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Abstract

Neural correlates of decisions under risk and under ambiguity have been examined for several decades. In the current study, we

focus on a neglected aspect that is a potential confounding of the average risk of alternatives in a trial, the average magnitude

of the outcomes, and the difference in risk between the two alternatives. We present an experimental approach to solve this

problem here and explicitly separate risk and ambiguity. In the present fMRI-study with 20 participants, we created different

levels of risk and ambiguity to investigate their effects on behavior and brain activation. In a first experimental block, decisions

with mixed-risk options (one high-risk option paired with one low-risk option) were compared to decisions with two high-risk

or two low-risk options in terms of the effects on decision-making and neural activity. The second block consisted of the same

risk levels crossed with high and low ambiguity by withholding information about the probabilities of the outcomes. During

mixed-risk trials participants made cautious decision significantly more often. This effect was strongest during mixed trials with

high ambiguity in the second block. In addition, risk behavior of subjects was correlated with the subjective importance of the

amount of potential monetary losses or wins and the related probabilities. The fMRI results revealed activation of the dorsal

anterior cingulate cortex (dACC), the insula, and the orbitofrontal cortex (OFC) during mixed risk trials without ambiguity.

In contrast, activation of the amygdala was specifically present during mixed-risk trials with high ambiguity.

Introduction

Decision-making is influenced by the value of outcomes, the probability of outcomes, and the ambiguity or
risk of outcomes (e.g. Kahneman et al., 1997; Kahneman & Tversky, 1979). According to a classic distinction
between ambiguity and risk derived from Knight (e.g. Chen & Epstein, 2002; Huettel et al., 2006; Knight,
1921; Krain et al., 2006), a decision situation is defined risky when the actual outcome of the decision
between options is unknown, but the probability distribution for different outcomes is known. In contrast,
a decision is ambiguous when the actual outcome and the probability distribution of potential outcomes are
both unknown (Ellsberg, 1961; Knight, 1921). In all these cases, preferences of decision options are defined
according to the chance distributions of options, i.e., according to their expected value (EV). For risk, these
chances are taken to be objective, whereas for uncertainty, they are subjective. Furthermore, the size of the
risk of options can be described by the spread of outcomes (Rothschild & Stiglitz, 1970), and the size of
ambiguity by the lack of information (Ellsberg, 1961; Knight, 1921). The size of risk and ambiguity reduce
the utility of an option. Accordingly, the goal of the present study was to vary experimentally both risk and
ambiguity in order to compare them on the behavioral and on the neural level. Usually, people are even
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more averse to ambiguous options than to risky options supposedly also indicating a reduction in subjective
utility.

During the past decades, many different studies investigated behavior of people under risk and ambiguity.
Many different experimental approaches were used, which differed in paradigms and parameters, e. g. various
kinds of gambles, known and risky options, or risky options only, gambles with possible gains and losses or
only with gains, and special tasks like the Iowa Gambling Task (Bechara et al., 1997, 2005; Li et al., 2010),
Blackjack (Hewig et al., 2010; Hewig et al., 2009; Hewig et al., 2007; Hewig et al., 2008) or the Balloon
Analogue Risk Task (Lejuez et al., 2002; Mussel et al., 2015; Rao et al., 2008). Recent studies also used
functional magnetic resonance imaging (fMRI) to identify blood oxygen level dependent (BOLD) responses
to risky and ambiguous situations in order to reveal its neural underpinnings (e.g. Bach et al., 2009; Hsu
et al., 2005; Smith et al., 2002; Tobler et al., 2007). Some of these studies found activations of brain areas
associated with EV, like the ventral striatum (Breiter et al., 2001; Knutson et al., 2001; Knutson et al.,
2005; Tobler et al., 2007; Yacubian et al., 2006) or the anterior cingulate cortex (Brown & Braver, 2005,
2007, 2008; Kuhnen & Knutson, 2005). Others compared ambiguous and risky decision-making and showed
that ambiguous decision-making is related to increased neural activity in the dorsolateral prefrontal cortex
(DLPFC), amygdala, posterior inferior frontal cortex, and posterior parietal cortex (e.g. Bach et al., 2009;
Hsu et al., 2005), whereas risky decision-making is related to activity in OFC, ACC, and parietal cortex (e.g.
Krain et al., 2006; Platt & Huettel, 2008; Tobler et al., 2007). These differences may indicate that ambiguity
imposes not merely more intense uncertainty but might even represent a different kind of uncertainty, which
is based on a different neural processing by different neural sources. To differentiate between risky and
ambiguous decisions, the magnitude, the probability, and the EV of decision options have to be defined as
independent experimental variables and the functional neural structures have to be described that account
for their differential phenomenological cognitive and behavioral functions.

To master such challenges, Tom, Fox, Trepel, and Poldrack (2007) investigated risky gambles using a paramet-
ric experimental design to assess BOLD responses related to risk and loss aversion. The network functional
relevant for gains included regions in dorsal and ventral striatum, ventromedial prefrontal cortex (VMPFC),
ventrolateral prefrontal cortex (VLPFC), ACC, OFC, and other dopaminergic structures whereas structures
relevant for losses included the striatum, the VMPFC, ventral ACC, and the medial OFC. In relation to
loss aversion, they showed activity in bilateral ventral striatum, bilateral lateral and superior PFC (pre-
supplementary motor area), and right inferior parietal cortex. The authors termed this pattern a neural
system of loss aversion.

