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1   |   INTRODUCTION

At the core of human behavior lies our remarkable abil-
ity to make choices, even when we are uncertain about 
the outcomes. To truly grasp how people take risks, both 
in healthy and problematic ways, it is crucial to uncover 
the neural mechanisms that guide these decisions. Over 
the last decades, the balloon analog risk task (BART) has 
served as a cornerstone in exploring the interplay between 

behavior and neural processes of risky decision making. 
However, the traditional BART design does not allow 
distinguishing between decision and outcome anticipa-
tion. Understanding the intricate interplay of behavioral 
and neural factors in risky decision making depends on 
our ability to precisely dissect these subprocesses. Here, 
we present a novel variant of the BART that allows dis-
tinguishing decision, anticipation, and feedback phase by 
their neural activity and connectivity.
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Abstract
Understanding the subprocesses of risky decision making is a prerequisite for 
understanding (dys-)functional decisions. For the present fMRI study, we de-
signed a novel variant of the balloon-analog-risk task (BART) that measures three 
phases: decision making, reward anticipation, and feedback processing. Twenty-
nine healthy young adults completed the BART. We analyzed neural activity and 
functional connectivity. Parametric modulation allowed assessing changes in 
brain functioning depending on the riskiness of the decision. Our results confirm 
involvement of nucleus accumbens, insula, anterior cingulate cortex, and dorso-
lateral prefrontal cortex in all subprocesses of risky decision-making. In addition, 
subprocesses were differentiated by the strength of activation in these regions, as 
well as by changes in activity and nucleus accumbens-connectivity by the riski-
ness of the decision. The presented fMRI-BART variant allows distinguishing 
activity and connectivity during the subprocesses of risky decision making and 
shows how activation and connectivity patterns relate to the riskiness of the deci-
sion. Hence, it is a useful tool for unraveling impairments in subprocesses of risky 
decision making in people with high risk behavior.
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The BART has been proposed as a measure of real-world 
risk taking behavior (Helfinstein et  al.,  2014; Schonberg 
et al.,  2012). Virtual balloons are pumped up via button 
presses, with monetary gain rewarding every successful 
pump. Gain is secure in the “cash out” option, while ac-
cidental balloon popping leads to the loss of the accumu-
lated gain in the respective trial. Thus, each inflation is a 
risky decision, and with each pump the risk of explosion 
and the uncertainty of a gain increases. The BART design 
takes into account the sequential process of decision mak-
ing: The outcome of previous inflations; i.e., feedback, the 
decision to further inflate the balloon or to cash out, and 
the anticipation of reward feedback. The feedback can ei-
ther be an expected reward in cash-out trials, an uncer-
tain reward in consequence of successful inflation, or an 
unexpected loss in consequence of unsuccessful inflation. 
This combination of perceiving the growing balloon size 
as rewarding on the one hand, and at the same time real-
izing the increasing probability of loss on the other hand, 
leads to increasing emotional tension during anticipation 
of the feedback. This relates choice behavior in the BART 
to naturalistic risk behaviors like alcohol consumption, 
smoking, stealing, and drug use (Bornovalova et al., 2005; 
Lejuez, Aklin, Jones, et al., 2003; Lejuez, Aklin, Zvolensky, 
& Pedulla, 2003; Lejuez et al., 2002), as well as to sensation 
seeking and impulsivity (Lauriola et al., 2013). With deci-
sions to inflate or cash out, anticipation of a reward, and 
processing of the feedback, three major functionally and 
temporally related components emerge as integral parts of 
decision making, which may be modulated by the deci-
sion risk—and which should, as we hypothesize, become 
manifest in distinct activity and connectivity patterns. The 
present BART-variant was designed to substantiate this 
hypothesis.

Several cortical and subcortical structures have been 
identified as involved in (risky) decision making. The me-
socorticolimbic system (Rausch et al., 2014, 2015; Schmidt 
et al., 2019) with its dopaminergic ascending projections 
constitutes the central part of the reward system and is 
essential for behavioral motivation and goal-directed be-
havior (Koob, 1996; Salamone & Correa, 2012). Moreover, 
frontal and prefrontal structures have been associated 
with the cognitive-emotional aspects of decision making 
and reward processing, in particular the anterior cingu-
late cortex (ACC), ventromedial (vmPFC), dorsolateral 
prefrontal cortex (DLPFC), and insula (Dolcos et al., 2011; 
Naqvi et al., 2006).

The ventral striatum as core of the mesocorticolim-
bic system, including the nucleus accumbens (Nacc), is 
considered central to the processing of stimulus salience 
(Schmidt et al., 2019; Zink et al., 2004), reward-prediction, 
and reward-guided behavior (Burton et  al.,  2015, 2018; 
Malvaez & Wassum,  2018). Higher striatal activity was 

linked to riskier rather than less risky decisions in the 
BART (Claus & Hutchison,  2012; Wang et  al.,  2022). 
Further, the ventral striatum has been reported to be 
active in the BART during reward feedback processing 
(Schonberg et al., 2012). In addition, increased striatal ac-
tivity was observed during loss feedback compared to (re-
warding) cash-out feedback and might reflect prediction 
error and stimulus salience during unexpected loss (Rao 
et  al.,  2008). However, a worse than expected outcome, 
i.e., negative prediction error, should lead to reduced do-
pamine signaling, whereas better than expected outcome, 
i.e., positive prediction error, should lead to increased 
dopamine signaling (Schultz,  2016). Thus, results about 
striatal activity upon loss feedback remain inconclusive. 
Moreover, potentially distinct roles of the Nacc in reward 
anticipation and decision making in the BART remain un-
clear. Consequently, to date it has not been experimentally 
shown, whether Nacc-activation during the decision for 
or against an inflation of the balloon reflects the decision 
itself or the anticipation of a reward.

Nacc maintains functional connections to the DLPFC 
(Becker et  al.,  2017; Kohno et  al.,  2014) which is con-
sidered relevant for maintaining and manipulating cog-
nitive representations, planning future actions (Manes 
et  al.,  2002; Miller & Cohen,  2001), and cognitive con-
trol by suppressing risky responses (Fecteau et al., 2007; 
Telzer et al., 2013). Decision making during riskier trials 
in the BART is linked to augmented DLPFC activity (Rao 
et al., 2008; Schonberg et al., 2012), possibly because de-
cision evaluation requires more control. Further, individ-
uals, who made riskier decisions in the BART, had less 
DLPFC activity and reduced coupling between DLPFC 
and subcortical affective regions like insula and stria-
tum, which was discussed as a sign of cortical–subcorti-
cal imbalance (Telzer et al., 2013). Accordingly, enhanced 
DLPFC activation by transcranial direct current stimula-
tion prompted reduced risk taking in the BART (Fecteau 
et al., 2007).

Conclusions about the role of (vmPFC and the orbi-
tofrontal cortex (OFC) in decision making have also been 
drawn from dysfunctional decision making in individuals 
with alcohol use disorders and subjects with vmPFC dam-
age (Bechara et al., 2001; Fellows & Farah, 2007). In sim-
ple decision making tasks, the lateral part of the prefrontal 
cortex has been linked to (risky) decision making and the 
processing of loss feedback, while medial and orbitofron-
tal parts were mainly active during the processing of re-
ward feedback and reward anticipation (Kahnt et al., 2010; 
Knutson, Fong, et al., 2001; Ströhle et al., 2008). Uncertain 
gain in the BART was associated with increased mPFC ac-
tivity, which was further modulated by riskiness; i.e., prob-
ability of explosion (Bogg et al., 2012). Moreover, vmPFC 
activity was also reported during risky decision making in 
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the BART (Bogg et al., 2012; Fukunaga et al., 2012). It has 
been concluded that in particular when reward feedback 
becomes less predictable, mPFC activity reflects salience 
(Euston et  al.,  2012), reward seeking (Bogg et  al.,  2012), 
and cognitive control, as well as estimation of error likeli-
hood of decisions (Alexander & Brown, 2010).

Regarding limbic brain regions, the contribution of 
the ACC to risky decision making is related to its role in 
reinforcement learning, when actual and expected deci-
sion and behavioral feedback is compared and error like-
lihood of decisions and behavior is updated (Holroyd & 
Coles, 2002). Through its connection with lateral prefrontal 
areas, the ACC is associated with cognitive control to avoid 
risks (Brown & Braver, 2007). Indeed, lower ACC activity 
during risky decisions in the BART was found to correlate 
with harmful drinking which might reflect reduced abil-
ity to anticipate negative outcome of risky behavior (Claus 
& Hutchison,  2012). Insula activity is commonly associ-
ated with the processing of negative or aversive emotions 
(Steward et  al.,  2016), but was also present during risky 
decisions in the BART (Burnette et al., 2021; Korucuoglu 
et al., 2020), and as the ACC, insula activity has been as-
sociated with risk and loss aversion (Markett et al., 2016). 
Consequently, insula activity was reported following losses 
compared to cash-out feedback (Rao et al., 2008). Finally, 
riskier decisions after loss compared to cash-out feedback 
were associated with increased amygdala and hippocam-
pus modulation (Kohno et al., 2015). Importantly, to our 
knowledge, augmented ACC and insula activity during the 
anticipation of reward feedback in decision making tasks 
has not been reported, which supports our hypothesis that 
activity patterns distinguish the components of (risky) de-
cision making.

Taken together, Nacc activity characterizes reward an-
ticipation and (risky) decision making (Burton et al., 2018; 
Claus & Hutchison, 2012; Walter, 2003), but is not consis-
tently reported following feedback in the BART. OFC and 
mPFC-activity seem to vary with reward anticipation and 
reward feedback processing, while lateral PFC activity has 
been reported for (risky) decisions and the processing of 
loss feedback and ACC and insula for loss feedback and 
risk aversion.

Thus, despite the substantial evidence of close interac-
tion of the mentioned cortical and subcortical structures 
in the complex, sequential process of decision making, ap-
parently individual activity patterns seem to indicate dis-
tinct functional significance of specific structures for the 
subprocesses of decision making. In order to substantiate 
this assumption, the BART-variant was modified to allow 
the measurement of brain activity and connectivity pat-
terns during decisions, anticipation, and feedback process-
ing. Notwithstanding that these subprocesses of decision 
making are temporally and functionally related, this was 

achieved by a multipart trial that in addition to previous 
versions of the BART has not only subphases for decision 
making and for the feedback but also an additional sub-
phase for anticipation.

We assume to find activation in Nacc during decision 
making. In addition, with increasing risk of the decision, 
we expect decreased connectivity between Nacc and pre-
frontal regions, as well as increased amygdala and insula 
activation. For anticipation and for reward feedback, we 
also assume activation in Nacc. For loss feedback insula 
and amygdala activity are expected and a decrease in Nacc 
activation.

These hypotheses are part of our pre-registration on 
open science framework (http://​osf.​io/​b6uf5​). All further 
reported activity and connectivity analyses within and be-
tween the subprocesses of risky decision making are ex-
ploratory because the current state of literature does not 
allow firm conclusions.

