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Frontal theta accounts for individual differences in the cost of
conflict on decision making
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Abstract

Cogpnitive conflict is often experienced as a difficult, frustrating, and aversive state. Recent studies
have indicated that conflict acts as an implicit cost during learning, valuation, and the instantiation
of cognitive control. Here we investigated if an implicit manipulation of conflict also influences
explicit decision making to risk. Participants were required to perform a Balloon Analogue Risk
Task wherein the virtual balloon was inflated by performing a flankers task. By varying the
percent of incongruent flanker trials between balloons, we hypothesized that participants would
pump the balloon fewer times in conditions of higher conflict and that frontal midline theta would
account for significant variance in this relationship. Across two studies, we demonstrate that
conflict did not elicit reliable behavioral changes in this task across participants. However,
individual differences in frontal theta power accounted for significant variance by predicting
diminished balloon pumps. Thus, while conflict costs may act as investments to some individuals
(invigorating behavior), it is aversive to others (diminishing behavior), and frontal midline theta
power accounts for these varying behavioral tendencies between individuals. These findings
demonstrate how frontal midline theta is not only a candidate mechanism for implementing
cognitive control, but it is sensitive to the inherent costs therein.

Introduction

An emerging literature has catalogued the mechanisms by which effortful control tallies a
cognitive cost. Humans implicitly seek cognitive efficiencies (Zipf, 1949), and effort is
associated with more routine and habitual performance (Kool, McGuire, Rosen, &
Botvinick, 2010), heightened perceived costs, diminished reward value, and a bias toward
less demanding decisions (Botvinick, 2007; Kool et al., 2010; Westbrook & Braver, 2015).
While there is considerable convergence in the understanding of effort costs on action
selection and learning, there has not yet been a detailed study of similar costs on risky
decision making. This topic is particularly appealing, since it involves explicitly managing
known uncertainty instead of reducing unknown uncertainty (as in learning). In this report
we examine whether the experience of cognitive conflict alters decision making under risk,
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and we seek to explain this phenomenon via a candidate mechanism of effort-related costs:
frontal midline theta band EEG power.

Frontal midline theta band activity in the EEG offers a candidate measure of dorsomedial
cortical operations, particularly to conflict, stopping, punishment and other events that elicit
the need for cognitive control (Cavanagh & Frank, 2014; Van Noordt, Campopiano, &
Segalowitz, 2016; Wessel, Danielmeier, Morton, & Ullsperger, 2012). The dorsal cingulate
cortex appears to compute the combined reward value and effort cost for decisions (Croxson,
Walton, O’Reilly, Behrens, & Rushworth, 2009; Klein-Flugge, Kennerley, Friston, &
Bestmann, 2016), suggesting that it calculates the expected value of exerting control
(Shenhav, Botvinick, & Cohen, 2013). Frontal midline theta also emerges with effort
(Pellouchoud, Smith, McEvoy, & Gevins, 1999; Smit, Eling, & Coenen, 2004; Smit, Eling,
Hopman, & Coenen, 2005; Wascher et al., 2014), effortful working memory maintenance
(Gevins & Smith, 2000; Itthipuripat, Wessel, & Aron, 2013), and a bias towards response
slowing and avoidance (Cavanagh & Shackman, 2014), suggesting it is a succinct indicator
of the mid-frontal calculation of the need for control as well as its associated costs. In
summary, a broad class of phenomena closely related to effort and difficulty are also
associated with aversive biases, likely via common dorsomedial calculations.