In a subsequent study also using parametric analyses, Canessa et al. (2013) replicated activations in regions
in the left ventral striatum and in the posterior frontomedial cortex in response to gains and losses. In
addition, they found an interesting differential pattern of activation between losses and gains of the right
posterior insula and the parietal operculum. These areas showed greater activation to increasing losses than
deactivation to gains. An opposite pattern was found in the left ventral striatum and the frontomedial cortex,
which showed larger loss-related deactivation than gain-related activation. Furthermore, they identified a
loss-related network involving the right amygdala, putamen, and portions of the right posterior insula,
indicating that the neural system of loss aversion involves the amygdala, thalamus, striatum, and posterior
insula.

Based on these studies using fMRI we expected risk-related activity in dorsal and ventral striatum, ventro-
medial prefrontal cortex (VMPFC), ventrolateral prefrontal cortex (VLPFC), dACC (mainly BA 32), OFC,
parahippocampus, inferior frontal gyrus IFG (BA 47), SMA (BA 6), frontomedial cortex, and insular cortex
in mixed-risk trials for the parameter “wins”. In contrast, for the parameter ”losses” we expected activity in
insula, parietal operculum, amygdala, thalamus, striatum (in particular ventral), VMPFC, ventral ACC, the
medial OFC, bilateral lateral and superior PFC (pre-supplementary motor area), and right inferior parietal
cortex. We further expected ambiguity-related activity in dorsolateral prefrontal cortex (DLPFC), amygdala,
posterior inferior frontal cortex, and posterior parietal cortex. Since our experimental design eliminated the
confounding influence of average risk levels between our experimental conditions, the remaining regions are
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considered to relate specifically to the risk difference in mixed gambles.

In the gambling paradigm used here, the probability of outcomes was known to the subjects to elicit decisions
under risk in one part of the experiment, and in the other part of the experiment the probability of outcomes
was unknown in order to induce decisions under ambiguity. We completely avoided fully known outcomes,
because risk and ambiguity may appear to be more similar in their presence because they both entail some
uncertainty as compared to known outcomes. Instead, we varied both risk and ambiguity systematically
to contrast and compare them to each other. The degree of risk was varied experimentally by using three
different combinations of high- and low-risk options in each trial of a two-choice decision-making task. High-
risk gambles comprised two high-risk options, low-risk gambles comprised two low-risk options and mixed-risk
gambles comprised a high- and a low-risk option. EV was always the same in each gamble. This enabled
us to experimentally separate influences of the difference in risk from the overall level of risk or EV and
from the overall level or magnitude of gains and losses. Previous studies used known outcomes versus risky
gambles, or known outcomes versus ambiguous gambles. Thus, for each decision between two gambles the
average risk level of both alternatives (high/low) is confounded with the risk difference between the two
alternatives. For example, many studies use a known outcome option and a risky option. The risky option
can vary in its variance of outcomes. Thus, the average risk of both alternatives and the average magnitude
of the outcomes are confounded with the difference in risk between the two alternatives. A trial with a known
option and a low-risk option has lower overall risk, lower difference in risk between the options, and lower
outcome magnitudes. Whereas a trial with a known option and a high-risk option has higher overall risk,
higher difference in risk, and higher outcome magnitudes. Accordingly, a difference in brain activation in the
comparison of these two kinds of trials may be due to any of these three differences between trials. For this
reason, we combined 2 kinds of options: high-risk options (larger variance in outcomes) and low-risk options
(smaller variance in outcomes). Thus, we created a high-risk condition with two high-risk alternatives, a
low-risk condition with two low-risk alternatives and a mixed risk condition with a low and a high-risk option.
If we now compare brain activity between the mixed condition and the average of the two other conditions,
we may disentangle risk level and risk difference.

We expected that minimizing the risk is primarily triggered by the difference of outcome variance between
the two options, which should lead to the strongest risk aversive effects in mixed gambles. We further
varied the degree of ambiguity experimentally in another block of trials by using one condition without any
information about the probability (high ambiguity) as compared to another condition where we provided a
range of probabilities for each outcome (low ambiguity). In a narrow sense of decision-making under risk,
where all information is available, the latter trials with high ambiguity are not decision-making under risk.
However, according to the definition of the degree of risk with the spread or variance of outcomes these trials
can still be recognized in terms of higher or lower risk, since the magnitude of the difference between the
potential wins and losses (variance of outcomes) is a function of risk level even in the absence of probability
information. This allows a systematic comparison of decision-making under risk with decision-making under
ambiguity across experimental blocks keeping all other aspects of the task comparable.

In the present study, we aimed to clarify and extend previous findings by using mixed-risk trials with and
without ambiguity and compared them to high- and low-risk trials. Furthermore, we aimed to compare risk
and ambiguity directly with each other. Thus, the target condition is as similar as possible to the control
conditions. We focused on the moment of decision-making in our analyses. Following previous research
(Canessa et al., 2013; Tom et al., 2007), we also used a parametric fMRI design to separate effects that
are due to potential gains from those of potential losses. Importantly, previous research focused on the
idea of neural loss aversion, which is related to the different degree of brain activity in response to gains
and losses, and supposedly drives cautious decision-making under risk. In addition, Vorhold and colleagues
(2007) showed that subjective ratings of risk are moderating decision-making. We therefore also assessed
ratings of riskiness and reports about reasons of individual decision-making.