2   |   METHOD

2.1  |  Participants

Thirty-six volunteers were recruited via an online plat-
form of the University of Konstanz (Sona) or personal 
contacts of the study team. Inclusion criteria were right-
handedness (according to the participants answers to a 
one-item question on handedness), MRI compatibility, 
and mental health. Mental health was verified by the tel-
ephone version of the Structured Clinical Interview for 
DSM-5 Disorders–Clinician Version (SCID-5-CV) inter-
view (Beesdo-Baum et al., 2019). The SCID-5-CV screens 
for present and past psychopathology according to DSM 5 
standards. Specifically, it assesses alcohol and substance 
use disorder, depressive disorder, bipolar disorder, psy-
chotic/schizophrenic disorder, eating disorders, anxiety 
disorders, obsessive–compulsive disorders and also in-
cludes questions addressing the presence of additional 
mental health concerns and allowing for open-ended re-
sponses. Individuals for whom mental health according to 
the SCID-5-CV could not be verified were not included in 
this study.

All participants had higher education entrance cer-
tification (at least 12 years of school education), suffi-
cient command of the German language, and normal or 
corrected-to-normal vision (participants with myopia or 
hyperopia received MRI-compatible glasses for the tasks). 
N = 7 participants did not accomplish the entire measure-
ments that consisted of 2 fMRI appointments (reasons for 
drop-out were: not finding time for the second appoint-
ment of the study (n = 4), invariable, stereotypic choice be-
havior in the BART, i.e., cashing out too soon, leading to no 

http://osf.io/b6uf5
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or at most one burst balloon, which does not allow calcu-
lation of the according fMRI contrasts (n = 2), withdrawal 
from the entire study due to dissatisfaction with the tasks 
(n = 1)), so that datasets of n = 29 participants (18 women, 
11 men, mean age: 23.14 ± 2.94 years, range 18–28 years) 
were available for analyses.

2.2  |  Procedure

Interested volunteers participated in a 30-min telephone 
interview in which they were screened for MRI compat-
ibility and mental health and were informed about study 
procedures and aims; i.e., investigating how risk is per-
ceived and how one reacts to perceived risk. As the study 
took place during the COVID-19 pandemic, infection 
risk and status were also inquired. Volunteers meeting 
the eligibility criteria were invited to two appointments 
3–5 weeks apart. The mean number of days between the 
appointments was 29.3 days (standard deviation 3.6; range 
21–37). As the data were collected during the COVID-19 
pandemic (August–December 2020), participants had to 
follow the local regulations, including wearing a face mask 
and getting their body temperature measured when enter-
ing the MRI facility (Neurological Rehabilitation Center 
Schmieder Clinic, Allensbach, Germany). The study has 
been approved by the ethics board of the University of 
Konstanz.

The first appointment started with further information 
about the tasks and measurements. Participants completed 
the MRI safety checklist, signed written informed consent, 
and practiced the tasks on a laptop using a response pad 
similar to the one during the MRI-measurement.

Both appointments were identical with respect to the 
45–50 min MRI session with the BART and a trustwor-
thiness evaluation task that is reported elsewhere and a 
post-experimental rating. The first appointment also had 
a questionnaire set on personality traits and emotion pro-
cessing. Participants received a compensation of 20 € per 
session in addition to the monetary gain of each BART 
(see details below).

2.3  |  Experimental task: Balloon analog 
risk task (BART) variant

In the novel BART variant, participants see a small bal-
loon on the monitor and decide to pump it up or to cash 
out. Decision making considers the sequential processes 
of previous inflations, including (1) the decision to further 
inflate the balloon or to cash out, (2) the subsequent an-
ticipation of a gain, and (3) feedback processing. Feedback 
varies between (a) expected reward feedback (cash out), 

(b) uncertain reward feedback upon pump decision, and 
(c) unexpected loss feedback (balloon popping following 
the decision to further inflate the balloon). While the risk 
of explosion increases with each inflation, reward also in-
creases with each successful inflation. Reward feedback 
within a trial is signaled by adding 0.25 € gain to the total 
monetary gain balance and the next size balloon on the 
monitor. If a balloon explodes before choosing to cash out, 
the accumulated money of the trial is lost. The present 
BART, in comparison to previous versions, has a separate 
anticipation phase between the decision and the feedback.

Within a series of 12 trials, each trial starts with a 3-s 
decision phase, in which a small green balloon is pre-
sented in the middle of the screen with the two decision 
options “inflate” (German: “aufpumpen”) and “cash out” 
(German: “auszahlen”) displayed beneath it (Figure  1). 
Participants are instructed that they should decide for 
each balloon whether they want to pump up or cash out. 
They are also instructed that each successful pump (no 
popping) is rewarded by 25 Cents, but that the accumu-
lated gain of the trial is lost in case of explosion, and that 
the risk of balloon popping increases with size thus, with 
each pump. Participants are told to indicate their decision 
choice by pressing the left or right button on the keypad 
with the thumb of their right hand, and if they do not re-
spond within the 3-s period, the option “inflate” is selected 
automatically. The decision phase is followed by a jittered 
inter-stimulus-interval (ISI) of 1–5 s, in which the fixation 
cross appears in the middle of the screen. Then, without 
response options, the same size balloon as in the deci-
sion phase is presented for 2 s in the anticipation phase, 
again followed by a jittered 1–5 s ISI. The final 2-s feed-
back phase is either an expected reward feedback (cash 
out option) that is illustrated by a golden colored balloon 
in the middle of the screen together with the word “re-
ward” (German: “Gewinn!”) underneath, an uncertain re-
ward (upon pump decision), illustrated by the next-sized 
green balloon together with the word “reward” beneath 
(German “Gewinn!”), or unexpected loss feedback with 
a red burst balloon with “loss” written beneath (German: 
“Verlust!”). At the end of a trial, the total gain within the 
trial and the total balance accumulated over all trials are 
presented for 2 s. In addition to these experimental trials, 
there are control trials with null events. Specifically, al-
ternating with the experimental trials, there are fixation 
crosses lasting for approximately 30 s, which include ITIs, 
ISIs, and one null event per condition.

Each trial comprises 9 balloons: the first presentation 
and up to 8 inflations by the participant. The probability 
of explosion linearly increases with each trial from zero 
to 8/9. The randomization for the explosion was imple-
mented as follows: For each trial, there was a logical vec-
tor of length 9. For the first trial, the vector contained eight 
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times false and once true, i.e., 1/9 probability of bursting. 
The ratio of false and true increased with each trial. Then, 
for each trial, the vector was randomly shuffled, and the 
value at the first position was considered. If it was true, 
the balloon would burst in the current round, if it was 
false, another inflation was possible.

Based on a simulation with a custom-made MATLAB 
script and using 100,000 balloons, our randomization algo-
rithm leads to an explosion after an average of 3.4 inflations.

2.4  |  Data acquisition

fMRI measurements took place at the Neurological 
Rehabilitation Center Schmieder Clinic, Allensbach, with 
a 3 T Siemens Skyra MRI and Syngo MR D13 software, 
using a 32-channel coil. First, anatomical images were ac-
quired using an MPRage protocol with a slice thickness of 
1 mm, repetition time 2.5 s, echo time 4.06 ms, field of view 
256 mm, flip angle 7°, and 192 slices. Participants watched 
a nature movie during all measurements preceding the 
first task. During the tasks, blood-oxygen level-dependent 
brain signals were measured using echo-planar imaging 
with 38 interleaved slices, with a slice thickness of 3.4 mm 
and no gap. Repetition time was 2.5 s, echo time 30 ms, 
flip angle 80°, matrix 64 × 64, and field of view 218 mm. A 

maximum of 800 volumes could be measured, but since 
experiment time was dependent on individual response 
behavior, the sequence was manually stopped at the end 
of the experiment. Regions of interest were the left and 
right anterior cingulate cortex (left: 400 voxels; right: 362 
voxels, taken from the Neuromorphometrics, Inc. Atlas 
(Bakker et al., 2015)); left and right insula (left: 592 vox-
els; right 492 voxels, taken from MARINA (Walter, 2003)); 
left and right nucleus accumbens (left: 51 voxels; right: 
44 voxels, taken from AAL3 (Rolls et al.,  2020)); medial 
prefrontal cortex (1431 voxels, union of medial superior 
frontal and orbital superior frontal regions in MARINA), 
dorsolateral prefrontal cortex (left: 228 voxels, right: 373 
voxels, union of BA9 and BA46 from WFU Pickatlas TD 
(Maldjian et  al.,  2003, 2004), with the medial parts re-
moved), and amygdala (left: 84 voxels, right: 91 voxels, 
taken from Neuromorphometrics, Inc. Atlas (Bakker 
et al., 2015)).

Experimental paradigms were programmed and pre-
sented using presentation (Version 21.1 Build 09.05.19, 
Neurobehavioral Systems, Inc., www.​neuro​bs.​com). 
Participants gave their responses on a diamond-shaped 
4-button Lumina response pad LS-DIAM (Cedrus Design, 
www.​cedrus.​com). The masks, as well as the BART pre-
sentation file and analysis scripts are available on https://​
osf.​io/​pkbt6/​​. In addition, we make the fMRI data (raw, 

F I G U R E  1   BART paradigm flow, first three lines are possible steps of each experimental trial, fourth line is the control trial comprising 
null events in form of fixation crosses for each condition. The reward of 1€ indicates cashing out after the 4th balloon with each giving 25 
Cent.

http://www.neurobs.com
http://www.cedrus.com
https://osf.io/pkbt6/?view_only=0d1ca622082549b2b0b299af25df5a02
https://osf.io/pkbt6/?view_only=0d1ca622082549b2b0b299af25df5a02
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converted nifit-files of the EPIs) available upon request to 
researchers signing a data protection statement.

2.5  |  Data analysis

Behavioral data were analyzed using custom scripts 
in MATLAB 2020b (version 9.9.0 (R2020b). Natick, 
Massachusetts: The MathWorks Inc.) and R (R Foundation 
for Statistical Computing, Vienna, Austria. https://​www.​
R-​proje​ct.​org).

The average number of pumps of balloons that did 
not explode (“adjusted number of pumps”) was ana-
lyzed as a correlate of risky decision making (Lejuez, 
Aklin, Zvolensky, & Pedulla,  2003; Lejuez et  al.,  2002). 
fMRI data analysis was also performed using MATLAB 
2020b (version 9.9.0 (R2020b). Natick, Massachusetts: 
The MathWorks Inc.) and with the Statistical Parametric 
Mapping 12 toolbox (SPM12, https://​www.​fil.​ion.​ucl.​ac.​
uk/​spm/​softw​are/​spm12/​​).

Preprocessing included slice time correction to the 
middle slice, realignment to the mean image and unwarp-
ing, normalization with resampling to 3 × 3 × 3 mm voxel 
size, and smoothing with a 9 mm Gaussian kernel.

For the first-level models, an event-related design was 
chosen, and data were high-pass filtered at 512 s. For stan-
dard activation analyses as preregistered on Open Science 
Framework (https://​osf.​io/​b6uf5​), a GLM with 8 regres-
sors of interest was set-up: decision phase, the anticipa-
tion phase, the feedback phase (separated into expected 
reward feedback, unexpected loss feedback, and uncer-
tain reward feedback), the null events, the accumulated 
winnings screen, and the participants' key presses. In ad-
dition, six movement parameters from the realignment 
procedure served as regressors of no interest. Duration of 
all events was set to 0 s.

