject (n=40).
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Figure 3. Positive relationship between fractional anisotropy within a network of regions 
involved in risky decision-making and the parametric modulation of activation to risk during 
risky decision-making
Statistical maps display regions where the parametric modulation of activation by levels of 

risk (indexed by pump number) is positively associated with fractional anisotropy within a 

network of regions activated during risky decision-making (X,Y,Z in voxel coordinates). 

Corrected for age, sex, smoking status and whole-brain multiple comparisons (n = 40, p < 

0.05).
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Figure 4. Maps depicting effect size for the association of structural connectivity with parametric 
modulation of brain activation to risk during risk taking
Warm colors (orange and red) depict brain regions showing positive association between the 

modulation of activation to levels of risk with fractional anisotropy in the pathways 

connecting the striatum with (A) the mibrain, (B) the right dorsolateral prefrontal cortex, and 

(C) the insula. Right hemisphere depicted on the right side of the image.
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Table 2

Associations between fractional anisotropy (FA) & Performance on the BARTa

White Matter Pathway Total Adjusted Pumps Total Earnings

Striatum-Midbrain r = .254, p = .064 r = .288, p = .042

Striatum-PFC r = .059, p = .363 r = .141, p= .202

Striatum-Insula r = .347, p = .018 r = .287, p= .042

“Risk-taking” Network b r = .297, p = .037 r = .299, p = .036

a
Partial correlations with age, sex, and smoking status as covariates, n = 40

b
FA within the risk taking networks was calculated by averaging FA values derived from striatum-midbrain, striatum-PFC, and striatum-insula 

tracts.
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Table 3

Mixed model interactions between task conditions and modulation of brain activation by risk and on pumping 

behaviora

Modulation of Activation Balloon Type Trial Number Current Trial Outcome Previous Trial Outcome

rDLPFC F(1, 1,729) = 0.74
p = 0.390

F(1, 1,741) = .48
p = 0.491

F(1, 1,736) = 4.99
p = 0.026 *

F(1, 1,737) =2.47
p = 0.16

Striatum F(1, 1,729) = 3.27
p = 0.071

F(1, 1,739) = 8.70
p = 0.003 *

F(1, 1,738) = 1.56
p = 0.213

F(1, 1,738) = 6.44
p = 0.011 *

ACC F(1, 1,729) = 1.11
p = 0.292

F(1, 1,743) = 18.47
p = 0.000 *

F(1, 1,736) = 0.05
p = 0.817

F(1, 1,738) = 7.98
p = 0.005 *

Insula F(1, 1,729) = 0.77
p = 0.380

F(1, 1,738) = 9.47
p = 0.002 *

F(1, 1,736) = 0.54
p = 0.464

F(1, 1,738) = 2.32
p = 0.128

a
A mixed effects model was used to determine how parametric modulation of brain activation to pump number interacted with situational factors to 

impact the number of pumps per trial. The model also included age, sex and smoking status as fixed factors (n=40).
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