Methods

Participants
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The study was approved by the local ethics committee. 20 right-handed volunteers participated in this study
(10 females and 10 males; mean age: 24 years, SD = 3.1 years, range 19 – 32 years). They were paid 6 Euro
per hour for participation and could earn an extra bonus depending on their success of gambling. Every
participant gave written informed consent for participation after receiving verbal and written information
about the purpose and course of the experiment and after examination by a physician whether any risk would
not allow the MRI application. Following the MRI recording, participants completed several questionnaires
(see below). For every participant, a log-file recorded during the time points when a trial started and the
latency of choosing an option. Based on this information, the first-level analyses of imaging data were
conducted, as described below. In addition, log-files of all three risk levels included information on the
decisions of participants and their choice of riskier or less riskier options.

Procedure

In the MRI scanner, participants performed a two-choice decision-making task by deciding between two op-
tions (see Figure 1). Each option had a probability p (between 5% and 95%) for winning and a corresponding
probability 1-p for losing. The EV of all options was kept constant at 0.10 Euro. Each option was either of
high or low risk according to the variance of the monetary outcome per option (as compared to all options
used in the study). A trial was defined as high-risk trial if both alternatives were high-risk options (both
gambles with large variance in outcome). The range of wins was 15 to 100 Cents and that of losses between
-15 to -100 Cents with a difference between winning and losing outcome of 100 and 200 Cents for high-risk
options. A low-risk trial consisted of two low-risk options, which had a low variance in outcome. The range
of wins here was 11 to 57 Cents and that for losses between -5 and -60 Cents and the difference between the
winning and losing option ranged between 16 and 75 Cents. Finally, in mixed-risk trials one option of high
risk was paired with one option of low risk.

The task included three scenario blocks of 99 trials each (see supplementary Table 4). In the scenario
block with pure risk options every trial had one of the aforementioned risk levels (33 trials each). A second
scenario block consisted of 99 trials with these three different risk levels transformed into trials with high or
low ambiguity where the probabilities p and 1-p were either unknown (high ambiguity, 48 trials, see Figure
1 for an example) or given as a range of the probabilities (e.g. between 30% and 50%; low ambiguity, 51
trials, presented as “30-50%”) in half of the trials, respectively. In the latter case, the range of outcomes
was presented and indicated the level of risk to participants. And finally, in a third scenario block, risk
and ambiguity trials were mixed (results for this block will be presented elsewhere). The order of the three
scenario blocks was counterbalanced across participants.

Every trial started with an initial fixation cross that was presented on a monitor screen for 525 ms plus
an individual period for each trial varying between 10 and 25 ms (timeline shown in Figure 1a). After this
initial phase, the trial options to choose were presented on the screen for up to 3000 ms and participants
were requested to decide for one of the options. If participants did not choose during this time period they
lost the gamble. Then visual feedback with a colored frame around the chosen option was presented upon
button press until 3000 ms elapsed since presentation of the options screen. Subsequently a screen informed
whether they won or lost the gamble (for additional 1250 ms). Finally, a last screen showed the total amount
of money they won so far (for 1250 ms).

fMRI Data Acquisition and Analysis

Brain activation of participants was measured using a 3 Tesla magnetic resonance scanner (Magnetom
Trio A, Tim System, Siemens Medical Systems; Erlangen, Germany). For the functional analysis, 110
volumes of echo-planar-images were acquired using a T2*-weighted sequence (TE = 30 ms, flip angle =
90°, matrix = 64 x 64, FOV = 192 mm, TR = 2.7 s). Each volume comprised 40 axial slices with 3 mm
thickness and an interslice space of one millimeter creating a voxel size of 3 x 3 x 3 mm. In addition, an
anatomical scan with high resolution was acquired using a T1-weighted MPRAGE sequence with a voxel
size of 1 x 1 x 1 mm. For data preprocessing, the first four volumes were discarded to secure steady-state
tissue magnetization. Preprocessing and data analysis was performed using the software SPM8 (Wellcome
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Trust Centre for Neuroimaging, University College London). Data were realigned to minimize effects of
body movement. Realigned data then were normalized and transposed to the Talairach space (Talairach
and Tournoux, 1988) using the anatomical image that was co-registered with a T1-template and the mean
image of the realigned data. After normalization, the images were smoothed with a Gaussian kernel of 8 mm
full width at half-minimum (FWHM). Preprocessed data were used for first level analysis where the onset
and duration of the decision-screens were taken to assess the activation during the three different stimulus
conditions (high, low, and mixed risk). In addition, we added two parameters in the parametric SPM model
for every stimulus condition for the potential gain and the potential loss. These parameters were calculated
as the sum of the potential wins the sum of potential losses of these two options. For the first-level analysis,
contrasts of predictor estimates (beta-weights) were defined for each risk level (i.e.: high risk, mixed risk, and
low risk). The expected blood oxygen level-dependent (BOLD) signal changes were modeled using a canonical
hemodynamic response function. The resulting contrast images of each participant were used for second-level
ANOVA calculations (group level). At the end we got group level predictor estimates (beta-weights) which
we used for calculating contrasts for comparison between risk and ambiguity, mixed-risk trials in comparison
to high- and low-risk trials with and without ambiguity and for the parametrical results of potential gains or
losses. The analysis focused on the time of the decision-making. Results of the analysis within each Region of
Interest (ROI) were regarded as statistically significant when t-values were < 0.001 uncorrected. ROIs were
defined using the Talairach client software (Talairach Project, International Consortium for Brain Mapping).
In order to prevent false positive activations, results are reported only for brain areas which showed z-value
higher than 3.09 – i.e., p < 0.001, uncorrected – and a volume greater than 180 mm³ - i.e., five voxels with
a spatial resolution of 3 x 3 x 4 mm (here we opted for four millimeters, because the thickness of measured
slices was three millimeter plus a distance between slices of one millimeter).