Instead of pure effort, here we focus on a convergent construct of cognitive conflict.
Cogpnitive conflict occurs when two competing response options compete for control of
behavior (Botvinick, Braver, Barch, Carter, & Cohen, 2001), and it is reliably associated
with dorsomedial activation (Shackman et al., 2011) and frontal midline theta (Cohen &
Donner, 2013; Cohen, Ridderinkhof, Haupt, Elger, & Fell, 2008). Conflict can cause
avoidance biases and stimulus devaluations (Cavanagh, Masters, Bath, & Frank, 2014;
Dreisbach & Fischer, 2012; Fritz & Dreisbach, 2013; Schouppe, De Houwer, Richard
Ridderinkhof, & Notebaert, 2012), and so can the similar phenomenon of stopping a pre-
potent response (Wessel, O’Doherty, Berkebile, Linderman, & Aron, 2014; Wessel,
Tonnesen, & Aron, 2015). Conflict can be reliably elicited and parametrically manipulated,
suggesting that conflict can act as a succinct operationalization of dorsomedial computations
affected by the implicit costs associated with effort.

In the present work we tested whether implicit conflict diminished explicit decision making,
and if frontal midline theta could account for variance in this effect. To test this idea, we
combined well-established tasks that separately elicit decision making for risky investments
and response conflict. Risky decision making was assessed via the Balloon Analogue Risk
Task (BART) (Lejuez et al., 2002). In the standard BART, a simulated “balloon” is inflated
with each press of a button. Rewards accumulate with each inflation, and participants choose
on each trial whether to press the button yet again or else to “cash out.” The risk on each
trial therefore is that the balloon will be overinflated with the next button press and will
burst, resulting in the loss of the rewards accumulated so far. In our novel modification of
BART, conflict was introduced as a variable by incorporating the classic Eriksen flankers
task (Eriksen & Eriksen, 1974). Specifically, congruent or incongruent flankers stimuli were
presented on each BART trial requiring a button press to inflate the balloon, and it was the
left/right key-press response to the flankers stimuli that would serve to inflate the BART
balloon (Fig 1). Therefore, each decision in BART was accompanied by varying levels of
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conflict in flankers. To test the a priori hypotheses that increased conflict should result in
more frontal midline theta as well as diminished decision making for risky investment, the
proportion of incongruent flankers was manipulated across balloons. Two studies verified
that individual differences in frontal midline theta predicted diminished investment in risky
decision making in the face of conflict.

Results

Experiment |

Performance—Contrary to our prediction that risky decision making behavior (pumps)
would decrease with increasing levels of conflict (flankers proportion-incongruent), we
found a non-significant increase in pumps with increasing levels of proportion-incongruent
(t35)= 1.14, p=.26), however there was no trend when considering the correct trials alone
(t(35)= —15, p= .88), see Fig 2A. This was not due to a failure of the congruency
manipulation to elicit conflict (Fig 2B—C): there was a significant effect of proportion-
incongruent on errors committed (35)= 9.95, p<.0001), trials that were too slow (t3s5)= 4.59,
p<.0001), as well as congruent RT(t3s5)= 7.46, p<.0001) and incongruent RT (t(35)= 4.02, p<.
0001). As expected, there was no relationship between flankers congruency and pops (t(zs)=
-.71, p=.48). In summary, while we did not find the expected decrease in risky behavior
with increasing levels of proportion-incongruent, we are confident the participants
experienced increased conflict as evidenced by increasing errors and reaction time. Thus the
results do not support our hypothesis at the behavioral level, that increasing conflict would
diminish risky decision making. Next, we investigated EEG markers of conflict and their
relationship with behavior as a function of the congruency manipulation.

EEG to Flanker Cues—To investigate the relationship between theta band activity during
cues and pumps across levels of congruency, we correlated the linear change in pumps
across proportion-incongruent levels (shown in Fig 2A with individual slopes in Fig 3A;
t(35)= 1.14, p=.26) with candidate theta band metrics. The first theta metric tested was total
theta (congruent & incongruent trials) collapsed across levels of the proportion-incongruent
manipulation, as a predictor of changes in risky decision making with increasing conflict.
Figure 3B shows a significant negative correlation (rho(zs)=—.54, p<.001) between these
measures, indicating that individual differences in theta power predicted a decline in pumps
as trials became more proportion-incongruent (similar relationships were observed with
incongruent theta (rho3g)=—.56, p<.001) and congruent theta (rho(zs)=—.53, p<.001)). Next
we tested the conflict difference (incongruent minus congruent) in theta power collapsed
across levels of the proportion-incongruent manipulation. Figure 3C shows that there was a
significant negative correlation (rho(zs)=—.42, p=.01) between these measures, indicating
that conflict-specific theta also predicted a decline in pumps. Finally, we tested the slope in
total theta power (congruent and incongruent) across levels of the proportion-incongruent
manipulation with the slope of behavioral change. There was a significant effect of the
congruency manipulation on theta power (t(35=11.91, p<.0001), where increasing
proportion-incongruent led to larger theta power. Yet there was a non-significant negative
correlation (rhoze)=—.25, p=.13) between these two slopes (Fig 3D), suggesting that
individual variation in theta power due to the manipulation was not as strong a predictor as
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obligatory or conflict-specific theta power during the flankers task. The scatterplot in Figure
3D suggests that this diminished relationship may be due to restricted range.