Based on these regressors, we set up the following 
contrasts: decision making > null, reward anticipation > 
null, uncertain reward feedback > null, expected reward 
feedback > null, unexpected loss feedback > null, rewards 
> null, expected reward feedback > unexpected loss feed-
back, decision making > reward anticipation, decision 
making > uncertain reward feedback, decision making > 
expected reward feedback, uncertain reward feedback > 
expected reward feedback, reward anticipation > expected 
reward feedback, reward anticipation > uncertain reward 
feedback, uncertain reward feedback > unexpected loss 
feedback.

In addition, creating of the parametric modulation 
parameters for each person at the first level was accom-
plished in 2 steps. First, each balloon presentation in each 
phase was numbered, starting with 1 for the lowest risk 
balloon in every trial, increasing by 1 for each subsequent 

balloon within the trial. Second, the riskiness numbers 
were normalized to mean 1 for each subject in order to re-
duce correlations with the main regressor and to increase 
comparability of the parametric modulator over partici-
pants. For the results, we only consider the decision, an-
ticipation, and uncertain rewards in trials for which the 
participants chose to pump up the balloon, because these 
conditions occur several times for each trial and have 
enough events for the parametric modulation (i.e., the 
final feedback screens are not analyzed with parametri-
cal modulation). Trials in which participants decided to 
cash out were omitted because they are followed by an 
expected reward and would therefore not represent the 
highest risk in a row.

To investigate brain–behavior relationships, we per-
formed generalized psychophysiological interaction 
analyzes (gPPI), which have been shown to have high sen-
sitivity and specificity, also in tasks including more than 
2 conditions (McLaren et  al.,  2012). The gPPI analyses 
are based on the first level models of regular activation 
analyses. Because we were interested in the connectivity 
changes depending on the riskiness of a trial, we based 
the gPPI analyses on the parametric modulation analyses. 
The durations were set to the response time during the 
decision events and to 2 s (i.e., the duration of stimulus 
presentation) for the other conditions.

In the gPPI analysis, the eigenvariates of the seed re-
gions were extracted at the default significance threshold 
of .5 to obtain a seed region time course from our ROIs. 
Deconvolution of the extracted neural signal leads to the 
estimated neural activity, which is then separately multi-
plied by the condition-specific regressors and finally con-
volved with the HRF.

gPPI analyses were performed on the decision, antici-
pation, and uncertain reward feedback events of the trials 
in which participants chose to inflate the balloon. Left and 
right Nacc were used as seed regions.

The second-level analyses were performed on the first-
level contrasts using t-tests. Whole-brain activation data 
were considered at a significance threshold of p < .05, 
FWE-corrected, with a minimum cluster size k > 10. For 
parametric modulation, whole-brain activation, and gPPI 
results, we used p < .001, uncorrected, k > 10. All small-
volume analyses were conducted at whole brain p < .05, 
with peak-level FWE-correction p < .05, k > 10.

3   |   RESULTS

3.1  |  Decision behavior

Participants decided for balloon inflation on average 2.7 
(±0.6) times per trial. Figure 2 displays the distribution of 

https://www.r-project.org
https://www.r-project.org
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
https://osf.io/b6uf5
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the last inflation decisions for each trial and person, i.e., 
how often did a person inflate before cashing out or explo-
sion. Considering only successful inflations that did not 
lead to an explosion of the balloon, the average adjusted 
number of pumps was 2.1 (±0.7). Of the 12 trials, the bal-
loon exploded on average 4.5 (±1.4) times.

For inflation decisions leading to uncertain rewards, the 
average RT was 862 ms (±227 ms); for inflation decisions 
leading to unexpected losses, the average RT was 921 ms 
(±410 ms); and for expected reward decisions, the average 
RT was 717 ms (±252 ms). Paired-sample t-tests show signif-
icant differences between uncertain reward and expected 
reward decisions (p < .0001) and between expected reward 
and unexpected loss decisions (p = .0011), but not between 
uncertain reward with unexpected losses (p = .270).

Due to the individual decision behavior, the average 
number of volumes collected during the MRI measure-
ment was 428 (±38), resulting in an average experiment 
duration of approximately 18 min.

3.2  |  fMRI activation patterns

Overall whole-brain results demonstrate strong effects of 
distinct activation patterns for the different decision pro-
cesses: During decisions compared to null events, wide-
spread increased activation includes insula, thalamus, 
and striatum.

Anticipation compared to null events increased acti-
vation mainly in insula, inferior prefrontal, and inferior 

frontal gyrus. Feedback prompted another distinction 
of prominent activation patterns: For uncertain rewards 
compared to null events, stronger activation was mea-
sured in mPFC, insula, inferior parietal lobe, thalamus, 
striatum.

Expected rewards relative to null events were associ-
ated with increased activation in a large cluster spanning 
fusiform gyrus and visual association cortex, whereas un-
expected losses are associated with stronger activation in 
inferior prefrontal gyrus reaching into insula and dorsal 
ACC. Activation is decreased during unexpected losses 
compared to the null events in pre-motor and primary 
motor areas.

For detailed results, please refer to Table 1 for whole-
brain and Table 2 for small-volume corrected results, and 
for a visualization to Figure 3.

In support of our hypotheses, small-volume correction 
confirmed increased activation in the bilateral Nacc for 
decision making, reward anticipation, and uncertain re-
wards relative to null events. In addition, conditions differ 
significantly in that decision making prompts the stron-
gest bilateral Nacc activation, uncertain rewards medium 
Nacc activation, and reward anticipation the lowest Nacc 
activation compared to the other two phases. No signif-
icant Nacc activation is confirmed during expected re-
ward feedback. The expectation of a negative association 
of unexpected loss feedback (relative to null events) with 
Nacc activation was not confirmed. In contrast, there was 
a positive association of unexpected loss feedback with 
Nacc activation (see Figure 4 boxplots). In line with the 

F I G U R E  2   Distribution of balloon 
inflation frequencies across participants.
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T A B L E  1   Activation: Whole brain.

Area Hemisphere BA Cluster

MNI

t-valuex y z

Decision making >0

Cerebellum Right 15,263 27 −55 −19 17.28

Somatosensory Cortex Left 3 −45 −19 56 16.66

Primary Motor Cortex Left 4 −36 −31 65 16.11

Frontopolar area Left 10 144 −30 41 23 9.01

Dorsolateral prefrontal cortex Left 9 −33 38 35 6.97

Frontopolar area Right 10 162 33 47 20 7.81

Dorsolateral prefrontal cortex Right 9 30 35 32 6.84

Dorsolateral prefrontal cortex Right 9 24 32 26 6.66

Cerebellum Left 40 0 −25 −40 7.50

Reward anticipation >0

Fusiform gyrus Left 37 602 −39 −52 −16 12.38

Visual association cortex Left 19 −39 −67 −10 11.46

Cerebellum Left −39 −43 −28 8.74

Inferior prefrontal gyrus Right 47 587 33 26 −7 10.58

Dorsolateral prefrontal cortex Right 9 39 11 29 10.34

Inferior frontal gyrus, pars opercularis Right 45 33 26 5 9.43

Insula Left 13 112 −33 23 8 10.29

Inferior prefrontal gyrus Left 47 −30 23 −4 9.39

Fusiform gyrus Right 37 799 45 −49 −10 10.18

Visual association cortex Right 19 30 −88 8 9.94

Visual association cortex Right 19 33 −76 −7 9.77

Somatosensory association cortex Left 7 90 −24 −55 41 9.07

Pre-motor and supplementary motor 
cortex

Left 6 72 −39 2 47 8.69

Dorsolateral prefrontal cortex Left 9 −39 5 29 6.50

Somatosensory association cortex Right 7 120 24 −52 44 7.41

Cerebellum Left 20 −15 −73 −37 7.21

Uncertain reward >0

Cerebellum Left 3957 −42 −49 −31 12.38

Fusiform gyrus Left 37 −39 −64 −7 11.94

Visual association cortex Right 18 18 −94 17 11.81

Inferior prefrontal gyrus Right 47 3084 27 32 2 10.33

Inferior prefrontal gyrus Right 47 33 23 −10 10.00

Inferior prefrontal gyrus Right 47 27 26 −4 9.96

Somatosensory association cortex Left 7 461 −21 −55 44 9.86

Supramarginal gyrus Left 40 −36 −31 47 8.55

Somatosensory cortex Left 1 −54 −19 53 6.01

Dorsal posterior cingular cortex Right 31 692 24 −52 35 9.48

Supramarginal gyrus Right 40 36 −46 41 8.08

Supramarginal gyrus Right 40 48 −31 50 7.48

Superior frontal gyrus Left 79 −30 56 20 9.46

Frontopolar area Left 10 −33 35 29 6.03

Cerebellum Right 67 24 −64 −49 7.43
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Area Hemisphere BA Cluster

MNI

t-valuex y z

Cerebellum Right 18 −67 −43 6.66

Cerebellum Right 33 −52 −52 6.35

Orbitofrontal area Right 11 25 21 44 −16 7.22

Pre-motor and supplementary motor 
cortex

Left 6 23 −30 −7 68 6.64

Pre-motor and Supplementary motor 
cortex

Left 6 10 −24 −7 53 6.33

Expected reward >0

Fusiform gyrus Left 37 1091 −36 −49 −13 12.89

Fusiform gyrus Left 37 −39 −64 −10 11.69

Visual association cortex Left 19 −36 −73 −10 10.99

Visual association cortex Right 19 1021 36 −76 −4 12.25

Fusiform gyrus Right 37 39 −61 −13 11.69

Primary visual cortex Right 17 18 −91 5 10.65

Parahippocampal gyrus Right 30 19 18 −49 5 7.03

Unexpected loss >0

Inferior prefrontal gyrus Right 47 12,123 51 23 −4 15.18

Fusiform gyrus Left 37 −33 −52 −16 14.95

Inferior prefrontal gyrus Right 47 42 20 −7 14.22

Inferior prefrontal gyrus Left 47 536 −33 17 −16 11.68

Insula Left 13 −30 17 14 7.26

Cerebellum Left 13 −9 −55 −40 6.72

Cerebellum Right 16 12 −58 −40 6.66

Cerebellum Right 3 −55 −40 5.91

Dorsal anterior cingulate cortex Left 32 15 −27 41 14 6.58

0 > unexpected loss

Pre-motor and supplementary motor 
cortex

Right 6 74 3 −22 65 8.26

Primary motor cortex Right 4 41 33 −16 53 7.15

Reward anticipation > decision making

Caudate Left 12 −27 −43 8 6.87

Decision making > reward anticipation

Somatosensory cortex Left 3 16,737 −42 −22 44 18.27

Somatosensory cortex Left 3 −45 −19 56 18.12

Primary motor cortex Left 4 −36 −31 62 17.05

Frontopolar area Left 10 211 −27 41 26 10.32

Dorsolateral prefrontal cortex Left 9 −33 38 35 7.93

Cerebellum Right 62 0 −25 −40 8.74

Expected reward > unexpected loss

Pre-motor and supplementary motor 
cortex

Right 6 12 9 −19 62 6.49

Unexpected loss > expected reward

Inferior prefrontal gyrus Right 47 728 36 20 −19 14.45

Inferior prefrontal gyrus Right 47 51 23 −4 12.06

T A B L E  1   (Continued)

(Continues)
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Area Hemisphere BA Cluster

MNI

t-valuex y z

Inferior prefrontal gyrus Right 47 42 17 −7 10.79

Inferior prefrontal gyrus Left 47 402 −36 17 −19 12.03

Insula Left 13 −36 14 2 7.28

Insula Left 13 −33 20 8 7.04

Pre-motor and supplementary motor 
cortex

Right 6 1992 15 14 65 11.91

Dorsal anterior cingulate cortex Right 32 9 38 26 11.62

Ventral anterior cingulate cortex Left 24 −3 38 11 11.43

Supramarginal gyrus Right 40 362 57 −46 35 8.73

Supramarginal gyrus Right 40 57 −37 35 8.43

Middle Temporal gyrus Right 21 48 −25 −7 7.91

Visual association cortex Right 18 1251 21 −79 −10 8.38

Visual association cortex Left 19 −27 −79 −16 7.88

Fusiform gyrus Right 37 33 −46 −19 7.87

Ventral posterior cingulate cortex Right 23 63 3 −16 32 7.72

Supramarginal gyrus Left 40 79 −60 −52 26 7.42

Supramarginal gyrus Left 40 −57 −49 38 7.37

Frontopolar area Left 9 61 −24 47 29 6.88

Dorsolateral prefrontal cortex Left 10 −24 41 20 6.76

Frontopolar area Left −30 50 14 6.24

Hypothalamus Right 38 6 −4 −1 6.79

Caudate Right 6 −1 14 6.14

Thalamus Right 6 −10 20 6.11

Expected reward > uncertain reward

n.s.