Questionnaires

Questionnaires presented after the fMRI experiment assessed the perceived risk of options and difficulty of
decisions using a rating scale ranging from 1 (no difficulty) to 9 (very difficult). Participants were further
asked to rate how much they decided between options as a function of the amount of potential gain or
potential loss of the choice and how much they felt influenced while choosing by the probability of wins and
losses of their decision options. For all of these rating questions, we presented examples taken from the real
experiment, which represented each of the experimental conditions respectively (one sample trial for each
condition to remind participant of the condition). We realized all levels of risk and ambiguity; the ratings
were made separately for each experimental trial that represented each condition.

We also included several personality questionnaires (results will be presented elsewhere) to assess trait-like
differences related to decision-making (Budner, 1962; Carver & White, 1994; McLain, 2009; Zuckerman,
1996).

Data Analyses

For the analyses of behavioral decision-making data, we used a general linear model. Risk (three levels:
low, high, mixed risk) served as within-subject factor and gender as between-subjects factor for pure-risk
trials. For ambiguous trials, the three levels of risk were fully crossed with either low ambiguity or high
ambiguity. Accordingly, ambiguity served as a second within-subject factor with these two levels of ambiguity.
In addition, an ANOVA comprising both trial types was used to examine differences between no ambiguity
(pure-risk trials) and low and high ambiguity (ambiguous trials).

We used Huynh-Feldt corrections, when the assumption of sphericity was violated. Follow-up Helmert-
contrasts and t-tests were conducted to identify the direction of the effects and tested one-tailed for evaluating
directed hypotheses. Significance level was p=.05, and only significant p-values are reported.

Results

Behavioral results

For the pure-risk trials (low-risk, high-risk, mixed-risk) the ANOVA revealed a main effect of risk (F (2,36)
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= 5.98, p = .007, eta² = .25, epsilon = .92) on the percentage of choices of the option with higher variance
of the outcomes (higher risk). Follow-up Helmert contrasts showed the significantly most cautious decisions
in the mixed-risk condition as expected compared to the other two conditions (p = .016; Mean of mixed (M)
= .35, SD = .16 and Mhigh = .44 and Mlow = .41, see Figure 1b). In addition, the percentage of cautious
decisions was not significantly different between the low-risk and high-risk condition. There were no further
significant effects.

For ambiguous trials, the ANOVA revealed a main effect for risk (F(2,36) = 12.86, p < .001, eta² = .42,
epsilon = .86). It is important to note here that the spread or variance of outcomes was the same as in block
1 and defined the factor risk. As for the pure-risk trials follow-up Helmert contrasts showed the significantly
most cautious decisions in the mixed-risk condition (p = .001, M = .33, SD = .18). Again, the percentage of
cautious decisions was not significantly different between high and low-risk conditions. All other main effects
and interactions were not significant.

Taken together, for both, the risk and the ambiguity block, mixed-risk options led to the highest percentage
of cautious decisions. A combined analysis of risk and ambiguity blocks revealed a significant main effect of
risk (F(2,36) = 15.7, p < .001, eta² = .47, epsilon = .84) and an interaction of risk with ambiguity (F(2,36)
= 3.03, p = .023, eta² = .14, epsilon = .99). Post-hoc Helmert-contrasts showed that the interaction was
due to more cautious decisions under high ambiguity for the mixed-risk condition compared to high-risk and
low-risk trials in the conditions of pure risk and low ambiguity (p=.008). The condition with mixed-risk and
high ambiguity led to the most cautious decisions (M = .30, SD = .18). Accordingly, high ambiguity further
increased the risk-minimizing behavior in the context of mixed risk. Further, participants were relatively less
cautious in the high-risk condition as compared to the low-risk condition under low ambiguity as compared
to pure risk (p=.036). No other effects were significant.

Correlations with ratings

Participants’ ratings about how much the potential amount of loss or gain or the respective probabilities
influenced their decisions were correlated with behavioral decision-making (i.e., the relative choice of high-
risk alternative). Results showed that subjects decided riskier if their choice depended more on the amount
(r = .55, p = .012) and on the probability of the gain (r = .47, p = .042) for pure risk decisions. In addition,
participants acted more cautious if they their decision was more based on the variance of potential losses in
an ambiguous situation (r = -.46, p = .040, all other tests not significant).

Imaging data results

Condition-based non-parametric analysis.

For the neuronal analyses we focused on mixed-risk trials with and without ambiguity in comparison to high-
and low-risk trials. During mixed-risk trials as compared to high- and low-risk trials in the pure-risk block
significant activation was observed in the left parahippocampal gyrus (Table 1, Figure 2). In the ambiguity
block activations were present in the right inferior frontal gyrus IFG (BA 47) for mixed-risk trials with
high ambiguity compared to high- and low-risk trials with high ambiguity (Table 2, Figure 3). For the same
contrast with low ambiguity, activity in the left supplementary motor area (BA 6) and in the left posterior
insula was significant (Table 2, Figure 4).

The contrast high versus low ambiguity showed a significant BOLD effect in the mixed-risk condition. High
compared to low ambiguity was correlated with activations in the right inferior parietal cortex and the left
DLPFC in BA 9 (Table 2, Figure 5). As noted above, mixed-risk trials under high ambiguity showed the
highest amount of low-risk decisions on the behavioral level.