All three theta metrics correlated with each other (rhos > .41, ps < .01). A stepwise
regression was used to predict the behavioral slope using the three theta band metrics
depicted in Fig 3: only the total theta metric was retained (F (1 34=14.44, p<.001, R2=.30),
suggesting these three theta measures account for similar variance and the strongest
reflection of this variance is the total amount of theta power during the flankers task. None
of the measures correlated with average pumps collapsed across all conditions; behavioral
slope (rho(zg)=.004, p=.98); total theta power (rhoze)=.05, p=.79); conflict-specific theta
power (rho(zg)=.05, p=.77) with the exception of the theta slope (rho(ze)=.38, p=.02), which
was unexpected. If all trials (including errors and too-slow responses) are used for theta
power and behavioral slope quantification then the correlations reported in Figure 3B-C
remain significant and the correlation in Figure 3D becomes significant, suggesting these
findings are robust.

Discussion—The behavioral data did not support our hypothesis that increasing conflict
would be associated with decreased risky decision making. In fact, a non-significant trend
occurred in the opposite direction as predicted if error trials were included. However, RT,
error rate, and theta power all increased with increasing levels of proportion-incongruent
flankers trials, suggesting the manipulation was effective in eliciting conflict. While some
participants were fit by a negative slope over levels of increasing conflict (suggesting
conflict can cause a reduction in risky behavior in some people), an equal number of
participants showed the opposite trend (Fig 3a).

Even in the absence of an overall behavioral effect, individual differences in frontal theta
predicted a decreasing slope of the numbers of pumps (i.e. correct flankers responses) with
increasing flankers conflict. This suggests that theta power, as a signal of the need for
control that is sensitive to the inherent costs therein, predicts the degree to which the
manipulation of conflict acts as a cost on behavior. Notably, the strongest predictor was the
most generic assessment of individual differences in theta power (total theta, not conflict
modulated theta). While these findings were robust and nearly all measures were unrelated
to individual differences in average BART pumps across conditions, there was an
unanticipated relationship between the theta power slope and average BART pumps.

In Experiment 11, we aimed to address three novel findings reported here: 1) In order to
evoke a more robust behavioral trend, we increased the riskiness of the task to try to provoke
larger effects (see Fig 4), 2) we expect the individual difference relationship between frontal
theta power and the degree of change in pumps under conflict will replicate, 3) we will
investigate if the unexpected finding between theta power and average BART pumps is
replicable. Thus, Experiment Il shared all the parameters of Experiment | with the exception
of an increased risky environment.

Experiment I|

Performance—As shown in Figure 5A, we found an increase in pumps with increasing
levels of proportion-incongruent flankers (tzs)= 3.98, p=.0003), however this effect was
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abolished when considering only correct responses (t(3s)= .81, p=.42). As in Experiment |,
the proportion-incongruent manipulation elicited conflict (Fig 5B-C) as evidenced by
significant increases in errors committed (t(3s)= 10.01, p<.0001) and too slow trials (t(35)=
5.34, p<.0001), as well as congruent RT (t(35)= 6.09, p<.0001) and incongruent RT (t(35)=
2.56, p=.02). As expected, there was no relationship between flankers congruency and pops
(tz5)= 1.12, p=.27).