Uncertain reward > expected reward

Pre-motor and supplementary motor 
cortex

Left 6 408 −6 5 53 10.46

Dorsal anterior cingulate cortex Right 32 9 29 29 8.23

Dorsal anterior cingulate cortex Left 32 −9 20 38 7.84

Somatosensory Cortex Left 2 337 −42 −25 50 9.03

Pre-motor and supplementary motor 
cortex

Left 6 −27 −10 56 8.34

Pre-motor and supplementary motor 
cortex

Left 6 −30 −10 65 7.24

Cerebellum Right 67 39 −46 −34 7.95

Cerebellum Right 18 −52 −22 6.86

Dorsolateral prefrontal cortex Right 9 148 33 38 32 7.95

Dorsolateral prefrontal cortex Right 9 27 44 35 7.63

Frontopolar area Right 10 33 53 26 7.63

Insula Left 13 25 −36 14 5 7.63

Cerebellum Left 18 −42 −52 −34 7.13

Frontopolar area Left 10 19 −33 56 17 6.74

Dorsolateral prefrontal cortex Left 9 34 −33 38 32 6.62

Frontopolar area Left 10 −27 47 32 6.50

T A B L E  1   (Continued)
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hypotheses, unexpected loss prompted stronger activa-
tion in the bilateral insula and amygdala compared to null 
events.

Contrasts between the conditions show a small clus-
ter of stronger activation in the caudate for reward an-
ticipation than for decision making, and vice versa large 
clusters of stronger activation including insula, stria-
tum, and mPFC for decision making compared to reward 
anticipation.

Expected rewards compared to unexpected losses have 
stronger activation in a small cluster in pre-motor cortex. 
The reverse contrast, unexpected losses minus expected 
rewards, has several large clusters of increased activation, 
including insula and mPFC reaching into ventral ACC 
and ventral PCC.

Expected rewards show no significantly stronger ac-
tivation than uncertain rewards, but uncertain rewards 
are associated with increased activation compared to ex-
pected rewards in several clusters, including pre-motor 
cortex, dorsal ACC, DLPFC, insula, and frontopolar 
area.

Uncertain rewards show no increased activation com-
pared to unexpected losses. But unexpected losses show 
stronger activation than uncertain rewards in widespread 
regions, including mPFC, insula, and ACC.

For all ROIs (Nacc, insula, ACC, amygdala, mPFC, 
DLPFC), activation was significantly stronger during 
decision making than during reward anticipation and 
also during unexpected losses than expected rewards. 
Uncertain rewards compared to expected rewards are 

Area Hemisphere BA Cluster

MNI

t-valuex y z

Uncertain reward > unexpected loss

n.s.

Unexpected loss > uncertain reward

Inferior prefrontal gyrus Right 47 2627 33 17 −16 12.86

Inferior prefrontal gyrus Right 47 51 23 −4 12.46

Fusiform gyrus Right 37 27 −40 −16 11.09

Inferior prefrontal gyrus Left 47 386 −33 17 −19 11.50

Middle temporal gyrus Left 21 −39 −7 −16 7.57

Medial frontal gyrus Right 8 1427 6 50 44 10.65

Dorsolateral prefrontal cortex Right 9 3 53 20 10.50

Pre-motor and supplementary motor 
cortex

Right 6 9 20 65 10.25

Middle temporal gyrus Right 21 565 51 −25 −7 9.15

Superior temporal gyrus Right 22 57 −46 11 8.89

Primary and auditory association cortex Right 42 57 −37 11 8.77

Ventral anterior cingulate cortex Right 24 78 0 −16 38 8.77

Supramarginal gyrus Left 40 195 −60 −52 26 8.72

Middle temporal gyrus Left 21 −60 −49 8 6.63

Angular gyrus Left 39 −54 −58 11 6.55

Midbrain Right 24 3 −25 −22 7.58

Angular gyrus Left 39 45 −42 −76 17 7.04

Visual association cortex Left 19 −27 −88 11 6.77

Somatosensory association cortex Right 7 132 12 −76 50 6.65

Somatosensory association cortex Right 7 3 −79 35 6.43

Somatosensory association cortex Right 7 12 −70 38 6.40

Thalamus Right 12 6 −7 2 6.61

Thalamus Left −3 −10 2 5.94

Middle temporal gyrus Left 21 11 −51 2 −28 6.52

T A B L E  1   (Continued)
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T A B L E  2   Activation: small-volume correction.

Area Hemisphere Cluster

MNI

t-valuex y z

Decision making >0

Nacc Left 38 −12 11 −10 6.18

−9 5 −10 6.04

Nacc Right 44 15 5 −10 9.65

15 14 −7 8.57

Insula Left 572 −45 −1 5 12.53

−42 −4 8 11.57

−36 14 2 11.09

Insula Right 343 36 23 5 11.45

39 −1 11 9.83

45 11 −4 9.79

ACC Left 149 −6 23 26 9.51

ACC Right 194 9 23 32 12.02

Amygdala Left 18 −18 −4 −13 5.15

−18 −10 −10 4.37

Amygdala Right n.s.

mPFC 153 −3 17 41 11.65

6 20 41 9.44

6 29 38 6.62

DLPFC Left 82 −54 8 32 10.93

61 −33 38 35 6.97

10 −45 38 23 4.00

DLPFC Right 365 45 5 38 10.92

45 11 29 10.51

54 8 35 10.22

Reward anticipation >0

Nacc Left 14 −9 5 −10 4.23

Nacc Right 28 12 5 −10 5.84

9 5 −4 4.43

Insula Left 207 −33 23 8 10.29

−30 23 −4 9.39

Insula Right 148 33 26 −4 9.84

33 26 5 9.43

30 23 −10 9.14

ACC Left n.s.

ACC Right n.s.

Amygdala Left n.s.

Amygdala Right n.s.

mPFC 158 6 23 44 5.07

6 32 41 4.83

DLPFC Left 91 −45 5 35 5.83



      |  13 of 37SCHMIDT et al.

Area Hemisphere Cluster

MNI

t-valuex y z

DLPFC Right 286 45 14 29 8.71

48 29 17 7.86

39 11 35 7.61

Uncertain reward >0

Nacc Left 48 −12 14 −7 7.80

−9 5 −10 6.49

Nacc Right 44 12 17 −7 8.06

12 11 −7 7.98

12 5 −10 7.86

Insula Left 383 −39 17 −4 8.36

−27 23 −10 7.68

−27 23 11 7.43

Insula Right 226 33 23 −10 10.00

36 17 −1 7.98

33 23 14 6.61

ACC Left 161 −6 26 29 6.92

ACC Right 187 9 23 32 9.44

Amygdala Left n.s.

Amygdala Right 26 15 −7 −13 4.02

18 −1 −16 3.71

mPFC 338 6 20 41 8.63

−9 29 29 5.33

−12 35 26 4.54

DLPFC Left 185 −42 5 38 6.30

−36 38 35 5.74

−42 32 35 5.29

23 −45 35 23 4.25

DLPFC Right 358 39 8 38 8.63

45 29 23 8.63

33 47 32 8.48

Expected reward >0

Nacc Left n.s.

Nacc Right n.s.

Insula Left n.s.

Insula Right n.s.

ACC Left n.s.

ACC Right n.s.

Amygdala Left n.s.

Amygdala Right n.s.

mPFC n.s.

DLPFC Left n.s.

T A B L E  2   (Continued)

(Continues)
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Area Hemisphere Cluster

MNI

t-valuex y z

DLPFC Right 217 54 23 29 4.99

42 11 35 4.78

45 29 20 4.25

Unexpected loss >0

Nacc Left 33 −6 14 −10 3.43

−6 20 −7 3.34

Nacc Right 37 6 11 −4 3.35

15 14 −13 3.26

Insula Left 448 −33 17 −16 11.68

−30 17 14 7.26

−36 −7 −13 6.23

Insula Right 345 42 20 −7 14.22

33 17 −16 14.00

42 −7 −13 4.81

ACC Left 375 −9 32 20 11.38

−3 38 8 9.99

−3 23 17 9.56

ACC Right 362 6 38 5 10.16

6 38 11 10.11

9 26 32 10.02

Amygdala Left 84 −30 −4 −22 5.67

−27 −1 −19 5.31

−21 −13 −10 4.86

Amygdala Right 91 24 −13 −13 6.55

27 2 −22 6.46

33 −4 −22 6.19

mPFC 1325 9 35 35 10.15

6 26 59 9.37

−3 38 32 9.33

DLPFC Left 171 −24 50 35 4.57

−54 20 29 4.36

−42 8 38 4.28

DLPFC Right 367 33 47 32 8.19

48 29 17 7.97

45 17 29 7.36

0 > unexpected loss

Nacc Left n.s.

Nacc Right n.s.

Insula Left n.s.

Insula Right n.s.

ACC Left n.s.

ACC Right n.s.

Amygdala Left n.s.

T A B L E  2   (Continued)
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Area Hemisphere Cluster

MNI

t-valuex y z

Amygdala Right n.s.

mPFC n.s.

DLPFC Left n.s.

DLPFC Right n.s.

Reward anticipation > decision making

Nacc Left n.s.

Nacc Right n.s.

Insula Left n.s.

Insula Right n.s.

ACC Left n.s.

ACC Right n.s.

Amygdala Left n.s.

Amygdala Right n.s.

mPFC n.s.

DLPFC Left n.s.

DLPFC Right n.s.

Decision making > reward anticipation

Nacc Left 41 −12 14 −7 6.53

Nacc Right 44 15 14 −7 9.62

Insula Left 588 −45 −1 5 13.79

−42 −4 8 12.89

−39 −7 11 12.84

Insula Right 468 45 5 2 11.76

39 −1 11 11.24

45 11 −4 10.85

ACC Left 318 −3 23 29 10.69

−9 44 −4 4.32

ACC Right 316 9 23 32 12.52

9 38 −7 4.34

6 44 −4 4.17

Amygdala Left 44 −18 −4 −13 5.01

−18 −10 −10 4.84

−30 −7 −28 4.11

Amygdala Right 27 33 −4 −25 3.17

mPFC 102 −3 17 41 13.39

−9 29 29 6.36

−9 26 35 6.31

381 6 53 −4 4.76

3 56 −7 4.74

9 50 −1 4.71

DLPFC Left 75 −54 8 32 11.06

74 −33 38 35 7.93

T A B L E  2   (Continued)
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Area Hemisphere Cluster

MNI

t-valuex y z

DLPFC Right 124 57 8 35 10.91

100 30 38 35 7.59

33 47 32 6.93

30 32 35 6.89

Expected reward > unexpected loss

Nacc Left n.s.

