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Abstract

The Balloon Analogue Risk Task (BART) provides a reliable and ecologically valid model for the 

assessment of individual risk-taking propensity and is frequently used in neuroimaging and 

developmental research. Although the test-retest reliability of risk-taking behavior during the 

BART is well established, the reliability of brain activation patterns in response to risk-taking 

during the BART remains elusive. In this study, we used functional magnetic resonance imaging 

(fMRI) and evaluated the test-retest reliability of brain responses in 34 healthy adults during a 

modified BART by calculating the intraclass correlation coefficients (ICC) and Dice’s similarity 

coefficients (DSC). Analyses revealed that risk-induced brain activation patterns showed good 

test-retest reliability (median ICC = 0.62) and moderate to high spatial consistency, while brain 

activation patterns associated with win or loss outcomes only had poor to fair reliability (median 
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ICC = 0.33 for win and 0.42 for loss). These findings have important implications for future utility 

of the BART in fMRI to examine brain responses to risk-taking and decision-making.
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(ICC)

1. Introduction

The Balloon Analogue Risk Task (BART), a computerized and laboratory-based paradigm 

originally developed by Lejuez et al. (2002), is widely used for measuring individual risk-

taking behavior in various studies. During the BART, risk-taking propensity is defined as the 

average adjusted pump (i.e. average number of balloon inflation pumps in the win trials), 

which is directly linked to the probability of explosion for each balloon, and the outcome 

may influence and modulate the individual’s next decision (Lejuez et al., 2002; Xu et al., 

2016, 2018). As such, the BART parallels real-world risky behaviors (Lauriola et al., 2014). 

Given the advantage of high ecological validity, numerous behavioral studies have used the 

BART to investigate individuals’ risk-taking performance and to examine associations 

between BART performance and real-world behavior (Aklin et al., 2005; Hopko et al., 2006; 

Kathleen Holmes et al., 2009; Lauriola et al., 2014; Lejuez et al., 2002, 2003; 2005, 2007; 

MacPherson et al., 2010; MacLean et al., 2018).

In addition to behavioral studies, the use of BART in neuroimaging studies has increased 

significantly over the past decade. For example, Rao et al. (2008) conducted the first BART 

neuroimaging study in which they modified Lejuez et al. (2002) to be compatible with the 

scanner environment and found that risk processing during the BART was associated with 

robust activation in the mesolimbic-frontal reward system, including the thalamus/midbrain, 

ventral and dorsal striatum, anterior insula, dorsal lateral prefrontal cortex (DLPFC), and 

anterior cingulate/medial frontal cortex (ACC/MFC). Since then, the BART has been 

increasingly employed in neuroimaging research to study the neural correlates of risk-taking 

and decision-making. Previous studies have successfully used this task to: (1) explore the 

relationship between BART-induced neural activation and behaviors or traits (e.g., Claus and 

Hutchison, 2012; Galván et al., 2013; Helfinstein et al., 2014; Pan et al., 2018; Qu et al., 

2015; Xu et al., 2016, 2018); (2) investigate the influences of altered psycho-physiological 

processes such as medication and sleep deprivation on BART-related brain activation change 

(e.g., Lee et al., 2009; Lei et al., 2017); and (3) compare brain activation differences between 

different cohorts or clinical populations during risk-taking and decision-making (Fang et al., 

2017; Lighthall et al., 2009; Qi et al., 2015; Rao et al., 2011).

One advantage of the BART paradigm is that the behavioral performance may serve as a 

trait-like characteristic to study individual differences in personality (Bornovalova et al., 

2009; Ko et al., 2010; Mishra and Novakowski, 2016; Parkinson et al., 2012) and real-world 

risk-taking behaviors (Aklin et al., 2005; Lejuez et al., 2003; MacPherson et al., 2010). 

Moreover, the BART can also be administered repeatedly with minimal practice effects, 

making it an ideal paradigm for longitudinal and developmental research (Banducci et al., 
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2015; Reynolds et al., 2014; Braams et al., 2015). For example, a recent longitudinal BART 

study conducted annually over three years found that maternal risk-taking propensity could 

predict youth’s alcohol use (Banducci et al., 2015). Another study demonstrated significant 

peer influence on risk-taking behavior in adolescents (Reynolds et al., 2014). Furthermore, 

Braams et al. (2015) used the BART to examine longitudinal changes in adolescent risk-

taking and found a quadratic age pattern for nucleus accumbens activity in response to 

rewards. However, future utility of the BART in longitudinal and developmental research is 

predicated on the assumption of good test-retest reliability of the BART behavior and its 

associated brain responses.

Previous behavioral studies have consistently demonstrated good test-retest reliability of 

BART performance. For example, Lejuez et al. (2003) examined the reliability of the BART 

among 26 smokers and 34 nonsmokers with an age range of 18–30 years. By administering 

the BART three times on a single day, the authors found correlations between BART 

performances ranging from 0.62 to 0.82. White et al. (2008) assessed the reliability of BART 

performance in 39 adults with an age range of 18–35 years across three sessions and 

reported moderate to high correlations (r = 0.66 to 0.78). Xu et al. (2013) compared the 

reliability of the BART to the delay discounting task (DDT) and the Iowa gambling task 

(IGT), and reported similar correlation coefficients (r = 0.66 to 0.76) for the BART across 

three sessions within 2-week intervals in 40 college students with an age range of 19–22 

years, which was higher than the ICC of DDT (r = 0.35 to 0.65) and IGT (r = 0.53 to 0.67). 