Parametric analysis.

The parametric design analysis, with all the magnitudes of possible gains and losses included as parameters
for each trial, revealed three main results: First, when examining the influence of wins, the dorsal ACC
was significantly more activated during mixed-risk trials than in high- or low-risk trials (Table 3, Figure 6).
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Second, losses significantly activated the insular cortex (BA 13) and parts of the lateral OFC only during
mixed-risk trials but not during high- or low-risk trials (Table 3, Figure 7). Third, for ambiguous trials,
significant activation was found in the amygdala during mixed-risk trials with high ambiguity but not in
response to mixed-risk trials with low ambiguity for the parameter magnitude of gains (Table 3, Figure 8).
For ambiguous trials we found no significant activation with respect to the loss parameter.

Discussion

The present study on decision-making under risk and ambiguity investigated the decisions of participants
under different levels of uncertainty. We aimed to contrast risk and ambiguity on the behavioral and the neural
level by experimentally varying these two types of uncertainty. Subjects were exposed to three different levels
of risk: i.e., low, high, and mixed-risk and two levels of ambiguity: i.e. high and low ambiguity. Probabilities
and outcomes were composed such that the expected value for all decisions was the same. Further, we defined
the different levels of risk based on a suggestions of Rothschild & Stiglitz (1970) as the spread of potential
outcomes. On the behavioral level, data confirmed classical effects of risk and ambiguity (see Ellsberg, 1961;
Kahneman et al., 1997; Kahneman & Tversky, 1979; Knight, 1921). Subjects behaved significantly more
cautiously when they had to decide between one high-risk option and one low-risk option. In addition,
we found an effect of ambiguity on decision-making. High ambiguity – i.e., during a condition where any
probability information was absent – led to the highest percentage of cautious decisions.

On the neuronal level, we found increased activity in the parahippocampal region during mixed-risk trials
compared to high- and low-risk trials in the risk block indicating an effect specific for the risk difference
between options. This region is closely linked to the amygdala (e.g. Roy et al., 2009; Stein et al., 2007) and
part of the network that became activated during loss aversion in previous research (e.g. Canessa et al.,
2013) and we are thus able to replicate earlier findings.

In the ambiguity block we found activation of the supplementary motor area (SMA), which we showed for
mixed-risk trials with low ambiguity in comparison to high- and low-risk trials with low ambiguity. SMA
activation has been repeatedly related to reinforcement signals that may be used to guide decision-making
and action planning under risk and uncertainty. Recently, Canessa and colleagues (2013) found greater
activation in SMA for individuals with greater loss aversion. Our data also corroborated earlier findings
that activity of the insular plays an important role in the emotional evaluation of ambiguous decision in
conditions for which information about probabilities of options are missing.

Higher ambiguity activated the dorsolateral prefrontal cortex (DLPFC). Activation of this region was pre-
viously found to be related to ambiguity (Krain et al., 2006). This activation is likely related to rule-based
action selection and likely indicates the conscious or cognitive evaluation and manipulation of the relevant
information in working memory and the integration of negative evaluative emotional information from the
amygdala under ambiguous choice conditions. In addition, the inferior parietal cortex (IPC) was during
mixed trials with high ambiguity in comparison to mixed trials with low ambiguity as well. Accordingly,
DLPFC and IPC accordingly seem to respond specifically to higher ambiguity independent of risk. This
region may be directly linked to the DLPFC activity and was described as neural index of working memory
functions (e.g. Friedman & Goldman Rakic, 1994) and mathematical operations (e.g. Arsalidou & Taylor,
2011). Further, we found significant inferior frontal gyrus activation under high ambiguity when participants
where exposed to mixed risk blocks as compared to low- and high-risk blocks, which indicates a role in the
interaction of risk and ambiguity. This also replicates previous research (e.g. Bach et al., 2009; Hsu et al.,
2005).

We could also identify greater activity in the dACC for gain and in the insula and lateral OFC for loss in the
mixed-risk condition as compared to the average activation during low- and high-risk levels. This ensured
that our activations were independent from the overall level of risk and the overall level of outcomes or
from EV. Activation of dACC was also observed during action selection under uncertain reward (Hampton
& O’Doherty,(2007) and by Christopoulos et al. (2009) who characterized dACC activity as an objective
metric of risk. Furthermore, Canessa et al. (2013) showed increased activation in clusters of the dACC for

7
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the parameter representing the magnitude of gains and deactivation for the magnitude of losses. Our results
replicate these findings and are particularly well in line with those of Christopoulos et al. (2009) who observed
stronger activity in dACC and more cautious decisions during conditions of pure risk. It has further been
suggested that dACC activity reflects conflict (Botvinick et al., 2001) or a decrease in reward expectation
(Holroyd & Coles, 2002) when the choice condition is risky.

Further, activation of the OFC was found during decisions under risk (Bach et al., 2009; Bhatt & Camerer,
2005; Krain et al., 2006). Bhatt et al. (2005) associated the OFC activity to the probability of gains, which
was positively correlated with the level of ambiguity, whereas Krain et al. (2006) described a bilateral OFC
activation for decisions under risk. We found activations in the OFC in mixed-risk trials when the possible loss
was integrated into the analysis. Our results are in compliance to Kringelbach & Rolls (2004) suggesting that
activity in the lateral OFC “is related to the evaluation of punishers which may lead to a change in ongoing
behavior”. Therefore, we suggest that the present orbitofrontal activation relates to the coding of punishment
contingencies and may be related to the emotional evaluation of losses in the decision alternatives. This is
underlined by additional activation of the insular cortex, which is an important structure for the integration
of emotions, subjective awareness, and experience, and the representation of internal states of affect and
arousal (e.g. Craig, 2011; Duerden et al., 2013). In summary, the effects of losses seem to be primarily of
emotional nature reflecting the representation of the value of losses and at the same time the effect of losses
on subjective emotional awareness in conditions of mixed risk.