Nacc Right n.s.

Insula Left n.s.

Insula Right n.s.

ACC Left n.s.

ACC Right n.s.

Amygdala Left n.s.

Amygdala Right n.s.

mPFC n.s.

DLPFC Left n.s.

DLPFC Right n.s.

Unexpected loss > expected reward

Nacc Left 30 −6 20 −7 4.06

Nacc Right 362 0 38 11 10.68

9 38 23 10.54

6 35 8 10.14

Insula Left 484 −33 17 −19 11.83

−30 20 −13 10.78

−36 14 2 7.28

Insula Right 366 33 17 −16 12.66

36 23 −19 12.36

42 17 −7 10.79

ACC Left 395 −3 38 11 11.43

−6 38 26 10.83

0 23 17 8.87

ACC Right 362 0 38 11 10.68

9 38 23 10.54

6 35 8 10.14

Amygdala Left 84 −30 −1 −25 5.15

−18 −7 −13 5.12

−27 −1 −19 5.07

Amygdala Right 91 21 −4 −16 0.00

27 2 −22 0.00

24 −13 −13 0.00

mPFC 1373 −6 38 29 10.92

0 50 20 9.74

−9 41 20 9.19

T A B L E  2   (Continued)
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Area Hemisphere Cluster

MNI

t-valuex y z

DLPFC Left 91 −27 47 35 6.20

−33 26 35 4.83

DLPFC Right 319 33 47 32 7.14

39 29 44 4.92

39 32 32 4.84

Expected reward > uncertain reward

Nacc Left n.s.

Nacc Right n.s.

Insula Left n.s.

Insula Right n.s.

ACC Left n.s.

ACC Right n.s.

Amygdala Left n.s.

Amygdala Right n.s.

mPFC n.s.

DLPFC Left n.s.

DLPFC Right n.s.

Uncertain reward > expected reward

Nacc Left 46 −12 11 −10 4.40286732

Nacc Right 41 15 14 −7 4.80942822

Insula Left 367 −36 14 5 7.63141441

−33 20 −10 4.18157244

Insula Right 248 33 23 −10 5.83683491

42 14 2 5.60047531

36 17 8 5.58169985

ACC Left 205 −6 29 29 7.73474836

ACC Right 41 15 14 −7 4.80942822

Amygdala Left n.s.

Amygdala Right n.s.

mPFC 331 0 29 32 7.29672146

−6 32 29 7.04426432

−3 17 41 6.72317123

DLPFC Left 88 −27 47 35 6.40153313

DLPFC Right 158 27 44 35 5.56693085

39 32 32 4.77563148

Uncertain reward > unexpected loss

Nacc Left 15 −12 11 −10 3.21800017

Nacc Right n.s.

Insula Left n.s.

Insula Right n.s.

ACC Left n.s.

ACC Right n.s.

Amygdala Left n.s.

T A B L E  2   (Continued)
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associated with higher activation in all ROIs except amyg-
dala. Expected compared to uncertain rewards had no 
stronger activation in any of the ROIs. Finally, uncertain 
rewards compared to unexpected losses had stronger acti-
vation in the left Nacc, but unexpected losses had stronger 
activation than uncertain rewards in all ROIs except Nacc 
and left DLPFC.

Whole-brain results of the parametric modulation of 
riskiness of decision show that riskier decisions are linked 
to stronger activation in the inferior prefrontal gyrus, cau-
date, hippocampus, and DLPFC (Figure 5). Small-volume 
correction confirmed stronger activation in the right in-
sula with riskier decisions, but contrary to the hypothesis 

no activation differences in the amygdala. Please refer to 
Table 3 for all whole-brain results from parametric mod-
ulation and Table 4 for all small-volume corrected results 
from parametric modulation.

Beyond that, exploratory ROI analyses revealed a nega-
tive association between riskiness during decision making 
and activation in bilateral Nacc, insula, amygdala, and left 
ACC. Whole-brain analyses for the same contrast, i.e., less 
riskiness during decision making, showed increased acti-
vation in widespread areas including insula, dorsal ACC, 
orbitofrontal area, DLPFC.

On a whole-brain level, reward anticipation during 
riskier trials was associated with increased activation in 

Area Hemisphere Cluster

MNI

t-valuex y z

Amygdala Right n.s.

mPFC n.s.

DLPFC Left n.s.

DLPFC Right n.s.

Unexpected loss > uncertain reward

Nacc Left n.s.

Nacc Right n.s.

Insula Left 362 −33 17 −19 11.5026321

−36 −7 −13 6.35127878

−39 −10 −7 5.11725044

Insula Right 386 33 17 −16 12.8611927

45 20 −7 9.9310236

42 −7 −13 6.27829266

ACC Left 397 0 23 17 9.2536974

0 38 8 9.12949944

−6 38 5 9.00330925

ACC Right 362 6 44 8 10.022438

6 38 5 9.98825836

3 23 17 9.3745079

Amygdala Left 84 −30 −4 −22 5.97138166

−30 −10 −19 5.37122583

Amygdala Right 91 24 −13 −13 6.8914156

27 −1 −19 6.24873257

mPFC 1384 6 50 44 10.6491365

3 53 20 10.4972439

9 53 41 10.0991449

DLPFC Left n.s.

DLPFC Right 188 54 32 14 5.02734947

54 26 23 4.37021446

45 17 29 4.25833178

T A B L E  2   (Continued)
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several cortical regions including DLPFC and fusiform 
gyrus, whereas reward anticipation during lower-risk tri-
als was associated with increased activation in areas in-
cluding insula and dorsal ACC.

ROI analyses confirmed association of riskier trials 
with DLPFC, and lower-risk trials with Nacc, left Insula, 
and left ACC.

Exploratory whole-brain analyses revealed a positive 
association of higher-risk trials during uncertain reward 
feedback with DLPFC, Fusiform Gyrus, and further 

visual processing areas. In contrast, lower-risk trials 
during uncertain reward feedback revealed stronger 
activation in insula, ventral PCC, and ventral ACC, as 
well as different areas associated with motor and visual 
processing.

ROI analyses showed increased activation in ACC, 
Amygdala, and mPFC for the positive association and in-
creased activation in insula, ACC, mPFC, and DLPFC for 
the negative association.

3.3  |  fMRI connectivity

Overall, left and right Nacc as seed regions showed con-
nectivity to similar and overlapping cortical brain areas 
(Figure 5).

With increasing risk of the decisions, on a whole-
brain level, there was increased connectivity to inferior 
prefrontal gyrus and frontopolar area reaching into ven-
tral ACC.

ROI analyses confirmed increased connectivity with 
ACC, insula, and mPFC. Whole brain and small-volume 
corrected connectivity results are listed in Tables 5 and 6, 
respectively.

With increasing riskiness, whole-brain analyses 
showed increased connectivity to Fusiform Gyrus, in-
ferior frontal and prefrontal gyrus reaching into insula, 
Hypothalamus, and areas of visual processing during the 
anticipation phase.

ROI analyses confirmed increased connectivity with 
right DLPFC and bilateral insula.

On a whole-brain level, with higher riskiness, uncer-
tain rewards were associated with stronger connectivity to 
middle temporal gyrus, fusiform gyrus, DLPFC, and infe-
rior frontal gyrus.

ROI analyses confirmed increased connectivity with 
bilateral DLPFC.

F I G U R E  3   fMRI activation during all conditions versus the 
null events. pFWE <.05, minimal cluster size k = 10. Bar to the 
bottom, indicating the T-values. Slice coordinate: Z = 0.

F I G U R E  4   Boxplots depicting 
median, 25th and 75th percentile of 
the mean eigenvariate values over both 
Nacc-masks, with 1 value per participant 
per condition. Decision making, reward 
anticipation, and uncertain reward are 
significantly different to each other at 
p < .05. Expected reward and unexpected 
losses are only presented for completeness 
but are not subjected to statistical tests 
due to the low trial number and therefore 
low power.
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4   |   DISCUSSION

For the present study we developed a novel fMRI-variant 
of the widely used BART. The adapted BART not only pre-
serves its original design but at the same time introduces 
three essential subprocesses of risk taking: decision mak-
ing, reward anticipation and feedback. Our results show 
that the Nacc is differentially activated across all three 
subprocesses, further revealing functional connectivity to 
specific brain regions involved in decision making under 
varying levels of risk. This interaction, depending on the 
specific phase of the task and the level of risk involved, 
highlights the multifaceted nature of risky decision mak-
ing which needs to be considered during the assessment. 
Overall, our results offer compelling evidence supporting 

the assumption of differential functional activation and 
connectivity patterns throughout the course of risky deci-
sion making. This essential advancement emphasizes the 
instrumental value of our novel BART-variant.

While some of our findings align with our initial hy-
potheses based on existing literature, we also introduce 
highly relevant insights not reported previously. In agree-
ment with our hypothesis, activation in Nacc was mea-
sured during decision making, reward anticipation, and 
uncertain reward feedback, but not during expected re-
ward feedback. Contrary to our expectations, Nacc was 
also activated by unexpected loss feedback. Nacc activity 
upon uncertain, but lack of Nacc upon certain reward 
feedback (cash out condition) is in agreement with the 
role of the Nacc in motivational salience and uncertainty 

F I G U R E  5   Parametric modulation of 
the distinct processes, activation, and gPPI 
connectivity results. p < .001, minimal 
cluster size k = 10. Colorbars indicating 
the T-values. Slice coordinates: X = -9, 
Y = 10, Z = -10.
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T A B L E  3   Activation: Parametric modulation—whole brain.