In addition, Weafer et al. (2013) investigated the reliability of the BART in a large sample of 

119 adults with an age range of 18–30 years and reported a correlation of r = 0.79 across 

repeated tests with an average interval of 8.6 days. Taken together, the moderate to high test-

retest stability of the BART risk-taking behavior indicates that one’s BART performance on 

a single occasion may be representative of the individual’s general risk performance. 

However, the test-retest reliability of brain responses during the BART remains unclear.

Using functional magnetic resonance imaging (fMRI), early studies consistently suggest that 

imaging measures may be more sensitive to detect changes over time or differences between 

groups than behavioral measures (Callicott et al., 2003; Raemaekers et al., 2006, 2007; Vink 

et al., 2006). Similarly, several recent BART imaging studies observed significant brain 

activation differences but failed to find behavioral differences between comparison groups 

(Fang et al., 2017; Galván et al., 2013; Rao et al., 2011). Given the high sensitivity of fMRI 

to detect differences, researchers have started to use brain activation measured by fMRI as a 

biomarker in relation to healthy aging (Dosenbach et al., 2010; Geerligs et al., 2014), 

personality (Yarkoni, 2015), intelligence (van den Heuvel et al., 2009), and mood (Smith et 

al., 2015) (for a review, see Dubois and Adolphs, 2016). However, the conclusions of fMRI 

studies highly depend on its reproducibility and reliability, which has increasingly become a 

key concern in the field (e.g., Bennett and Miller, 2010; Chase et al., 2015; Dubois and 

Adolphs, 2016; Schwartz et al., 2019). If fMRI findings show a high degree of 

reproducibility and reliability, they can contribute solid scientific knowledge, be generalized, 

and provide a meaningful interpretation of functional changes across time, especially for 

developmental research. Reliability is also important for large-scale research where findings 

across different scanners, populations, and sites are compared. Furthermore, reliability must 

be established before fMRI can be used for medical or legal applications (Bennett and 
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Miller, 2010). As such, current literature on the reliability of task-induced brain activation 

studies (e.g., Atri et al., 2011; Brandt et al., 2013; Cao et al., 2014; Chase et al., 2015; 

Gorgolewski et al., 2015; Gorgolewski et al., 2013; Morrison et al., 2016; Nettekoven et al., 

2018; Plichta et al., 2012; Raemaekers et al., 2012; Sauder et al., 2013; Yang et al., 2019) as 

well as the reliability of resting-state brain imaging studies (e.g., Blautzik et al., 2013; Braun 

et al., 2012; Chen et al., 2015; Guo et al., 2012; Li et al., 2012; Liao et al., 2013; Mannfolk 

et al., 2011; Somandepalli et al., 2015; Song et al., 2012; Yang et al., 2019; Zuo and Xing, 

2014) is growing rapidly.

Despite the widespread use of the BART paradigm for assessing risk-taking behavior and 

brain function, the test-retest reliability of brain responses to the BART has not been 

evaluated. Therefore, the current study aimed to address this knowledge gap by examining 

the test-retest reliability of brain responses to risk-taking during the BART. The spatial 

consistency of brain activation patterns was also assessed. Although not the primary focus of 

this study, we examined the test-retest reliability of brain response to the processing of loss 

and win outcomes during the BART. According to previous BART fMRI studies (Claus and 

Hutchison, 2012; Fang et al., 2017; Galván et al., 2013; Helfinstein et al., 2014; Lei et al., 

2017; Pan et al., 2018; Rao et al., 2008), the risk and outcome processing consistently show 

robust activation in the mesolimbic-frontal pathway, including ACC/MFC, DLPFC, the 

thalamus/midbrain, ventral and dorsal striatum, and insula, therefore, we expect the 

activation in crucial hubs of the mesolimbic-frontal pathway will show good test-retest 

reliability.

2. Methods

2.1. Participants

Participants were recruited in response to study advertisements posted around the university 

campus. Thirty-four healthy adults (18 females, mean age = 32.5 ± 8.7 yrs) took part in the 

study and completed the BART during fMRI on two separate occasions. The scan sessions 

occurred at the same time of the day with an interval of one to three days. Participants were 

free of major medical conditions and psychiatry disorders, as determined by interviews, 

clinical history, questionnaires and physical examinations. Participants were non-smokers 

and were required to provide a negative result on a urine drug test before the study. All 

participants had at least a high school education. All study procedures adhered to the 

Declaration of Helsinki and were approved by the University of Pennsylvania Institutional 

Review Board (IRB). Subjects were provided written, informed, IRB-approved consent prior 

to participating in the study.

2.2. Balloon analogue risk task

The BART paradigm modified by Rao et al. (2008) was applied in the current study (Fig. 1). 

During the task, participants were presented a virtual balloon and asked to press a button to 

inflate the balloon that could either grow larger or explode. As the size of the balloon 

increased, the associated risk of explosion and the monetary reward increased as well. 

Subjects had the option to continue or discontinue inflating the balloon by pressing two 

buttons. If subjects stopped inflating the balloon, they would collect the wager for the 
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current balloon, and the amount of the reward was added to the cumulative earnings. 