EEG to Flanker Cues—Figure 6A shows the slopes for each participant, of number of
pumps per level of the flankers manipulation of proportion-incongruent trials. Figure 6B
shows a scatterplot of the negative correlation (rho(zg)=—.28, p=.10) between total theta
power and behavioral slope. While this t-test was performed as a two-tailed test as in
Experiment 1, if this directional hypothesis were tested as a one-tailed replication then the
two-tailed p=.10 meets traditional levels of statistical significance as a one-tailed p=.05
(again, these were highly similar for incongruent trials and congruent trials: rho’s (35)=—.28,
p’s=.10). Figure 6C shows a scatterplot of the non-significant negative correlation (rhoze)=
-.22, p=.20) between the conflict difference (incongruent minus congruent) theta power and
behavioral slope. Finally, Figure 6D shows a significant effect of the proportion-incongruent
manipulation on theta power ((35=11.91, p<.0001), but a non-significant negative
correlation (rhogzg)=—.22, p=.21) between these measures.

While behavioral slope nearly significantly correlated with individual differences in average
pumps (rho(zs)=—-31, p=.06); none of the EEG measures from Figure 6 did: total theta power
(rho(z)=-03, p=.86), conflict-specific theta power (rho(3g)=.08, p=.66); theta slope (rhozg)=.
15, p=.38). Again all three of these measures were significantly correlated with each other
(rhos>.70, ps<.001); however since none of them significantly predicted the behavioral slope
we did not run a stepwise regression as in Experiment 1.

Discussion—Experiment Il replicated the basic patterns observed from Experiment I,
albeit with a diminution in the strength of the brain-behavior relationships. It appears our
manipulation of increased riskiness had an unintended consequence of restricted range. This
assertion is supported by the finding that the behavioral slope and the mean number of
pumps was negatively correlated in this experiment only, suggesting that those who pumped
the balloon more often had a stronger effect of the proportion-incongruent manipulation due
to increased sampling of the underlying probabilities. The error and RT findings were the
same as in Experiment I, and the correlation between total theta and behavioral slope had a
p-value of .10, which could be interpreted as a significant one-tailed test given the clear a
priori predictions. Thus, Experiment Il was a weaker replication of the set of patterns found
in Experiment |: absent a group-wise behavioral trend, individual differences in frontal theta
predicted reduced risky decision making under conflict.

Conclusion

In both studies, we found a negative association between frontal midline theta and risky
decision-making during the experience of conflict. To our knowledge, no one has
investigated how the experience of conflict affects risky decision-making. These findings are

Brain Res. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Pinner and Cavanagh

Page 6

in line with studies of the cost of effort, and they further support the idea that conflict acts as
an implicit cost (Cavanagh et al., 2014).

Contrary to our hypothesis, we did not find a reliable decrease in risky behavior with
increasing levels of proportion-incongruent (Fig 2A & 5A). Participants experienced
increasing conflict with increasing percentages of incongruent stimuli, as evidenced by
significant correlations between errors, reaction time, and frontal midline theta. Multiple
studies have implicated increased error rates and reaction times with the experience of
conflict (Botvinick, 2007; Botvinick et al., 2001; Dreishach & Fischer, 2012), as well as
frontal midline theta and the related N2 ERP component (Cavanagh & Frank, 2014; Yeung,
Botvinick, & Cohen, 2004). While the group average of correct responses were relatively
constant across levels of proportion-incongruent, errors were generally additive in both
studies, accounting for increased pumps as conditions became more difficult (significantly
so in Experiment 11). When considering the random effects of individual differences,
participants had varied responses to the conflict manipulation: while many participants had
decreased pumps as expected, an equal number had more pumps.