Area Hemisphere BA Cluster

MNI

t-valuex y z

Decision making × risk

Positive correlation

Caudate tail Right 90 18 −34 20 5.69

Caudate tail Right 24 −40 20 5.36

Inferior prefrontal gyrus Right 47 144 42 23 2 5.57

Inferior prefrontal gyrus Right 47 36 26 −10 4.46

Caudate tail Left 71 −18 −37 17 5.02

Hippocampus Left −30 −49 5 4.13

Caudate tail Left −24 −46 11 4

Caudate body Right 26 6 2 20 4.96

Frontopolar area Right 10 37 18 50 26 4.38

Dorsolateral prefrontal cortex Left 9 14 −9 44 23 4.13

Frontopolar area Left 10 −9 50 17 4.02

Negative correlation

Retrosplenial cingular cortex Right 29 7737 6 −46 14 8.54

Angular gyrus, part of Wernicke's area Right 39 51 −61 23 7.79

Retrosplenial cingular cortex Left 29 −6 −40 8 7.15

Pre-motor and supplementary motor 
cortex

Left 6 86 −54 −4 11 5.46

Pars triangularis, part of Broca's area Left 44 −48 −1 17 4.03

Insular cortex Right 13 53 42 −34 20 5.1

Primary and auditory association 
cortex

Right 41 42 −43 11 3.85

Orbitofrontal area Right 11 40 0 53 −16 4.56

Orbitofrontal area Right 11 0 38 −16 4

Frontal eye field Left 8 69 −24 11 47 4.56

Pre-motor and supplementary motor 
cortex

Left 6 −27 14 56 4.41

Pre-motor and supplementary motor 
cortex

Right 6 67 39 −10 35 4.37

Putamen Right 33 −13 8 4.07

Insular cortex Right 13 39 −13 14 3.7

Dorsal anterior cingulate cortex Left 32 33 −6 11 38 4.04

Dorsal anterior cingulate cortex Left 32 −9 11 47 3.85

Dorsolateral prefrontal cortex Left 46 23 −48 35 17 3.99

Dorsolateral prefrontal cortex Left 46 −39 29 17 3.73

Dorsolateral prefrontal cortex Left 46 −45 35 26 3.65

Primary motor cortex Left 4 13 −18 −31 71 3.91

Reward anticipation × risk

Positive correlation

Fusiform gyrus Right 37 2208 45 −52 −13 9.46

Visual association cortex Right 18 30 −82 2 8.06

Visual association cortex Right 19 33 −79 −7 8.03

(Continues)
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Area Hemisphere BA Cluster

MNI

t-valuex y z

Fusiform gyrus Left 37 1179 −42 −58 −13 9.03

Fusiform gyrus Left 37 −33 −49 −19 7.75

Visual association cortex Left 19 −42 −70 −10 7.39

Dorsolateral prefrontal cortex Right 9 582 45 11 32 7.81

Dorsolateral prefrontal cortex Right 46 45 29 17 5.63

Pars opercularis Broca's area Right 45 51 23 17 5.31

Supramarginal gyrus Left 40 322 −33 −46 41 6.23

Visual association cortex Left 19 −27 −73 32 4.97

Somatosensory association cortex Left 7 −24 −58 44 4.85

Visual association cortex Left 19 79 −30 −88 14 5.73

Visual association cortex Left 19 −30 −82 8 5.07

Middle temporal gyrus Right 21 66 51 −22 −13 5.67

Dorsolateral prefrontal cortex Left 9 265 −42 11 26 4.98

Pre-motor and supplementary motor 
cortex

Left 6 −45 5 53 4.7

Insular cortex Left 13 −33 17 26 4.59

Negative correlation

Primary motor cortex Left 4 877 −36 −22 59 8.77

Pre-motor and supplementary motor 
cortex

Left 6 −3 2 59 5.3

Dorsal anterior cingulate cortex Left 32 −12 20 35 5.06

Insular cortex Right 13 29 27 −43 20 5.11

Caudate tail Right 18 −40 20 4.25

Insular cortex Left 13 71 −45 −22 20 5.03

Insular cortex Left 13 −42 −13 20 4.92

Insular cortex Left 13 61 −48 5 8 4.91

Frontopolar area Left 10 24 −27 38 20 4.34

Frontopolar area Left 10 −30 35 29 4.31

Dorsal anterior cingulate cortex Right 32 10 15 23 20 3.89

Caudate body Right 21 20 14 3.82

Uncertain reward × risk

Positive correlation

Angular gyrus, part of Wernicke's area Left 39 150 −42 −70 38 6.68

Angular gyrus, part of Wernicke's area Left 39 −45 −67 29 6.04

Anterior entorhinal cortex Right 34 96 18 −10 −22 6.6

Temporopolar area Right 38 36 11 −31 4.58

Posterior entorhinal cortex Right 28 30 5 −28 4.35

Cerebellum Left 280 −15 −37 −16 6.47

Perirhinal cortex Left 35 −21 −28 −16 5.96

Retrosplenial cingular cortex Left 29 −6 −52 11 5.47

Subgenual cortex Left 25 352 −6 29 −19 6.13

Frontopolar area Left 10 −9 41 −13 6.09

Inferior prefrontal gyrus Left 47 −15 32 −19 5.37

T A B L E  3   (Continued)
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Area Hemisphere BA Cluster

MNI

t-valuex y z

Somatosensory association cortex Right 7 162 3 −79 44 5.98

Somatosensory association cortex Right 7 18 −79 44 5.25

Visual association cortex Left 19 −9 −85 38 3.99

Primary motor cortex Right 4 467 15 −25 71 5.8

Somatosensory cortex Right 3 21 −34 71 5.78

Pre-motor and supplementary motor 
cortex

Right 6 6 −22 59 5.65

Cerebellum Right 107 9 −40 −4 5.43

Perirhinal cortex Right 35 18 −31 −13 4.74

Cerebellum Right 9 −37 −16 4.27

Superior temporal gyrus Right 22 76 63 −4 2 5.21

Superior temporal gyrus Right 22 54 −7 5 4.92

Superior temporal gyrus Right 22 60 2 −4 4.49

Includes frontal eye field Left 8 72 −15 29 47 5.18

Dorsal posterior cingular cortex Left 31 69 −6 −49 35 5.09

Temporopolar area Left 38 54 −39 5 −22 4.92

Temporopolar area Left 38 −33 5 −31 4.18

Temporopolar area Left 38 −42 17 −22 4.14

Inferior Temporal gyrus Left 20 12 −60 −13 −22 4.58

Primary and auditory association 
cortex

Left 42 16 −63 −31 17 4.02

Primary and auditory association 
cortex

Left 41 −54 −28 8 3.82

Negative correlation

Pre-motor and supplementary motor 
cortex

Left 6 6006 −36 −10 59 11.24

Pre-motor and supplementary motor 
cortex

Left 6 −24 −7 56 11.15

Pre-motor and supplementary motor 
cortex

Left 6 −6 5 56 11.14

Somatosensory association cortex Right 7 578 21 −55 41 10.6

Insular cortex Right 13 48 −46 14 5.24

Insular cortex Right 13 48 −37 23 5.23

Primary visual cortex Left 17 597 −15 −88 −7 9.39

Visual association cortex Left 18 −21 −82 −7 8.67

Fusiform gyrus Left 37 −42 −52 −13 6.26

Cerebellum Right 228 18 −52 −22 6.78

Cerebellum Right 24 −49 −28 6.42

Cerebellum Right 33 −43 −34 6.19

Primary visual cortex Right 17 212 18 −91 5 6.59

Visual association cortex Right 18 24 −88 17 4.86

Lingual gyrus Right 33 −73 −4 4.45

Somatosensory cortex Right 2 84 42 −28 44 6.27

Primary motor cortex Right 4 54 −16 44 4.75

T A B L E  3   (Continued)
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of rewards (Berridge,  2007; Cooper & Knutson,  2008; 
Matthews et al., 2004; Zink et al., 2004). Striatal activation 
upon risky decision making in the BART was reported be-
fore (Burnette et al., 2021; Li et al., 2020; Wang et al., 2022). 
A new finding, however, allowed by the present BART-
variant, is the hierarchy of Nacc activation with strongest 
activation during the decision phase, medium activation 
during uncertain reward feedback, and weaker activation 
during reward anticipation. This suggests that the Nacc is 
involved in evaluating the potential risks and rewards of 
different options and thereby supports the choice of the 
most favorable option. In the BART, the risk of balloon 
popping and monetary loss is weighted against the chance 
of successful balloon inflation which signals monetary 
gain. This active decision making processes might be re-
lated to enhanced dopamine release, which is indicated by 
enhanced Nacc activity during decision making and pro-
cessing of uncertain rewards.

We also find Nacc activity during the anticipation 
phase. This is in line with previous studies reporting in-
creased ventral striatal activation for reward anticipation 
(Knutson, Adams, et  al.,  2001; Knutson & Greer,  2008; 
Rademacher et al., 2014). A new finding, though, is that 
anticipation prompted less Nacc activation than the deci-
sion and the feedback phase for uncertain rewards. This 
suggests that reward anticipation is a more passive process 
and does not involve the evaluation of potential risks and 
rewards for further decisions.

Stronger Nacc activation for the loss than the reward 
feedback replicates the findings by e.g., Rao et al. (2008). 
As loss feedback is not rewarding, Nacc activation upon 

loss feedback might reflect salience and the evaluation of 
prospective decisions. Indeed, stronger Nacc activation for 
salience than for reward has also been suggested in a study 
on social decision making (Schmidt et al., 2019). Another 
explanation for Nacc activation upon loss feedback might 
be that sometimes participants were already expecting 
the explosion together with the associated monetary loss: 
Confirmation of a correct expectation might have been 
experienced as rewarding (Ruissen et  al.,  2018). Upon 
loss feedback, in addition to the amygdala, the insula was 
also activated, indicating that the insula is also involved 
in negative, aversive emotions and might also signal loss 
aversion or risk prediction error (Burnette et al., 2021; Li 
et al., 2020). Increased insula activation with less risky de-
cisions might reflect increased strain to not lose the po-
tential reward already at the beginning of the trial. The 
ACC activation that goes hand in hand with the insula 
activation in response to loss, may hint towards the pro-
posed insula-ACC circuitry in loss aversion (Fukunaga 
et al., 2012; Xue et al., 2010).

In contrast to our expectations, high-risk decisions 
were associated with lower, not higher Nacc activation. 
Thus, present results contrast previous reports (Burnette 
et al., 2021; Claus & Hutchison, 2012). While activation 
in ACC, mPFC, amygdala, and insula was reduced, 
there was also a cluster with enhanced insula activity, 
Nacc connectivity with ACC, insula, and mPFC was in-
creased. This suggests that the processing of different 
levels of risk is not simply related to changing intensity 
of involvement of a fixed set of structures, but differ-
ent neural circuits seem involved. Thus, the stronger 

Area Hemisphere BA Cluster

MNI

t-valuex y z

Caudate Right 49 12 −13 29 5.81

Ventral posterior cingulate cortex Right 23 9 −28 26 4.42

Ventral anterior cingulate cortex Right 24 18 −13 35 3.66

Cerebellum Right 28 21 −58 −52 5.09

Cerebellum Left 45 −9 −76 −37 5

Cerebellum Left −12 −76 −28 4.79

Cerebellum Right 55 0 −58 −37 4.93

Cerebellum Right 6 −64 −31 4.4

Insular cortex Left 13 26 −39 −28 26 4.29

Insular cortex Left 13 −48 −22 23 4.1

Cerebellum Right 20 3 −31 −37 4.16

Cerebellum Left 19 −33 −49 −31 4.09

Cerebellum Left −24 −52 −31 4.02

Frontopolar area Left 10 39 −33 44 23 4.07

Frontopolar area Left 10 −33 41 32 3.83

T A B L E  3   (Continued)
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T A B L E  4   Activation: Parametric modulation – small volume correction.

Area Hemisphere Cluster

MNI

t-valuex y z

Decision making × risk

Positive correlation

Nacc Left n.s.

Nacc Right n.s.

Insula Left n.s.

Insula Right 135 42 23 2 5.57

36 23 −4 4.32

39 26 −7 4.32

ACC Left n.s.

ACC Right n.s.

Amygdala Left n.s.

Amygdala Right n.s.

mPFC n.s.

DLPFC Left n.s.

DLPFC Right n.s.

Negative correlation

Nacc Left 50 −6 11 −7 5.14

−9 17 −7 4.98

−12 14 −13 4.80

Nacc Right 44 6 8 −10 4.83

15 14 −13 3.62

Insula Left 238 −39 −4 −13 5.57

−36 −7 −7 4.92

Insula Right 166 42 −7 −13 4.17

ACC Left 81 −9 23 −13 3.95

ACC Right n.s.