The fMRI analysis of integrated gain and loss parameters that compared the two ambiguous situations,
identified significant activations for gains. Here, the amygdala was activated. This is in compliance with
studies both on risk and ambiguity (Breiter et al., 2001 ; Hsu et al., 2005; Krain et al., 2006; Kuhnen
& Knutson, 2005; Platt & Huettel, 2008). Since our experimental design controls for the overall level of
risk, outcomes and EV, our result may suggest that increasingly high wins under ambiguity may act as a
conditioned cue for excessive risk. This may bias subsequent processing towards a more negative evaluation of
the risky gamble in total. This seems to be in line with the amygdala’s prominent role in affective conditioning
(e.g. LeDoux, 2003).

Further, we asked the participants why they chose an option. Correlational analyses indicated that focusing
on the amount and the probability of the gain in pure-risk situations led to incautious decisions. This
provides further evidence that risk-taking becomes modulated by the expected value of options. Thus, we
observed higher risk-taking under decision-conditions where a gain is more likely (for related evidence see
Fochmann et al., 2017; Vorhold et al., 2007). In contrast, when participants realize a greater likelihood of
loss in ambiguous situations, the behavior is more cautious. One limitation of the present study is certainly
sample size in particular, in relation to the correlational findings. Future research should aim to corroborate
these findings in larger samples.

In summary, for a risky context dorsal anterior cingulate cortex (dACC), insula, and OFC were activated in
mixed trials that led to the highest percentage of cautious decisions in risk trials. Accordingly, these regions
might reflect risk aversion in decision-making under risk and support previous research (e.g. Krain et al.,
2006; Platt & Huettel, 2008; Tobler et al., 2007). Because we integrated potential losses, our findings do not
provide evidence for a clear differentiation of risk aversion and loss aversion. Recent evidence suggests that
these two kinds of effects have the same neural basis. For example, Canessa et al. (2013) found a significant
correlation of loss aversion with risk aversion and Rabin (2000) postulated that loss aversion explains risk
aversion in gambles with wins and losses. In particular, our experimental design focuses on the evaluation
of humans in decision situations with different amounts of uncertainty that may all drive cautious decisions
The behavioral phenomenon of risk aversion may be motivationally driven by loss aversion. In line with this
argument, we found activation in regions that were demonstrated being relevant for loss aversion by Canessa
et al. (2013) and/or linked to these areas, i.e., activation of the amygdala and the posterior insula; the SMA,
the parahippocampal region. In summary, our results corroborate and extend the findings of Canessa et al.
(2013) and supports a link between loss aversion and risk aversion and highlights a neural network for it. For
a more extensive analysis and interpretation of individual differences in our data, our sample was too small.
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Concerning ambiguity, we found that activity of the amygdala and activation of the IFG was present in
mixed trials with high ambiguity when participants made the most cautious decisions. Further, an increase
in ambiguity from low to high was indicated by increased activity in DLPFC and parietal cortex. Again our
findings corroborate previous results showing activity for dorsolateral prefrontal cortex (DLPFC), amygdala,
inferior frontal cortex, and parietal cortex (e.g. Bach et al., 2009; Hsu et al., 2005; Krain et al., 2006) in the
ambiguous context and not in the risky context for trials inducing cautious decisions.

Taken together, we replicated that both kinds of uncertainty – risk and ambiguity – induce more cautious
decision-making. As argued by Rothschild & Stiglitz (1970), the risk of options can be described by the
spread of outcomes and risk avoidance behavior is primarily driven by the difference of risk between options.
Ambiguity amplifies behavioral risk avoidance in such situations entailing risk differences between options
in a non-additive, interactive way. Although some of our evidence suggests that risk avoidance under both
ambiguity and risk may be driven by neural systems related to loss aversion, the systematic differences in
patterns of neural responses between conditions of risk and ambiguity suggest basic differences between risk
and ambiguity (Ellsberg, 1961; Knight, 1921) and their underlying neural sources (e.g. Bach et al., 2009;
Hsu et al., 2005; Krain et al., 2006). Our own findings particularly support a special role of working memory
related structures in DLPFC and parietal cortex that showed significantly different activity between high and
low ambiguity conditions. The latter structures might be involved in integrating information from affective
structures like posterior insula and amygdala in order to compensate for the missing cognitive numerical
information to assess uncertainty and potential losses.

Acknowledgements: This study was supported by a grant from VolkswagenStiftung to JH.