However, if subjects continued to inflate the balloon and the balloon exploded, subjects lost 

the wager of the current balloon and the amount of the wager was subtracted from the 

cumulative earnings as the penalty. For each balloon, the maximum number of inflations 

participants could make was 12, which was unknown to the subjects. The wager size and the 

probability of explosion both monotonically increased with the number of inflations for each 

balloon. Specifically, the probability of explosion was set to monotonically increase from 0 

to 89.6% and the wager increased from 0 to 5.15 dollars, from the smallest balloon to the 

largest balloon. The timing of inflation was controlled by a cue, which consisted of a small 

circle that changed color from red to green with a jittered time interval. Participants could 

press a button to continue or discontinue inflation only when the color of the cue was green. 

The cue immediately turned red for a jittered time interval between 1.5 and 2.5s after 

participants successfully pressed a button and inflated the balloon, and then turned green 

again to indicate the next inflation. There was also a jittered 2–4 s interval after the end of 

previous balloon and prior to the beginning of next balloon. The time point when each 

balloon exploded was manipulated randomly, and participants were unaware of the exact 

probability of explosion associated with a given inflation. The outcome for each trial was 

immediately provided to participants once they collected the wager or the balloon exploded. 

More detailed parameters of the BART can be found in Rao et al. (2008).

2.3. Image data acquisition

MRI scans were conducted in a 3T Siemens Trio scanner (Siemens Medical Systems, 

Erlangen, Germany). A standard echo-planar imaging (EPI) sequence was used to acquire 

BOLD fMRI data while participants performed the BART (TR = 1.5 s, TE = 24 ms, FOV = 

220 × 220 mm, matrix = 64 × 64 × 25, slices thickness = 4 mm, inter-slice gap = 4 mm, 240 

acquisitions). High-resolution anatomical images were obtained using a standard 3D 

Magnetization Prepared Rapid Acquisition Gradient Echo (MPRAGE) sequence (TR = 1620 

ms, time to inversion (TI) = 950 ms, TE = 3 ms, flip angle = 15°, 160 contiguous slices, 1 × 

1 × 1 mm resolution).

2.4. MRI data analyses

SPM8 (www.fil.ion.ucl.ac.uk/spm) was used for BART imaging data preprocessing and 

analyses. Standard preprocessing steps were applied. Functional images were realigned to 

correct head motion, corrected for slice acquisition time differences, and coregistered with 

the anatomical image. Functional data were then normalized to the standard MNI brain 

template with a 2 × 2 × 2 mm3 voxel size, smoothed with 8 mm FWHM Gaussian kernel, 

and entered into a voxel-wise analysis using general linear model (GLM). A high-pass filter 

with a cut-off at 128 s was used to remove low frequency fluctuations. The inclusion criteria 

of head motion was FD power <0.5 according to Power et al. (2014).

Preprocessed BART image data were modeled using a standard hemodynamic response 

function (HRF) with time derivative. For the voxel-wise whole brain analysis, the model 

included three regressors representing three events after participants pressing a button: (1) 

balloon inflation (i.e. onset of a larger balloon). (2) win outcome (i.e. onset of the win 

feedback/collected the wager). (3) loss outcome (i.e. onset of the loss feedback/balloon 
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exploded). The probability of explosion for each balloon as the parametric risk level was 

orthogonalized by mean central correction, and then was entered into the model as a linear 

parametric modulation of the balloon inflation regressor. Three SPM t-contrast maps were 

obtained for each participant. (1) The contrast of risk defined to examine brain activation 

that covaried with the parametric risk level. (2) The contrast of win defined to examine brain 

activation in response to win outcomes. (3) The contrast of loss defined to examine brain 

activation in response to loss outcomes.

2.5. Analysis for test-retest reliability of BART behavioral performances

Using Pearson correlations, Spearman rank-order correlations, and intraclass correlation 

analyses, we examined the test-retest reliability of the BART behavioral performances across 

the two sessions. SPSS 24.0 (IBM SPSS Statistics for Windows, Version 24.0. Armonk, NY: 

IBM Corp) was used for the analyses (Koo and Li, 2016).

2.6. Analysis for test-retest reliability of brain activation

We first performed group-level analyses using one-sample t-tests. The t-statistics of the three 

relevant contrasts (i.e. contrast of risk, contrast of win, and contrast of loss) for the two scan 

sessions were calculated for every voxel. Statistical significance was set at a threshold of 

uncorrected p < 0.001 at the whole-brain level and family-wise error (FWE) corrected p < 

0.05 at the cluster level for the brain activation associated with increased risk level. Because 

the number of outcome trials was much less than the number of inflations, the statistical 

significance was set at a threshold of uncorrected p < 0.001 at the whole-brain level for the 

brain activation in response to win and loss outcomes. The intraclass correlation coefficient 

(ICC) analysis was then used to measure the test-retest reliability of the individual activation 

strength of brain response during the BART in 34 subjects across the two fMRI scan 

sessions. ICC is defined by ratio of the between-subject variance and the total variance 

(Shrout and Fleiss, 1979), which informs on the ability of fMRI to assess differences in 

brain activity between subjects (Caceres et al., 2009). Typically, the coefficient ranges from 

zero (no reliability) to one (perfect reliability), and as such, we used the ICC to assess the 

stability of inter-individual differences in brain activation magnitude over time (Brandt et al., 

2013; McGraw and Wong, 1996). Note that ICCs can be estimated as negative when the true 

value approaches zero (Murray et al., 1996). For ICCs estimated as negative, researchers can 

either use the negative ICC or constrain the negative ICC to 0 (Baldwin et al., 2005).