Amygdala Left 84 −15 −10 −13 5.36

Amygdala Right 91 21 −4 −19 5.61

30 −1 −22 5.00

24 −4 −28 3.99

mPFC n.s.

DLPFC Left n.s.

DLPFC Right n.s.

Reward anticipation × risk

Positive correlation

Nacc Left n.s.

Nacc Right n.s.

Insula Left n.s.

Insula Right n.s.

ACC Left n.s.

ACC Right n.s.

Amygdala Left n.s.

Amygdala Right n.s.

(Continues)
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Area Hemisphere Cluster

MNI

t-valuex y z

mPFC n.s.

DLPFC Left 73 −54 20 29 4.54

−48 14 29 4.51

−45 11 35 4.43

31 −51 29 17 4.51

DLPFC Right 240 45 11 32 7.81

51 20 26 6.63

48 29 20 5.25

Negative correlation

Nacc Left 33 −12 11 −10 3.57

Nacc Right 27 9 17 −7 3.77

12 14 −10 3.18

Insula Left 267 −42 5 5 4.79

−42 2 11 4.38

−39 −13 20 4.31

Insula Right n.s.

ACC Left 144 −6 23 32 4.20

ACC Right n.s.

Amygdala Left n.s.

Amygdala Right n.s.

mPFC n.s.

DLPFC Left n.s.

DLPFC Right n.s.

Uncertain reward × risk

Positive correlation

Nacc Left n.s.

Nacc Right n.s.

Insula Left n.s.

Insula Right n.s.

ACC Left 148 −6 29 −13 5.77

−6 35 −16 5.72

−3 41 −13 5.58

ACC Right 56 0 32 −13 4.97

6 29 −13 4.67

Amygdala Left 36 −21 −13 −19 4.50

Amygdala Right 62 21 −10 −19 6.47

27 2 −28 3.71

mPFC 614 −9 41 −13 6.09

−6 29 −13 5.77

−3 41 −13 5.58

DLPFC Left n.s.

DLPFC Right n.s.

Negative correlation

T A B L E  4   (Continued)
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Nacc-connectivity with the higher-risk decision might 
reflect the increased cognitive and emotional demands 
of making decisions that involve greater potential risks. 
Participants may have felt confident and certain in the 
lower-risk decisions, so there was no need to control 
or down-regulate the limbic response. Moreover, the 
rewarding potential was not yet large. Another possi-
ble explanation might be a differential role of the Nacc 
dependent on the riskiness. For lower-risk decisions, 
the Nacc might be more involved in the processing of 
reward, whereas in the case of higher-risk decisions, 
it might be more involved in risk and uncertainty pro-
cessing, as indicated by the connectivity patterns with 
insula and ACC. Importantly, Nacc-ACC connectivity 
increased with higher risk, only in the decision phase. 
Based on the known associations of brain regions and 
functional involvement, one would at first glance expect 
higher activation of all regions for higher-risk inflations. 
However, pump decisions early in the trial (low risk) 
will differ from strategies later in the series of inflations. 
Risk assessment for small balloons and early inflations 
might reflect one's own willingness to take a risk for the 
current balloon, involving the insula, and develop an ac-
cording strategy by integrating emotions and thoughts 

via ACC. Importantly, with increasing risk, the Nacc-
ACC-insula monitoring network of riskiness seems to 
be only increasingly involved during the decisions, sug-
gesting that the process is temporally bound to this early 
phase and does not proceed to anticipation and feedback 
processing.

Reward anticipation and uncertain reward feedback 
were characterized by common and also distinct patterns 
of connectivity. In the anticipation phase, Nacc, insula, and 
ACC activation were decreased with increasing risk, but 
activity in another insula cluster, as well as in DLPFC en-
hanced, and also Nacc-DLPFC-connectivity increased. For 
uncertain reward feedback, activation in ACC, amygdala, 
and mPFC was enhanced, and in insula ACC, DLPFC, and 
another mPFC cluster reduced. Nacc-DLPFC connectiv-
ity increased with increasing risk. As one interpretation, 
we suggest that the enhanced Nacc-insula connectivity 
with increasing risk during anticipation reflects partici-
pants contemplating more on their own values, goals, and 
strategies. The increased connectivity of Nacc and inferior 
frontal gyrus during anticipation after high-risk decisions 
might be associated with the increased regulation of be-
havior towards unexpected events and the ensuing abil-
ity to adjust the behavior accordingly. Moreover, stronger 

Area Hemisphere Cluster

MNI

t-valuex y z

Nacc Left n.s.

Nacc Right n.s.

Insula Left 383 −27 23 −7 8.75815964

−33 17 8 8.11680031

−27 20 2 6.86326361

Insula Right 250 36 20 8 9.36728764

33 26 −1 7.70193529

30 23 −10 7.6050415

ACC Left 78 −9 23 26 5.35270929

ACC Right 109 12 26 26 6.36187553

9 23 29 6.16349936

Amygdala Left n.s.

Amygdala Right n.s.

mPFC 166 6 20 41 5.70552683

−9 17 41 5.52102566

DLPFC Left 91 −57 8 29 7.42971039

−48 2 32 5.1486764

−42 5 38 4.96873617

DLPFC Right 355 45 11 29 8.98030376

54 11 32 7.14651823

42 5 35 7.13101912

T A B L E  4   (Continued)
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T A B L E  5   Connectivity gPPI: Whole brain.

Area Hemisphere BA Cluster

MNI

t-valuex y z

Decision making × risk

Seed: Nacc left

Inferior prefrontal gyrus Right 47 397 42 23 2 6.68

Inferior prefrontal gyrus Right 47 36 26 −10 6.23

Inferior prefrontal gyrus Right 47 45 32 −7 5.52

Frontopolar area Left 10 567 −9 50 17 6.44

Dorsolateral prefrontal cortex Left 9 −9 44 23 5.65

Ventral anterior cingulate cortex Right 24 9 38 −1 5.57

Inferior prefrontal gyrus Left 47 108 −30 23 −10 6.2

Inferior prefrontal gyrus Left 47 −39 23 −4 4.39

Caudate tail Right 11 21 −34 17 3.97

Supramarginal gyrus Right 40 18 54 −43 32 3.95

Caudate body Right 13 6 5 17 3.92

Seed: Nacc right

Inferior prefrontal gyrus Right 47 1345 42 23 2 7.03

Inferior prefrontal gyrus Right 47 33 20 −13 6.29

Inferior prefrontal gyrus Right 47 39 29 −4 5.93

Inferior prefrontal gyrus Left 47 109 −30 23 −10 5.59

Inferior prefrontal gyrus Left 47 −39 23 −4 4.3

Supramarginal gyrus Right 40 38 54 −40 35 4.64

Caudate body Right 21 6 5 14 3.99

Reward anticipation × risk

Seed: Nacc left

Visual association cortex Left 19 535 −42 −70 −13 7.25

Visual association cortex Left 18 −33 −85 −1 5.9

Fusiform gyrus Left 37 −42 −49 −19 5.81

Fusiform gyrus Right 37 628 45 −58 −13 7

Visual association cortex Right 19 33 −91 5 6.95

Fusiform gyrus Right 37 42 −49 −10 6.29

Pars opercularis Broca's area Right 45 410 33 26 5 6.84

Inferior prefrontal gyrus Right 47 30 23 −7 6.84

Insular cortex Right 13 42 23 11 5.9

Left 71 −9 5 −10 6.18

Medial globus pallidus Right 12 2 −7 5.53

Hypothalamus Left −3 −1 −7 5.16

Inferior prefrontal gyrus Left 47 91 −30 23 −7 5.44

Insular cortex Left 13 −39 23 8 4.78

Somatosensory association cortex Right 7 65 24 −52 41 4.51

Pre-motor and supplementary motor 
cortex

Right 6 17 6 32 41 3.95

Middle temporal gyrus Right 21 10 51 −28 −4 3.83

Seed: Nacc right

Pars opercularis Broca's area Right 45 364 33 26 5 7.29
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Area Hemisphere BA Cluster

MNI

t-valuex y z

Inferior prefrontal gyrus Right 47 30 23 −7 6.86

Insular cortex Right 13 42 23 11 6.04

Visual association cortex Right 19 585 33 −91 5 7.06

Fusiform gyrus Right 37 45 −58 −13 6.7

Visual association cortex Right 19 39 −70 −16 6.11

Visual association cortex Left 19 502 −42 −70 −13 6.97

Fusiform gyrus Left 37 −42 −61 −10 6.64

Visual association cortex Left 18 −33 −85 −1 5.94

Lateral globus pallidus Right 36 12 5 −7 5.83

Inferior prefrontal gyrus Left 47 85 −30 23 −7 5.54

Insular cortex Left 13 −39 23 8 4.53

Medial globus pallidus Left 21 −12 2 −7 5.05

Hypothalamus Left −3 −1 −7 4.03

Somatosensory association cortex Right 7 61 24 −52 41 4.74

Angular gyrus Right 39 20 45 −52 8 4.32

Dorsolateral prefrontal cortex Right 9 20 9 32 38 4.06

Uncertain reward × risk

Seed: Nacc left

Fusiform gyrus Right 37 1579 48 −49 −13 7.34

Cerebellum Right 12 −79 −31 6.36

Middle temporal gyrus Right 21 51 −22 −13 6.21

Cerebellum Left 1103 −21 −70 −43 7.31

Visual association cortex Left 19 −48 −58 −13 6.81

Cerebellum Left −12 −76 −37 6.29

Right cerebrum Right 27 86 12 −34 −4 6.89

Pars opercularis Broca's area Right 45 379 51 23 26 5.77

Dorsolateral prefrontal cortex Right 9 42 11 35 5.24

Dorsolateral prefrontal cortex Right 46 51 29 17 5.21

Somatosensory association cortex Left 7 274 −33 −61 41 5.4

Somatosensory association cortex Left 7 −30 −49 41 4.75

Dorsolateral prefrontal cortex Left 46 365 −54 29 14 5.37

Dorsolateral prefrontal cortex Left 46 −42 14 26 5.06

Inferior prefrontal gyrus Left 47 −51 35 −4 5

Orbitofrontal area Right 11 13 18 47 −16 4.39

Pre-motor and supplementary motor 
cortex

Left 6 33 −42 5 53 4.23

Pre-motor and supplementary motor 
cortex

Left 6 −36 11 59 4.11

Seed: Nacc right

Fusiform gyrus Right 37 1570 48 −49 −13 7.29

Middle temporal gyrus Right 21 51 −22 −13 6.78

Cerebellum Right 12 −79 −31 6.59

Cerebellum Left 1092 −21 −70 −43 7.28

T A B L E  5   (Continued)
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inferior frontal gyrus (and insula) activation for riskier 
trials has been associated with loss aversion (Fukunaga 
et al., 2012). Similarly, reward anticipation and uncertain 
reward feedback under higher risk were both character-
ized by stronger connectivity between Nacc and DLPFC. 
During anticipation, this connectivity was lateralized 
from both Nacc seeds to only the right DLPFC, whereas in 
response to reward feedback, connectivity between Nacc 
and bilateral DLPFC predominated. Given that knowl-
edge on distinct DLPFC-connectivity patterns is still lim-
ited (Cipolotti et al., 2016; Kaller et al., 2011), we can only 
assume that processing reward feedback in comparison to 
the anticipation of a reward requires additional cognitive 
resources, as it may involve the integration of previous 
experience and adjustment of future decision strategies. 
These enhanced cognitive demands might then be re-
flected by bilateral instead of just unilateral activation. In 
addition, for later feedback, activation of DLPFC might 
reflect greater demands on working memory capacity to 
keep count of the number of inflations or expected re-
wards, and also by the increased uncertainty. Importantly, 
it is to be expected that at the time of the feedback, the 
brain already starts weighing the risks against the benefits 
and preparing for the upcoming decision, so these pro-
cesses might be included in the feedback phase and visible 
in the neural activation patterns.