Table 1. Activations for mixed-risk trials compared to high and low risk in the risk block

Region Talairach coordinates Talairach coordinates Talairach coordinates Max. N
X Y Z T-value Voxel

Risk mixed > Risk high/low
Parahippocampus L -36 -18 -18 4.24 14

R = right; L = left; TAL = Talairach coordinates (x, y, z) of activated clusters; Max T = T level at this
cluster; N = number of activated voxels. Activation threshold: p < 0.001 for ROI, uncorrected, explorative
clusters > 5 Voxels

Table 2. Activations for mixed risk level with high or low ambiguity

Region Talairach coordinates Talairach coordinates Talairach coordinates Max. N
X Y Z T-value Voxel

Risk mixed amb high> Risk high/low amb high
IFG (BA 47) R 34 18 -6 4.89 49
Risk mixed amb low> Risk high/low amb low
Supplementary motor area (SMA, BA6) L -16 -4 58 4.11 36
Posterior Insula (BA 13) L -42 8 -8 3.45 16
Risk mixed amb high > Risk mixed amb low
Inferior parietal cortex R 36 -20 30 4.06 18
DLPFC (BA 9) L -24 44 10 3.59 9

R = right; L = left; TAL = Talairach coordinates (x, y, z) of activated clusters; Max T = T level at this
cluster; N = number of activated voxels; DLPFC = dorsolateral prefrontal cortex (BA 9, 46); IFG = inferior
frontal gyrus (BA 47). Activation threshold: p < 0.001 for ROI, uncorrected, explorative clusters > 5 Voxels

Table 3. Activations for mixed-risk trials with potential win and loss regressors
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Region Talairach coordinates Talairach coordinates Talairach coordinates Max. N
X Y Z T-value Voxel

Risk mixed win > Risk high/low win
dACC (BA 32) L -12 24 22 4.65 24
Risk high/low loss>Risk mixed loss
Posterior Insula (BA 13) R 26 20 -10 4.28 27
OFC (BA 11) R 26 38 -14 3.55 6
Risk mixed amb high win > Risk mixed amb low win
Amygdala R 32 0 -20 4.12 21

R = right; L = left; Tailarach coordinates = coordinates (x, y, z) of activated clusters; Max T = T level
at this cluster; N = number of activated voxels; dACC = dorsal anterior cingulate cortex (BA 32); OFC =
orbitofrontal cortex. Activation threshold: p < 0.001 for ROI, uncorrected, explorative clusters > 5 voxels

Supplementary Table 4. All trials of an experimental block.

condition of risk pwin1 win1 ploss1 loss1 pwin2 win2 ploss2 loss2

L 0,9 17 0,1 -50 0,65 23 0,35 -15
L 0,7 31 0,3 -40 0,45 41 0,55 -15
L 0,35 47 0,65 -10 0,95 12 0,05 -30
L 0,85 14 0,15 -15 0,9 13 0,1 -20
L 0,6 30 0,4 -20 0,95 12 0,05 -20
L 0,6 27 0,4 -15 0,75 25 0,25 -35
L 0,5 25 0,5 -5 0,55 30 0,45 -15
L 0,85 21 0,15 -50 0,3 45 0,7 -5
L 0,6 40 0,4 -35 0,7 19 0,3 -10
L 0,9 15 0,1 -35 0,55 26 0,45 -10
L 0,75 27 0,25 -40 0,65 34 0,35 -35
L 0,6 23 0,4 -10 0,95 13 0,05 -40
L 0,9 13 0,1 -15 0,85 13 0,15 -5
L 0,5 30 0,5 -10 0,6 20 0,4 -5
L 0,6 33 0,4 -25 0,8 18 0,2 -20
L 0,95 12 0,05 -25 0,95 11 0,05 -10
L 0,65 32 0,35 -30 0,8 25 0,2 -50
L 0,7 23 0,3 -20 0,3 57 0,7 -10
L 0,9 14 0,1 -25 0,85 16 0,15 -25
L 0,75 22 0,25 -25 0,75 18 0,25 -15
L 0,55 43 0,45 -30 0,8 15 0,2 -10
L 0,7 25 0,3 -25 0,55 39 0,45 -25
L 0,9 17 0,1 -55 0,75 15 0,25 -5
L 0,85 14 0,15 -10 0,95 12 0,05 -35
L 0,95 13 0,05 -55 0,95 11 0,05 -5
L 0,5 45 0,5 -25 0,65 26 0,35 -20
L 0,65 18 0,35 -5 0,8 14 0,2 -5
L 0,8 16 0,2 -15 0,4 55 0,6 -20
L 0,4 48 0,6 -15 0,95 11 0,05 -15
L 0,45 34 0,55 -10 0,75 17 0,25 -10
L 0,5 40 0,5 -20 0,8 19 0,2 -25
L 0,85 17 0,15 -30 0,55 22 0,45 -5
L 0,7 16 0,3 -5 0,35 38 0,65 -5
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condition of risk pwin1 win1 ploss1 loss1 pwin2 win2 ploss2 loss2