One aim of the current study is to compute the reliability of individual and group-wise 

neuroimaging results. Based on the ICC definition by Shrout and Fleiss (1979), we applied 

ICC (3,1), which is a within-subject measurement to examine the intraclass correlation of 

contrast t-value for pairs of activation maps. The mathematical equation of ICC (3,1) in 

Shrout and Fleiss (1979) was described as:

ICC (3, 1) = (BMS − WMS) ∕ (BMS + (k − 1) WMS)

BMS: between-subject variance; WMS: within-subject variance; k: number of raters/

measurements.
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The within-subject ICC implementation has been employed by several neuroimaging studies 

(Brandt et al., 2013; Caceres et al., 2009; Raemaekers et al., 2007; Specht et al., 2003) to 

assess the test-retest signal across region of interest (ROI) voxels for each subject. This 

approach measures ICC by computing the amount of total variance explained by intra-voxel 

variance and test the consistency of the spatial distribution of the BOLD signal in a given 

region for each individual. The ICC toolbox (https://www.kcl.ac.uk/ioppn/depts/

neuroimaging/research/imaginganalysis/Software/ICC-Toolbox.aspx) was used to assess the 

test-retest reliabilities in specific ROIs and the whole-brain (Caceres et al., 2009). 

Additionally, the toolbox can produce all three types of ICC maps for any number of 

sessions. Mean squares maps are produced and ICC values are converted to a Fisher’s Z 

map. The ICC maps can be examined for the whole brain volume, the activated network, and 

the pre-defined clusters. In the current study, we used the ICC toolbox to compute the test-

retest reliability of the brain activation during the BART across two sessions in the whole 

brain volume, the activated network, and pre-defined ROIs. A priori ROIs in mesolimbic-

frontal network were defined based on the BART activation results reported by Rao et al. 

(2008). Similar to a previous study (Van Den Bulk et al., 2013), bilateral occipital cortices 

associated with visual stimuli processing were also included as the control region. The MNI 

coordinates of selected ROIs are listed in Table 1 and displayed in Supplemental Fig. S1. 

According to the results of win outcome activation (Fig. 3A–B), the anatomical bilateral 

putamen was selected as ROIs for win outcomes using WFU_Pickatlas toolbox AAL 

template (http://fmri.wfubmc.edu/software/PickAtlas). In order to investigate the potential 

effects of trial numbers and head motion artifacts on test-retest reliability, additional 

analyses were conducted and the results were reported in supplementary material (see Table 

S4 and Table S5).

2.7. Analysis for spatial consistency: overlap volumes

For the brain activation associated with increased risk levels, the spatial overlaps based on 

Dice similarity coefficient (DSC) (Dice, 1945; Sørensen, 1948) of the two sessions were 

computed in 3D single subject space for all ROIs, as well as whole brain using the binarized 

image volumes. For the DSC of ROIs, the applied threshold level ranged from FWE 

corrected p < 0.05 to uncorrected p < 0.005 at the whole brain level. In order to ensure 

comparability between sessions, threshold levels were kept constant within the respective 

subjects across two sessions. In addition, the DSCs of whole brain activation across two 

sessions were computed at two different thresholds: FWE corrected p < 0.05 and 

uncorrected p < 0.001. The sample size and applied threshold for each ROI are shown in 

Supplementary Table S3. Due to the small number of win and loss outcome trials and 

individual variability, the DSCs of activation associated with win and loss outcomes were 

not computed. The DSC was calculated according to Rombouts et al. (1997) and ranges 

between 0 and 1 (Nettekoven et al., 2018; Wilson et al., 2017). We used the following 

guidelines to evaluate the DSC of the current study: Low (0.00–0.19), Low-moderate (0.20–

0.39), Moderate (0.40–0.59), Moderate-high (0.60–0.79), and High (0.80–1.00).
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3. Results

3.1. Test-retest reliability of behavioral performances during the BART

Several indices were computed to represent the behavioral performance, including the 

average adjusted pump, the number of win trials, the number of loss trials, the win ratio of 

all trials, and the number of balloon inflations (i.e. number of trials for risk processing). As 

illustrated in Table 2, no significant difference between two sessions was found in 

participants’ behavioral performances (all p > 0.5). Excellent ICCs were observed for all 

performance indices across the two sessions (ICC > 0.79).

3.2. Test-retest reliability of brain activation during the BART

3.2.1. Whole-brain activation during the BART—Whole-brain activation patterns 

across the two sessions are presented for all three events: brain activation associated with the 

increased risk level (see Fig. 2 & Table S1), brain activation associated with win outcomes 

(see Fig. 3A–B & Table S2), and brain activation associated with loss outcomes (see Fig. 

3C–D & Table S2).

As shown in Fig. 2, we observed robust activation within the mesolimbic-frontal regions 

associated with increased risk levels, including the thalamus, bilateral striatum, bilateral 

anterior insula, bilateral dorsal lateral prefrontal cortex (DLPFC), and anterior cingulate/

medial frontal cortex (ACC/MFC) during both BART fMRI scan sessions. The occipital 

cortex was activated in response to the risk levels as well. As shown in Fig. 3, during the 

outcome processing phase, for both test sessions, we observed activation in bilateral 

putamen associated with win outcomes, bilateral anterior insula associated with loss 

outcomes, and visual areas for both outcomes. No significant differences in brain activation 

were found between the two scan sessions.

3.2.2. Test-retest reliability of brain activation—We computed the test-retest 

reliability of brain activation for three contrasts in the whole brain volume, the activated 

network, and the pre-defined ROIs. Results of the brain activation associated with the 

increased risk level are shown in Fig. 4. The ICC frequency distribution is shown in Fig. 4A. 