While there was no consistent group-level behavioral finding, a compelling amount of
individual variability in the behavioral change due to conflict could be accounted for by
frontal midline theta (Experiment I: R2=30%, Experiment 11: R2=8%). In both studies, total
theta, not conflict-modulated theta was the strongest predictor of this effect, and theta slope
was the weakest (likely due to restricted range). All three of these theta measures were
strongly correlated with each other (Experiment I: rhos>.41; Experiment Il: rhos >.70),
although there are no mathematical dependencies between them that require this to be true.
Theta activities collapsed across high and low conflict conditions are rarely investigated as a
candidate individual difference measure, but these studies suggest that this simple signal can
be more predictive than manipulation-specific effects. While theta is expected to be
isomorphic with the experience of conflict/effort, none of these phenomena are ubiquitous in
being aversive (Goldfarb & Henik, 2014; Westbrook & Braver, 2015). For example,
individuals may interpret sunken costs as an investment (invigorating behavior) or as a waste
(diminishing behavior). Thus, reliable predictors of individual differences in effort costs may
be extremely interesting, particularly in clinical groups with higher (e.g. anxiety) or lower
(e.g. schizophrenia) frontal theta (Cavanagh & Shackman, 2014; Mathews, Perez, Delucchi,
& Mathalon, 2012; Weinberg, Olvet, & Hajcak, 2010).

While we aimed to leverage a standardized measure of motivated decision making, the
current findings likely reflect how conflict reduces effort-based decision making and not
risky decisions per se. While risk tolerance is the primary interpretation of BART
performance (White, Lejuez, & de Wit, 2008), and BART pumps correlate with many real-
world risk taking behaviors (Hunt, 2005; Lejuez et al., 2003; Wallsten, Pleskac, & Lejuez,
2005), this task mixes aspects of learning, reward sensitivity, and performance consistency
(Wallsten et al., 2005) as well as an under-appreciated amount of motor effort that combine
towards manifest actions. The conflict manipulation likely affected decision making by
reducing motor effort during this task, however this is still important given that the conflict
was implicitly experienced and participants were motivated by the risky goal to achieve high
value outcomes.
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We predict that if a similar implicit conflict manipulation was used in other risky decision
making tasks, theta power would account for intra- and inter-individual variability in a
similar cost-of-conflict relationship on measures of reduced valuation (c.f. Wessel et al.,
2014; Westbrook, Kester, & Braver, 2013) or diminished risk taking (c.f. Christopoulos,
Tobler, Bossaerts, Dolan, & Schultz, 2009; Hewig et al., 2009). However, the predictive
power of frontal midline theta to conflict/effort costs may be dissociated from delay-based
costs that are calculated in other neural areas like orbitofrontal cortex (Rudebeck, Walton,
Smyth, Bannerman, & Rushworth, 2006), and unpublished data from our lab suggests that
decision making may need to be contingent on conflict/effort (e.g. not simply following it)
in order to be affected by the manipulation.

It is unknown if cortical EEG is affected by the strong influences of striatal systems on
motivating cost/reward decisions (Christopoulos et al., 2009; Croxson et al., 2009; Schmidt,
Lebreton, Cléry-Melin, Daunizeau, & Pessiglione, 2012; Schouppe, Demanet, Boehler,
Ridderinkhof, & Notebaert, 2014) and known dopaminergic moderation of these effects
(Doya, 2008; Salamone, Correa, Farrar, Nunes, & Pardo, 2009; St Onge, Abhari, &
Floresco, 2011; Treadway et al., 2012; Wardle, Treadway, Mayo, Zald, & de Wit, 2011).
However, the findings discussed here provide clear predictions for utilizing frontal midline
theta as a marker of cognitive effort costs in future pharmacological, genetic, and imaging
studies.

In summary, the two studies reported here provide further evidence that conflict is associated
with similar decision costs as effort. By extending these findings to explicit decision making
in a risk-motivated environment, we extend the class of cognitive phenomena associated
with effort costs. By accounting for individual differences in conflict costs, we demonstrate
how frontal midline theta is not only a compelling mechanism for implementing cognitive
control, but it is sensitive to the inherent costs therein.