M 0,9 12 0,1 -10 0,55 71 0,45 -65
M 0,8 20 0,2 -30 0,6 53 0,4 -55
M 0,75 23 0,25 -30 0,75 38 0,25 -75
M 0,8 21 0,2 -35 0,15 95 0,85 -5
M 0,95 13 0,05 -45 0,6 83 0,4 -100
M 0,85 20 0,15 -45 0,85 29 0,15 -95
M 0,9 16 0,1 -45 0,65 53 0,35 -70
M 0,9 12 0,1 -5 0,95 16 0,05 -100
M 0,35 56 0,65 -15 0,8 35 0,2 -90
M 0,75 28 0,25 -45 0,65 67 0,35 -95
M 0,65 29 0,35 -25 0,65 69 0,35 -100
M 0,55 35 0,45 -20 0,85 25 0,15 -75
M 0,25 55 0,75 -5 0,2 90 0,8 -10
M 0,7 21 0,3 -15 0,45 77 0,55 -45
M 0,65 21 0,35 -10 0,7 40 0,3 -60
M 0,4 33 0,6 -5 0,5 95 0,5 -75
M 0,7 29 0,3 -35 0,8 30 0,2 -70
M 0,55 88 0,45 -85 0,85 19 0,15 -40
M 0,8 34 0,2 -85 0,7 27 0,3 -30
M 0,55 59 0,45 -50 0,9 16 0,1 -40
M 0,25 100 0,75 -20 0,95 13 0,05 -50
M 0,8 33 0,2 -80 0,95 14 0,05 -60
M 0,55 92 0,45 -90 0,45 47 0,55 -20
M 0,7 51 0,3 -85 0,8 24 0,2 -45
M 0,7 46 0,3 -75 0,6 37 0,4 -30
M 0,75 37 0,25 -70 0,75 20 0,25 -20
M 0,7 49 0,3 -80 0,4 40 0,6 -10
M 0,8 31 0,2 -75 0,5 35 0,5 -15
M 0,6 73 0,4 -85 0,45 28 0,55 -5
M 0,55 55 0,45 -45 0,9 14 0,1 -30
M 0,65 45 0,35 -55 0,85 15 0,15 -20
M 0,45 89 0,55 -55 0,85 18 0,15 -35
M 0,5 65 0,5 -45 0,8 23 0,2 -40
H 0,85 26 0,15 -80 0,4 85 0,6 -40
H 0,55 96 0,45 -95 0,5 90 0,5 -70
H 0,65 58 0,35 -80 0,55 63 0,45 -55
H 0,75 35 0,25 -65 0,6 57 0,4 -60
H 0,5 100 0,5 -80 0,25 85 0,75 -15
H 0,6 77 0,4 -90 0,65 50 0,35 -65
H 0,75 40 0,25 -80 0,65 56 0,35 -75
H 0,7 44 0,3 -70 0,9 21 0,1 -85
H 0,7 42 0,3 -65 0,6 63 0,4 -70
H 0,45 71 0,55 -40 0,75 47 0,25 -100
H 0,95 16 0,05 -95 0,75 45 0,25 -95
H 0,35 75 0,65 -25 0,55 100 0,45 -100
H 0,75 42 0,25 -85 0,45 96 0,55 -60
H 0,85 28 0,15 -90 0,65 48 0,35 -60
H 0,65 64 0,35 -90 0,65 61 0,35 -85
H 0,5 75 0,5 -55 0,7 57 0,3 -100
H 0,4 70 0,6 -30 0,55 75 0,45 -70
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condition of risk pwin1 win1 ploss1 loss1 pwin2 win2 ploss2 loss2

H 0,35 94 0,65 -35 0,7 53 0,3 -90
H 0,6 70 0,4 -80 0,75 43 0,25 -90
H 0,9 22 0,1 -95 0,6 60 0,4 -65
H 0,8 36 0,2 -95 0,55 67 0,45 -60
H 0,8 38 0,2 -100 0,4 100 0,6 -50
H 0,95 15 0,05 -90 0,9 22 0,1 -100
H 0,85 29 0,15 -100 0,7 55 0,3 -95
H 0,6 80 0,4 -95 0,5 85 0,5 -65
H 0,35 84 0,65 -30 0,55 84 0,45 -80
H 0,9 21 0,1 -90 0,85 27 0,15 -85
H 0,45 83 0,55 -50 0,5 60 0,5 -40
H 0,45 65 0,55 -35 0,5 80 0,5 -60
H 0,6 50 0,4 -50 0,4 78 0,6 -35
H 0,5 70 0,5 -50 0,4 93 0,6 -45
H 0,3 92 0,7 -25 0,6 67 0,4 -75
H 0,55 80 0,45 -75 0,3 80 0,7 -20

Conditions of risk: L = low, M = mixed, H = high; probabilities of the 2 alternative wins and losses in
gamble options 1 and 2 of each trial: pwin1, ploss1, pwin2, ploss2; monetary outcome for wins and losses in
the gambles 1 and 2: win1, loss1, win2, loss2.

FIGURE CAPTIONS (for files attached)

Figure 1a: Example trial with high ambiguity showing all events and their timing. The fixation cross (1st

frame) was followed by the option screen (2nd frame). Upon button press green colour indicated the choice
(3rd frame) and subsequently feedback of the current trial was presented (4th screen) followed by the sum of
all trials (5th screen) and the fixation cross of the next trial.

Figure 1b: Probability of choosing the higher risk option during the risk block (upper panel) and the
ambiguity block (lower panel) for the three levels of risk.

Figure 2: Activation in parahippocampus during mixed-risk trials in comparison to high- and low-risk trials.

Figure 3: Activation of inferior frontal gyrus IFG (BA 47) during mixed-risk trials with high ambiguity
versus averaged high- and low-risk trials with high ambiguity

Figure 4: Activation of SMA (BA 6) during mixed-risk trials with low ambiguity versus averaged high- and
low-risk trials with low ambiguity

Figure 5: Activation of DLPFC (BA 9) during mixed-risk trials with high ambiguity versus mixed-risk trials
with low ambiguity

Figure 6: Activation of dACC (BA 32) during mixed-risk trials for parameteric analysis of potential wins in
comparison to high- and low-risk trials

Figure 7: Activation of the insular cortex and the OFC during mixed-risk trials for the parameteric analysis
of potential losses in comparison to high- and low- risk trials

Figure 8: Activation of the amygdala during mixed-risk trials for trials with high ambiguity in the parameteric
analysis of potential wins versus mixed-risk trials with low ambiguity.
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