As expected, the activation test-retest reliability for the activated network (ICC = 0.62) was 

higher than that for the whole brain volume (ICC = 0.53). Although ICCs and t-scores are 

statistically independent, Fig. 4B shows higher ICCs within regions showing stronger 

activation. Additionally, we calculated the median ICC values in the whole brain volume, the 

activated network, and the pre-defined ROIs, which are shown in Fig. 4C.

Results of the brain activation in response to win outcomes and loss outcomes are shown in 

Fig. 5 and Fig. 6, respectively. For both win outcomes and loss outcomes, the activation test-

retest reliability of the activated network was higher than that of the whole brain volume 

(Figs. 5A and 6A). The positive correlations between median ICC and t-scores were also 

observed for win and loss outcomes (Figs. 5B and 6B), indicating higher ICCs within 

regions showing stronger activation. In addition, the median ICC values for the whole brain 

volume, the activated network, and ROIs are shown in Figs. 5C and 6C. According to the 

brain activation patterns for outcomes (Fig. 3), we selected the bilateral putamen as ROIs for 
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win outcomes and selected the bilateral insula as ROIs for loss outcomes. The detailed ROI-

based ICCs for three contrasts are reported in Table 3.

According to the ICCs standard applied in the previous fMRI studies (Brandt et al., 2013; 

Fournier et al., 2014), we used the following guidelines to evaluate the test-retest reliability 

of the current study: Poor (ICC < 0.40), Fair (0.40 ≤ ICC < 0.60), Good (0.60 ≤ ICC < 0.75), 

and Excellent (ICC ≥ 0.75). Based on this standard, our results demonstrated that the brain 

activation associated with the increased risk level during the BART had a good test-retest 

reliability within the activated network (ICC = 0.62) and a fair reliability in the whole brain 

volume (ICC = 0.53). As shown in Table 3, for a priori ROIs, the ICCs for the activation in 

response to risk levels ranged from fair (R. insula, ICC med = 0.51) to good (RDLPFC, ICC 

med = 0.71). Specifically, except for the right insula, the activation in all selected ROIs had 

good reliabilities (ICC > 0.60). In contrast, the test-retest reliabilities of the brain activation 

in response to win and loss outcomes were not as good as those of the activation associated 

with increased risk levels. The median ICCs were poor in the whole brain volumes for both 

outcomes (ICCs < 0.40), while in the activated network, the ICCs were fair for loss 

outcomes (ICCs = 0.42) but still poor for win outcomes (ICCs = 0.33). For the ROI-based 

ICCs, both outcomes had fair test-retest reliabilities (ICCs > 0.40) (Table 3).

3.2.3. Overlaps between ICC maps and group t-maps—In order to examine the 

relationships between the brain activation strength and the test-retest reliability, we first 

generated three ICC maps for each contrast using the ICC toolbox (Caceres et al., 2009) and 

extracted three group t-maps from the first scan session image data for each contrast. Then 

we overlapped the ICC maps and the group t-maps together, as shown in Fig. 7 (Red: group 

t-map; Green: ICC map; Yellow: overlapping regions). Threshold of t-values corresponding 

to p = 0.001 was applied to generate the activation group t-maps. ICC values were 

thresholded at 0.5. Overall, the ICC maps and the group t-maps showed fairly good overlap 

in the brain activation associated with risk levels (Fig. 7. Top), including the ACC/MFC, 

thalamus, bilateral striatum, right DLPFC, and occipital cortex, which indicated high ICC 

and high activation t-values. In contrast, the overlaps between ICC maps and the group t-

maps for both win and loss outcomes were relatively poor. However, the high ICC regions in 

the ICC maps were close to the high t-value regions in the group t-maps, as shown in the 

bilateral putamen for the win outcomes and the bilateral insula for the loss outcomes.

3.3. Spatial consistency: overlap volumes

In order to investigate the spatial consistency of the activation in response to increased risk 

level in the main regions and the whole brain volume across the two scan sessions, 

calculation of Dice’s similarity coefficient (DSC) was conducted at the individual level. As 

shown in Fig. 8, most ROIs had a moderate spatial consistency level (0.40 < DSC < 0.59), 

and the bilateral insula had a moderate-high spatial consistency level (0.60 < DSC < 0.65). 

Additionally, the DSCs of whole brain activation across the two scan sessions were 

computed at two different thresholds: uncorrected p < 0.001 and FWE corrected p < 0.05. 

Results showed lower overlap volumes for a more stringent threshold level (0.34 ± 0.28, 

FWE corrected p < 0.05) than for a more liberal threshold level (0.50 ± 0.25, uncorrected p 

< 0.001).
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4. Discussion

Despite the importance of the reproducibility of fMRI results, the reliability of brain 

activation during the widely used BART paradigm has not been thoroughly evaluated. To our 

knowledge, the current study is the first to investigate the test-retest reliability of brain 

activity during the BART. Specifically, we used the same scanner, applied the same image 

acquisition sequence and parameters, and conducted two scan sessions at the same time-of-

day for each individual subject to minimize potential factors that may influencing the 

reliability. Using the ICC toolbox (Caceres et al., 2009), the intraclass correlation coefficient 

analyses were performed to assess the reliability of brain activation within the whole brain 

volume, the activated network, and the pre-defined ROIs across the two fMRI BART scan 

sessions. Analyses revealed the following main findings. First, similar to previous studies 