Methods and Materials

Experiment |

Participants—The University of New Mexico Institutional Review Board approved this
experiment, and all participants provided written informed consent. All participants were
right handed, had normal or corrected-to-normal vision, no history of neurological
psychiatric or any other relevant medical problem, and were free from current psychoactive
medication use. Participants were recruited via the UNM Department of Psychology subject
pool and received course credit for participation. Participants were informed that the top
performer would earn $30 cash. There were 36 participants (26 female; mean age = 21.28,
SD = 4.54; range 18 to 39 years). The task took an average of 59 minutes to complete.

Modified BART Task—As described earlier, we created a novel task to assess risk-taking
behavior during the experience of conflict by amalgamating two well-established tasks: the
Eriksen Flanker Task used to elicit conflict (Eriksen & Eriksen, 1974) and the Balloon
Analogue Risk Task (BART) used to assess risk-taking behaviors (Lejuez et al., 2002), see
Figure 1. We administered detailed instructions and a training session to familiarize the
participants with each task separately, followed by the combined task.
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In the BART component, riskiness is manipulated with a balloon-wise probability of pumps
required to pop the balloon (uniform distribution between 1 and 128 pumps). In the Flankers
task component, participants responded with a left or right key-press depending on the
direction of a central target arrow, which was surrounded by flanking arrows pointing either
in the same (congruent) or opposite (incongruent) direction as the target, i.e., (" << <<<’or
£>>>>>") versus ( <<>< <’ or‘>><>>"), respectively. The combined task used
flanker performance to inflate the balloon (one pump per correct button left or right trigger
button push). Errors deflated the balloon by one pump. If participants did not react to stimuli
within 800 ms, they were informed their decision was ‘too slow’, and were awarded zero
points. Participants cashed out by pressing a button with their thumb.

To manipulate conflict during BART performance, we altered the probability of conflicting
flankers into 5 levels: 10%, 30%, 50%, 70%, and 90% incongruent. Each participant
completed 75 balloons, with 15 balloons per congruency level. Trials were presented in
random order. Total points gained were presented at the bottom of the screen throughout the
task.

EEG Recording and Preprocessing—EEG was recorded continuously across 0.1—
100Hz with a sampling rate of 500 Hz and an online CPz reference on a 64-channel Brain
Vision system. EEG data were re-referenced to an average reference and CPz was re-created.
Very ventral temporal sites were removed, as they tend to be unreliable, leaving 60
electrodes. Data were then epoched around the cues (-1,500 to 2,000 ms). Bad channels and
bad epochs were identified using the FASTER algorithm (Nolan, Whelan, & Reilly, 2010)
and were subsequently interpolated and rejected respectively. FASTER identifies artifacts
based on 3 standard deviations of the absolute z-score of a variety of correlation and
variance measures (see: Nolan, Whelan, & Reilly, 2010). Eye blinks and horizontal eye
movements were removed following ICA (Delorme & Makeig, 2004). ICA components
were algorithmically identified as potentially ocular if they were strongly correlated with
vertical or horizontal electroencephalogram (greater than 3 standard deviations from all
absolute z-scored ICA component correlations). All algorithmic suggestions were verified
by visual inspection of the ICA topography prior to removal.

All analyses were performed on the FCz electrode. Time-Frequency measures were
computed by multiplying the fast Fourier transformed (FFT) power spectrum of single trial
EEG data with the FFT power spectrum of a set of complex Morlet wavelets (defined as a
Gaussian-windowed complex sine wave: ei2ttfe~t"2/(2xa"2) \yhere tis time, fis frequency
(which increase from 1-50Hz in 50 logarithmically spaced steps), and defines the width (or
‘cycles”) of each frequency band, set according to 4/(2r #)), and taking the inverse FFT. The
end result of this process is identical to time-domain signal convolution, and it resulted in
estimates of instantaneous power (the magnitude of the analytic signal), defined as Z[t]
(power time series: p(t) = real[z(t)]? + imag[z(t)]?). Each epoch was then cut in length (500
to 1,000ms). Power was normalized by conversion to a decibel scale (10 x log10[power(t)/
power(baseline)]), controlling for spurious individual differences and allowing a direct
comparison of effects across frequency bands. Event Related Potentials (ERPS) were low-
pass filtered at 20 Hz. The baseline for time-frequency and ERP data consisted of the
average power from —300 to —200 ms prior to the onset of the cues. Note that following
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wavelet convolution, each time point reflects a broad range of frequency-specific temporally
common activity (calculated as 2*(cycles/(2pi*frequency))*1000), thus a 100 ms window
captures multiple cycles of activity.