The response times to cash-out decisions were the fast-
est, followed by inflation decisions that led to uncertain 
rewards, and inflation decisions leading to unexpected 

losses were the slowest. Given that cash-out decisions 
carry no risk and are the fastest, one could speculate 
that these no-risk decisions are related to less hesitation. 
In contrary, participants may have been aware of a high 
risk of explosion in those decision that led to unexpected 
losses, and this process of gambling and overcoming the 
fear of loss led to the longer reaction times.

Some shortcomings of the present study should be no-
ticed. Several regions were implicated in opposing con-
trasts, such as the insula. However, riskier decisions were 
associated with activation in more anterior parts of the 
insula, while lower-risk decision activations were located 
more posterior. To our knowledge, only one meta-analysis 
so far has evaluated the functional differentiation of the 
insula for different tasks (Kurth et al., 2010). Further stud-
ies are needed to evaluate the implications of different in-
sular locations for risky decision making. The number of 
12 balloons that could be inflated a maximum 8 times con-
sidered the participants' attention capacity during fMRI 
monitoring, yet may be insufficient for averaging and, 
hence, robust results. As a step towards verifying reliabil-
ity and robustness of the results, behavioral, activation, 
connectivity, and behavioral data were submitted to test–
retest analyzes (which will be published separately). This 
reliability test will also provide the basis for longitudinal 
studies, intervention studies, and comparisons between 
different participant groups (e.g., clinical populations). A 
limited number of trials also limits the possibility to ana-
lyze the influence of unexpected loss experiences on risk 

Area Hemisphere BA Cluster

MNI

t-valuex y z

Visual association cortex Left 19 −48 −58 −13 7

Cerebellum Left −12 −76 −37 6.62

Right cerebrum Right 27 81 12 −34 −4 6.83

Somatosensory association cortex Left 7 309 −33 −61 41 5.8

Supramarginal gyrus Left 40 −33 −46 41 5.11

Somatosensory association cortex Left 7 −27 −52 38 4.9

Pars opercularis Broca's area Right 45 401 51 23 26 5.65

Dorsolateral prefrontal cortex Right 9 42 11 35 5.31

Dorsolateral prefrontal cortex Right 46 51 32 17 5.17

Dorsolateral prefrontal cortex Left 46 383 −54 29 14 5.46

Dorsolateral prefrontal cortex Left 46 −42 14 26 5.21

Inferior prefrontal gyrus Left 47 −48 32 −4 5.1

Orbitofrontal area Right 11 14 18 47 −16 4.33

Pre-motor and supplementary motor 
cortex

Left 6 29 −42 5 53 4.14

Pre-motor and supplementary motor 
cortex

Left 6 −33 17 59 3.76

T A B L E  5   (Continued)
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T A B L E  6   Connectivity gPPI: Small volume correction.

Area Hemisphere Cluster

MNI

t-valuex y z

Decision making × risk

Seed: Nacc left

ACC Left 211 −12 44 8 4.98

−9 41 17 4.63

−9 47 11 4.61

ACC Right 263 9 38 −1 5.57

0 29 11 4.05

DLPFC Left n.s.

DLPFC Right n.s.

mPFC 649 −9 50 17 6.44

−9 44 23 5.65

−3 47 26 5.19

Insula Left 183 −30 23 −10 6.20

−39 20 −1 4.15

Insula right 193 42 23 2 6.68

33 20 −13 6.04

36 26 −7 5.84

Amygdala Left n.s.

Amygdala Right n.s.

Seed: Nacc right

ACC Left 225 −12 44 8 5.17

−6 41 23 4.90

−9 41 17 4.78

ACC Right 275 9 38 −1 5.82

12 41 5 4.33

0 29 11 4.33

DLPFC Left n.s.

DLPFC Right n.s.

mPFC 722 −9 50 17 5.74

−9 44 23 5.53

−12 47 20 5.41

Insula Left 185 −30 23 −10 5.59

−39 20 −1 4.08

Insula Right 199 42 23 2 7.03

33 20 −13 6.29

39 26 −7 5.82

Amygdala Left n.s.

Amygdala Right n.s.

Decision making × risk negative

Seed: Nacc left

ACC Left n.s.

ACC Right n.s.

DLPFC Left n.s.

(Continues)
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Area Hemisphere Cluster

MNI

t-valuex y z

DLPFC Right n.s.

mPFC n.s.

Insula Left n.s.

Insula Right n.s.

Amygdala Left 78 −21 −13 −13 4.16

−18 −7 −22 3.56

−24 −1 −25 3.43

Amygdala Right 81 18 −4 −19 3.54

Seed: Nacc right

ACC Left n.s.

ACC Right n.s.

DLPFC Left n.s.

DLPFC Right n.s.

mPFC n.s.

Insula Left n.s.

Insula Right n.s.

Amygdala Left 78 −21 −13 −13 4.44

−24 −1 −25 3.44

−18 −7 −22 3.43

Amygdala Right 77 18 −4 −19 3.86

Reward anticipation × risk

Seed: Nacc left

ACC Left n.s.

ACC Right n.s.

DLPFC Left n.s.

DLPFC Right 206 45 32 20 4.49

mPFC n.s.

Insula Left 117 −30 23 −7 5.44

−33 26 −1 5.13

−36 20 −7 5.02

Insula Right 119 33 26 5 6.84

36 23 −7 6.55

30 23 −10 6.53

Amygdala Left n.s.

Amygdala Right n.s.

Seed: Nacc right

ACC Left n.s.

ACC Right n.s.

DLPFC Left n.s.

DLPFC Right 26 45 29 20 4.26

mPFC n.s.
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behavior in the subsequent trial(s). Also, with regard to 
the parametric modulation, it would have been advanta-
geous if the participants had seen more balloons per trial 
to increase the explanatory power.

One challenge of our task design is the fixed order of 
decision making, anticipation, and feedback processing, 

because these are functionally interrelated subprocesses 
of decisions, causing the necessity of a consistent tem-
poral order. Even if comparable fixed-order designs have 
been used in other decision making studies that aimed 
to separate subprocesses (Ernst et  al.,  2004; Fukunaga 
et al., 2012), this kind of design does not allow for strict 

Area Hemisphere Cluster

MNI

t-valuex y z

Insula Left 57 −30 23 −7 5.54

−33 26 −1 5.12

−36 20 −7 5.05

Insula Right 73 33 26 5 7.29

36 23 −7 6.50

30 23 −10 6.47

Amygdala Left n.s.

Amygdala Right n.s.

Uncertain reward × risk

Seed: Nacc left

ACC Left n.s.

ACC Right n.s.

DLPFC Left 31 −54 29 14 5.37

74 −54 20 29 4.86

−48 17 32 4.68

DLPFC Right 217 51 23 26 5.77

42 11 35 5.24

51 29 17 5.21

mPFC n.s.

Insula Left n.s.

Insula Right n.s.

Amygdala Left n.s.

Amygdala Right n.s.

Seed: Nacc right

ACC Left n.s.

ACC Right n.s.

DLPFC Left 31 −54 29 14 5.46

76 −54 20 29 4.92

−48 17 32 4.73

DLPFC Right 218 51 23 26 5.65

42 11 35 5.31

51 32 17 5.17

mPFC n.s.

Insula Left n.s.

Insula Right n.s.

Amygdala Left n.s.

Amygdala Right n.s.

T A B L E  6   (Continued)
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functional separation of activation patterns between the 
subprocesses, because later subtrials may contain func-
tional components from the preceding subtrials.

As summarized by Ruge et al. (2009), there are two ap-
proaches to address this issue. The first approach involves 
using variable intervals between stimuli, which we have 
implemented in our task. In general, analogous to rapid 
event related designs, applying jittered interstimulus in-
tervals (Dale, 1999) is considered to allow the distinction 
of events, also in multi-part trial designs. However, these 
still leave a risk that brain activation from earlier phases 
might be partly present in subsequent phases, and also 
does not solve the problem of the functional interrelat-
edness of the subprocesses. The second approach is the 
use of partial-trial designs, as also suggested by Ollinger 
et al. (2001). This method involves omitting some subtri-
als in a subset of blocks. However, the original partial-
trial design has drawbacks, such as potential inhibition of 
activation when an expected subprocess is omitted. Ruge 
et al. (2009) proposed an extended version of the partial-
trial design that mitigates core issues of the standard 
partial-trial method. Specifically, they used three different 
trial types: trials consisting of two events with a short ITI, 
trials consisting of two events with a longer ITI, and trials 
in which the second event was omitted. As an advance-
ment to other partial-trial designs, their approach allows 
distinguishing (1) the transient activation related to the 
first stimulus, (2) the maintained activation related to the 
first stimulus, and (3) activation caused by omission of the 
second stimulus. Implementing such an extended partial-
trial design in future research could significantly enhance 
our ability to separate the subprocesses of the BART task.

It would also be valuable to have a higher-level control 
condition instead of the null events. In particular, because 
the decision phase was the only condition that involved 
motor responses. Ideally, the control condition would be 
identical to the experimental condition but without mon-
etary consequences. Since these control conditions, how-
ever, would have doubled the experimental time, it was 
not possible to realize this more elegant control design 
within the present study.

Another limitation arises from the strict inclusion crite-
ria for mental health applied to study participants, which 
restricts the generalizability of our findings to a broader 
population. Individual risk-taking strategies and/or per-
sonality factors might modulate risk preferences (Oba 
et al., 2021) and thus brain activity and connectivity pat-
terns. For instance, harm avoidance or neuroticism was 
related to insula activation during risky decisions (Paulus 
et al., 2003). This issue should be addressed in future stud-
ies with larger, diverse samples. Risky decision making 
and altered brain activity might also be influenced by acute 
stress through increased levels of cortisol (Yamakawa 

et al., 2016), which participants might experience in vary-
ing degrees while MRI-measurement. The interaction of 
stress hormone release, altered decision making, and brain 
activity in the BART could be considered in future studies.

To conclude, the novel BART-variant for fMRI has 
proven its efficacy in the differentiation of brain activation 
and connectivity of the three functional and temporally 
interrelated subprocesses of risk taking. Each subprocess 
showed unique activation and connectivity patterns, vary-
ing in response to the degree of risk involved. This un-
derscores the need for a nuanced exploration of diverse 
brain regions and neural networks in the assessment of 
risky decision making and strongly emphasizes the sig-
nificance of assessing decision making, anticipation, and 
feedback processing. This novel BART-variant is promis-
ing for unraveling the intricacies of risky decision mak-
ing, particularly in high-risk populations known to exhibit 
impairments in decision making and reward anticipation.
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