(White et al., 2008; Xu et al., 2013), we replicated the high ICC results for behavioral 

performances on the BART. Second, at the group level, we observed robust and consistent 

brain activation patterns for both scan sessions, including activation within the mesolimbic-

frontal network, which was associated with increased risk level, bilateral putamen activation, 

which was associated with win outcomes, and bilateral insula activation, which was 

associated with loss outcomes. These findings are in line with the previous BART fMRI 

studies (Pan et al., 2018; Rao et al., 2008, 2011). Third, using the ICC analysis and the 

Dice’s similarity analysis, we found fair to good test-retest reliability and moderate to 

moderate-high spatial consistency of the brain activation in the whole brain and all pre-

defined ROIs during risk processing. The test-retest reliability of brain activation in response 

to outcome processing was fair in the main ROIs (i.e. bilateral putamen for win outcomes; 

bilateral insula for loss outcomes), but was poor in the whole brain volume.

4.1. Test-retest reliability of whole brain and activated network

Using the within-subject ICC analysis on the individual level brain activation, we observed a 

good reliability for the activated network during the risk processing phase (median ICC = 

0.62). Such reliability is lower than that of the BART behavioral performances (ICC range 

from 0.798 to 0.873, see Table 2). This is consistent with several previous test-retest fMRI 

studies using other tasks (Plichta et al., 2012; Upadhyay et al., 2015; Yang et al., 2019). Two 

possible reasons may explain why the ICC values of fMRI results are in general not 

comparable to those of behavioral measures (Bennett and Miller, 2010; Vul et al., 2009). 

First, task-induced brain activation and behavioral performance are influenced by different 

factors. The main factors contributing to the BART performance are cognitive elements, 

including arousal, cognitive strategies, learning, and personal risk propensity. In contrast, the 

reproducibility of fMRI is not only subject to the cognitive factors, but also to various non-

psychological factors. These additional factors include variations in subjects’ head position 

during scanning, the MR field inhomogeneity, the signal to noise ratio (SNR) of BOLD 

contrast, as well as the cardiac, respiratory, and motion artifacts. All of these can affect 

image reproducibility (McGonigle, 2012; Raemaekers et al., 2007; Veltman et al., 2000). 

Second, the ICCs were calculated based on the group-level activation threshold, while the 

individual-level activation threshold could vary dramatically (Nettekoven et al., 2018; 

Stevens et al., 2013). Thus, using a group-level threshold to predict single-subject brain 

activity might have introduced additional variance. Taken together, it is difficult to make 
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direct comparisons between the ICC of fMRI results and the ICC of behavioral 

performances. In fact, it was demonstrated that most task-induced BOLD activation showed 

ICC values in a range of 0.33–0.66 (Bennett and Miller, 2010; Vul et al., 2009).

The test-retest reliability of brain activation in response to risk levels was higher than that of 

brain activation during the outcome and feedback process, in which the activated network 

reliability was relatively low, regardless of win or loss outcomes (median ICCs < 0.45). This 

difference might be due to the specific task design. The current BART version was modified 

to be compatible with an 8 min fMRI scan session and the average number of balloon trials 

subjects completed during each scan were about 21 balloons (session 1: 21.09 ± 4.84; 

session 2: 20.56 ± 3.93, see Table 2). The trial numbers for win and loss outcomes were even 

less, especially for loss trials which were only about 5 balloons (session 1: 5.09 ± 2.76; 

session 2: 5.00 ± 2.90, see Table 2). Previous studies have suggested that about 25 trials are 

needed to yield stable activation maps and provide sufficient SNR for the imaging results 

(Huettel and McCarthy, 2001; Murphy and Garavan, 2005). Therefore, the small number of 

outcome feedback trials might be one reason for its lower reliability observed in this study.

4.2. Test-retest reliability of ROI-based activation

Overall, the ROI-based ICCs of the activation associated with the increased risk level were 

fair to good, which is consistent with our expectation. Specifically, the ACC/MFC, right 

DLPFC, the thalamus, and the occipital cortex had better reliability than other regions, 

indicating that these regions can serve as stable biomarkers across fMRI scan sessions on the 

individual subject level. It is worth mentioning that we found fair to good reliability of the 

brain activation associated with the risk processing in the subcortical regions, including the 

bilateral striatum and bilateral insula. Measured fMRI activity generally has higher 

resolution on the surface of cerebral cortex than in subcortical regions. Subcortical fMRI 

must overcome two challenges: spatial resolution and physiological noise (Katyal et al., 

2012; Maugeri et al., 2018). Therefore, the SNR in subcortical regions is usually worse than 

that in cortical areas, which might be one of the reasons that the test-retest reliability of the 

activation in the bilateral striatum and the bilateral insula was lower than that in the cortical 

regions. Thus, the fair to good reliability of the activation for the subcortical regions can be 

regarded as acceptable and may indicate that the mesolimbic pathway had relatively stable 

activation during the BART over time.

For the outcome phases, the ICC values of the activation in key regions were also fair, 

including the bilateral putamen activation associated with win outcomes and the bilateral 

insula activation associated with loss outcomes. As the control region, the occipital cortex 

showed good reliability in the risk condition, but only fair reliability in the outcome 

conditions. This could be related to the differences in number of trials and/or visual stimuli 

during risk and outcome conditions. Given the limited number of trials for the loss/win 

outcomes as compared to the large number of inflation trials for risk processing, the reduced 

reliability for the occipital activation in the outcome conditions are not surprising.