Statistical Analysis—The a priori hypothesis was that increasing conflict due to the
flankers proportion-incongruent manipulation would diminish the investment in risky
decisions, operationally defined as the number of BART pumps (Lejuez et al., 2002; Lejuez,
Aklin, Zvolensky, & Pedulla, 2003). The statistical analysis across the five parametric
manipulation conditions required an assessment of change over time, so the linear change in
measures across proportion-incongruent levels (pumps, RT, theta power, etc.) were assessed
via individual regression slopes. The mean number of pumps and theta power collapsed
across all conditions were also important to understand, so these measures were included in
some analyses. These two approaches can be considered assessments of the slope vs. the
intercept of each phenomenon. The outcome variable of interest was the effect of the conflict
manipulation on BART behavior (behavioral slope), but all theta band measures were
possible predictors (total theta, conflict-specific theta, and theta slope across trials).

A theta band time-frequency Region-of-Interest (tf-ROI) of 4-8 Hz and 300-500 ms was
selected from prior work and the visualization of the difference between incongruent and
congruent flanker conditions (see Fig 3C). Only correct trials (no error trials or too-slow
trials) were used for theta band analyses, unless otherwise reported. To control for differing
numbers of incongruent stimuli per manipulation condition, three separate contrasts were
used. First, total theta power (congruent + incongruent) collapsed across manipulation
condition was used as a predictor of behavioral slope (akin to theta intercept). Then the
difference in theta power (incongruent — congruent) collapsed across manipulation condition
was tested. Finally, theta band slope across the proportion-incongruent conditions,
collapsing across flankers trial type (congruent and incongruent) was tested as predictor of
behavioral slope.

Statistical effects of performance differences were assessed via one-sample t-tests of each
participant’s regression slope in order to test whether the average slope was significantly
different than zero. Relationships between slopes were tested using Spearman’s correlations.
A stepwise regression (F-to-enter <=5%, F-to-remove >= 10%) was used to predict the
behavioral slope using the three theta band metrics in order to examine for independent vs.
shared variance.

In Experiment |1, we altered the probability of balloon pops. We changed it from a balloon-
wise probability (for any balloon, the probability of popping remains fixed) to a pump-wise
probability (for each pump, the probability of popping re-sets). All other methods were the
same as described in the Experiment I. To demonstrate this manipulation of risk, we
simulated each variant of the task for 100,000 iterations to determine the average number of
pumps that one can execute in each Experiment until the balloon pops (Fig 4). In the
standard BART task (Experiment 1), the pop probability is reset after each balloon,
producing a uniform distribution of pumps that can be expected to lead to a pop (i.e. if
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(number of pumps/128) > this balloon’s probability, then it will pop if pumped). Thus, while
each pump does lead to increased riskiness of a pop, this is due to a decreasing population of
remaining ‘safe’ samples until the random occurrence of the pop. Conversely, for
Experiment Il we reset the probability of a pop after each pump (i.e. if (number of pumps/
128) > this trial’s probability, then it will pop if pumped), amplifying the risk. This yielded a
median number of 14 to 15 potential pumps until a pop, and a near impossibility that a
balloon could be pumped over 40 times as demonstrated by the simulation. Since this forced
shorter trials, Experiment Il consisted of 150 trials with 30 balloons per congruency level.
All other methods were the same as described in the Experiment I, including sample size
(also 36 participants, 20 female; mean age = 19.33, SD = 2.54; range 18 to 29 years), and
motivation to earn $30 for top performance. The task took an average of 44 minutes to
complete.
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Figure 1.
Modified BART task: A. The BART task. Participants inflate a virtual balloon with each