Many factors may affect MR image quality and impact the reliability results, including MRI 

acquisition sequence parameters, experimental designs, sample size, data analysis 

approaches, and individual differences in task performance. Thus, achieving high reliability 
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from fMRI data is a challenging goal. Indeed, Bennett and Miller (2010) reviewed 62 fMRI 

test-retest studies and reported that most studies exhibited reliability ranging from 0.33 to 

0.66 measured by the ICC values. The median ICC values found in this study are consistent 

with this range, yet our ICC values are lower when compared to the relatively high ICC 

values (>0.75) in previous studies using the probabilistic learning task (Aron et al., 2006; 

Freyer et al., 2009) and the reward anticipation task (Plichta et al., 2012). A potential 

explanation is the relatively short test-retest interval (one to three days) in this study as 

compared to the intervals in previous studies (two weeks to one year). Practice effects or 

habituation effects may remain with short test-retest intervals, which might influence the 

reliability. Previous studies have shown that practice or habituation effects may increase 

(Iacoboni et al., 1996; Kami et al., 1995) or decrease (Breiter et al., 1996; Phan et al., 2003) 

the brain activation during the second scan, therefore reduce the test-retest reliability. For 

instance, Chase et al. (2015) used a reward learning task and found lower ICC in the ventral 

striatum, suggesting a learning effect in brain activation with a short interval, while long 

intervals may reset potential habituation effects (Plichta et al., 2012). Moreover, the current 

study’s the sample size (n = 34) is larger than the previous studies (n in the range of 8–25), 

which may affect the statistical power and influence the reliability. Studies have shown that 

reliability varies substantially with different statistical thresholds (Stevens et al., 2013). In 

addition, the test-retest reliability of brain responses to the BART is lower than the reliability 

of BART performance (ICC ranged from 0.798 to 0.896). These findings are in line with 

several studies suggesting that fMRI activation may be less stable than task performance 

(Plichta et al., 2012; Upadhyay et al., 2015; Yang et al., 2019) and highlight the importance 

of additional research in this area.

4.3. Spatial consistency

Using the Dice’s similarity analysis, we explored the spatial consistency of the brain 

activation associated with increased risk levels. Our ROI-based data revealed moderate to 

moderately high Dice’s similarity coefficients across the two fMRI scan sessions. 

Surprisingly, however, we observed relatively lower Dice’s similarity in the ACC/MFC (0.46 

± 0.13) but higher Dice’s similarity in bilateral insula (0.61 ± 0.10), which is in contrast with 

the ICC results pattern. One possible explanation for this finding is that the applied threshold 

and cluster size cut-off used might have influenced the results (Kauppi et al., 2017; 

Nettekoven et al., 2018). In addition, during the DSC analyses, we defined “activated” 

regions as ROIs at the single subject level by applying consistent threshold for each subject 

across both scans. However, there were remarkable inter-individual differences in activation 

intensity and we could not yield activation in some ROIs or for some subjects. Therefore, the 

number of subjects included in the DSC analysis was different for each ROI. All of these 

factors could affect the spatial consistency calculation. Additionally, we observed a 

moderate spatial consistency in the whole brain volume when using the same threshold of 

the group-level analyses (i.e. uncorrected p < 0.001), but the consistency was smaller when a 

more stringent threshold level was applied (i.e. FWE corrected p < 0.05). It should be noted 

that the whole brain-based analysis can lead to segmentation of both noise and stimulus-

related regions (Kauppi et al., 2017); thus, performing and interpreting the whole-brain 

volume spatial consistency must be done with caution. Overall, in the current study, the 
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spatial consistency pattern was in line with the test-retest reliability in most regions and 

suggested an acceptable level of the reproducibility of BART activation.

4.4. Limitations

There are a number of factors to consider with respect to the interpretation of our results. 

First, although the current BART paradigm is comparable with other BART neuroimaging 

studies (e.g., Claus and Hutchison, 2012; Galván et al., 2013; Helfinstein et al., 2014; Lei et 

al., 2017; Qu et al., 2015), it should be noted that our BART paradigm is a modified version 

of the original BART. For example, the maximum numbers of pumps in the current study is 

12, but is 128 in the original BART. The wager size and the probability of explosion both 

monotonically increase in the current BART, whereas the probability of explosion follows a 

quasi-normal distribution in the original BART. Further, there is a cost to subjects (from 

their earnings) for exploded balloons in the current BART, but there is no such cost/loss of 

money from total earnings in the original BART. These different features may affect 

participants’ risk-taking behavior and influence the generalizability of current findings. 

Future neuroimaging studies are needed to replicate our findings using the paradigms closer 

to the original BART.

Another consideration in the interpretation of our results is the duration of the BART scan 

was relatively short (8 min) and the numbers of both win and loss outcome trials were 

limited (both < 25). Consequently, our modified BART paradigm might be suboptimal for 

assessing the reliability of brain activation during outcome processing. Therefore, if a future 

study aims to examine brain activation in response to outcome processing, multiple BART 

sessions should be employed to obtain sufficient number of trials and more robust results. 

Future research may also compare fMRI data with different number of trials to determine the 

minimum trial number required to obtain stable and acceptable reliability for different 

conditions.

It is important to note that the two BART fMRI sessions in this study were conducted within 

a short interval of one to three days. As we mentioned before, the short interval might lead to 

practice effects from the first test session, which would influence the reliability. Future 

research should investigate the BART fMRI reliability over a longer interval and determine 

the relationship between different time intervals and the BART test-retest reliability. Finally, 

we did not collect the participants’ IQ, socioeconomic status (SES), personal risk propensity, 

or other risk-taking related assessment in this study, which might also be related to the test-

retest reliability. In future studies, these related factors should be taken into account.

5. Conclusions

In summary, we evaluated the test-retest reliability of brain activation patterns during 

repeated fMRI scans of the widely used BART paradigm in a cohort of 34 healthy adults in 

the present study. Our analyses showed that test-retest reliability of brain activation in 

response to the BART risk-taking is good and acceptable in the mesolimbic-frontal network, 

while the reliability of brain activation in response to the loss or win outcomes is fair. These 

results have implications for future utility of the BART in neuroimaging research. For 

instance, our findings suggest that the BART in fMRI can be used to identify individual 
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differences in trait-like risk-taking behavior and brain responses among healthy subjects as 

well as examine abnormal risk-taking behavior and altered brain activation in clinical 

populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
A sample BART trial showing inflation risks and outcome feedbacks. Participants could 

choose to continue or discontinue inflating the balloon at each turn.
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Fig. 2. 
Whole-brain activation associated with the increased risk level in (A) session 1 and (B) 

session 2. Statistical inferences were performed at a threshold of uncorrected p < 0.001 at 

the whole-brain level and p < 0.05, family wise error (FWE) corrected at the cluster level.
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Fig. 3. Whole-brain activation in response to win (A–B) and loss (C–D) outcomes across two test 
sessions.
Statistical inferences were performed at a threshold of uncorrected p < 0.001 at the whole-

brain level.
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Fig. 4. Test-retest reliability of BART activation associated with increased risk level
(A) ICC frequency distribution for the whole-brain (Green line) and for the voxels in the 

activated network (Red line). The brain activation results from the first test session were 

used to define the “activated network” here. Voxels were classified as active if they had t-

values t > 3.36 (corresponding to p < 0.001) (B) Correlation between median ICC and 

threshold t-scores. (C) Median ICC values for the whole-brain, activated network, and ROIs.
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Fig. 5. Test-retest reliability of BART activation associated with win outcomes.
(A) ICC frequency distribution for the whole-brain (Green line) and for the voxels in the 

activated network (Red line). The brain activation results from the first test session were 

used to define the “activated network” here. Voxels were classified as active if they had t-

values t > 3.36 (corresponding to p < 0.001). (B) Positive correlation between median ICC 

and threshold t-scores. (C) Median ICC values for the whole-brain, activated network, and 

ROIs.
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Fig. 6. Test-retest reliability of BART activation associated with loss outcomes
(A) ICC frequency distribution for the whole-brain (Green line) and for the voxels in the 

activated network (Red line). The brain activation results from the first test session were 

used to define the “activated network” here. Voxels were classified as active if they had t-

values t > 3.36 (corresponding to p < 0.001). (B) Positive correlation between median ICC 

and threshold t-scores. (C) Median ICC values for the whole-brain, activated network, and 

ROIs.
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Fig. 7. Overlaps between ICC maps and group t-maps.
Top: Brain activation associated with increased risk levels. Middle: Brain activation in 

response to win outcomes. Bottom: Brain activation in response to loss outcomes. Left-Red: 

Group t-maps (t > 3.36 for risk; t > 3.36 for win; t > 3.36 for loss. Thresholding of t-values 

corresponding to p = 0.001). Middle-Green: ICC (3,1) maps (ICC > 0.5). Right-Yellow: 

Overlapping regions between group t-maps and ICC maps.
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Fig. 8. 
The average Dice’s similarity coefficients of ROIs in mesolimbic-frontal and occipital cortex 

across two sessions at the individual level.
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Table 1

Selected ROIs and their coordinates based on Rao et al. (2008).

Regions Coordinates

x y z

ACC/MFC 0 12 42

Left DLPFC −34 46 46

Right DLPFC 30 36 20

Left thalamus −6 −12 −4

Right thalamus 6 −16 −2

Left striatum −10 2 4

Right striatum 14 2 −2

Left insula −34 18 −6

Right insula 38 10 −2

Left occipital −28 −80 20

Right occipital 30 −76 24
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Table 3

ROI-based ICCs for three contrasts.

Condition ROIs ICC (3,1) 95% CI ICC (3,1) 95% CI

Med Mean

Risk ACC/MFC 0.68 0.46–0.83 0.71 0.50–0.85

L DLPFC 0.61 0.35–0.78 0.61 0.34–0.78

R DLPDC 0.71 0.50–0.85 0.72 0.51–0.85

R insula 0.51 0.21–0.72 0.50 0.20–0.72

L striatum 0.62 0.36–0.79 0.57 0.35–0.79

R striatum 0.60 0.33–0.78 0.64 0.39–0.80

Thalamus 0.69 0.46–0.83 0.69 0.46–0.83

Occipital 0.71 0.49–0.84 0.68 0.44–0.83

Win L putamen 0.45 0.14–0.68 0.45 0.14–0.68

R putamen 0.44 0.12–0.66 0.43 0.10–0.64

Occipital 0.59 0.14–0.70 0.48 0.08–0.66

Loss L insula 0.41 0.08–0.65 0.39 0.07–0.65

R insula 0.41 0.09–0.65 0.43 0.11–0.67

Occipital 0.46 0.05–0.64 0.41 0.02–0.62
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