key-press earning them one point. They can press a separate button to cash out on the points
earned in each trial, unless they inflate the balloon too much and it “pops”, erasing that
balloon’s accumulated points. B. The flankers task. Participants respond to the direction that
the center arrow is pointing, ignoring the flanking arrows on both sides of the center arrow.
When the center arrow points in the opposite direction than the other arrows, this proportion-
incongruent which elicits conflict. C. Modified BART task. We combined the BART and
flankers tasks by requiring participants to inflate the balloon with each correct response in
the flankers task. Errors deflated the balloon by one pump. The influence of conflict on risky
decision making was manipulated by varying the proportion of incongruent flanker trials
within each balloon. Participants completed 15 balloons of each of the 5 levels of
congruency (10%, 30%, 50%, 70%, 90% incongruent) for a total of 75 balloons.
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Figure 2.
Experiment | performance A. Average number of pumps as a function of the percentage of

incongruent flankers. There was a slight (non-significant) positive relationship between the
number of pumps and the percent of incongruent flankers; however this relationship was
reversed when removing error trials. B. Errors and too-slow trials both increased with the
proportion-incongruent manipulation, but the number of pops experienced was unrelated to
this manipulation. C. Congruent and incongruent trial reaction times both increased with the
proportion-incongruent manipulation. Bars are mean +/— SEM.
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Figure 3.
Experiment | brain-behavior relationships. All scatterplot y-axis data are from (A), all x-axis

data are shown below each scatterplot. A) The outcome variable was the slope of each
participant’s behavioral change due to increasing percentages of incongruent stimuli. Each
participant’s slope is shown here; the boxplot shows that the average slope did not differ
from zero in the context of tremendous inter-individual variation. B) Total theta power
(congruent & incongruent) inversely related to the behavioral slope. The theta band tf-ROI is
highlighted in cyan, the average ERP is overlaid in black. C) The difference in theta power
(incongruent minus congruent) also inversely related to the behavioral slope. The same tf-
ROI is shown here, as are the ERP difference wave and the contour of t-test differences at a
p<.001 threshold. D) The boxplot shows that nearly all participants had a positive slope of
total theta power (congruent & incongruent) due to increasing percentages of incongruent
stimuli. The slope in total theta power was non-significantly inversely related to the
behavioral slope.
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Simulated Pumps Until a Pop
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Figure 4.

Simulated number of pumps until a pop for Experiments I and Il. For Study I, each pump led
to an increase in the risk of a pop due to a decreasing population of remaining ‘safe’ samples
until the random (uniformly distributed) occurrence of the pop. However, across multiple
balloons the median number of pumps one can take until a pop is also uniform. For Study 11,
the probability of a pop was re-set after each pump, amplifying the risk. This caused a much
higher probability of a pop, with the median number of pumps until a pop peaking around 14
or 15.
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A Pumps as a Function of Flanker Congruency
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Figure 5.
Experiment Il performance A. Average number of pumps as a function of the percentage of

incongruent flankers. There was a (significant) positive relationship between the number of
pumps and the percent of incongruent flankers. However this disappeared when error trials
were removed. Again, B. Errors and too-slow trials both increased with the proportion-
incongruent manipulation, but the number of pops experienced was unrelated to this
manipulation. C. Congruent and incongruent trial reaction times both increased with the
proportion-incongruent manipulation.
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Experiment 11 brain-behavior relationships. A) Each participant’s slope is shown here; the
boxplot shows that the average slope did not differ from zero yet there was tremendous inter-
individual variation. B) Total theta power (congruent & incongruent) was inversely related to
the behavioral slope. C) The difference in theta power (incongruent minus congruent) was
non-significantly inversely related to the behavioral slope. D) The boxplot shows that nearly
all participants had a positive slope of theta power (congruent & incongruent) due to
increasing percentages of incongruent stimuli. Yet this slope in theta power was also non-
significantly inversely related to the behavioral slope.
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