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Although the concept of utility is fundamental to many economic theories, up to now a generally
accepted method determining a subject’s utility function is not available. We investigated two
methods that are used in economic sciences for describing utility functions by using response-
locked event-related potentials in order to assess their neural underpinnings. For determining
the certainty equivalent, we used a lottery game with probabilities to win p = 0.5, for identifying
the subjects’ utility functions directly a standard bisection task was applied. Although the lottery
tasks' payoffs were only hypothetical, a pronounced negativity was observed resembling the
error related negativity (ERN) previously described in action monitoring research, but this occurred
only for choices far away from the indifference point between money and lottery. By contrast,
the bisection task failed to evoke an remarkable ERN irrespective of the responses’ correctness.
Based on these findings we are reasoning that only decisions made in the lottery task achieved a
level of subjective relevance that activates cognitive-emotional monitoring. In terms of economic
sciences, our findings support the view that the bisection method is unaffected by any kind of
probability valuation or other parameters related to risk and in combination with the lottery task
can, therefore, be used to differentiate between payoff and probability valuation.
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INTRODUCTION
The concept of utility functions is fundamental to economics. Utility
features prominent in most economic theories, as it is not a good’s
quantity or money per sethat determines the actions of human beings,
so called agents, but the utility they obtain from the good. Equilibrium
concepts like the Nash equilibrium for strategic interactions of agents,
the Walrasian equilibrium of economies, financial theory or the the-
ory of political decision making are based on utility considerations.
Expected utility theory and its modifications like Prospect Theory
(Kahneman and Tversky, 1979) are the most established theories for
decision making under risk. Utility theory is well-founded by an axi-
omatic approach with few intuitive axioms. In contrast to its theoreti-
calimportance, a generally accepted procedure how to measure utility
does not yet exist. The need to have a method for determining utility
functions is obvious, since violations of expected utility theory are
frequent, in particular in the area of risky decision making. Without
a generally accepted approach for identifying utility, it is impossible
to figure out which theoretical predictions made by utility function
related models do not fit observed decision making processes and
hence many predictions of economic models are neither testable nor
implementable. Several key questions have therefore be answered: Is
the concept of utility functions a normative construct, does it capture
the key features of decision making processes or is it just a tool for
describing behavioral data?

In the present paper we focus on the utility of money. Two main
methods to determine the utility of money are discussed in the
literature: the evaluation of lotteries and the bisection method.

In the first approach, certainty equivalents (CE) of lotteries are
determined for various amounts of money and various probabilities.
Payoffs which are either 0 or x, (x, = 100 in Figure 1A) are offered by
alottery with a chance towin p = 0.5 orasure win (“C” in Figure 1A)
with the participant’s task to choose one option (lottery or sure
win). The CE is represented by the sure payoff for which a subject
is indifferent between the two alternatives. Within this framework
a utility function is determined based on its assumed functional
form, a probability weighting and an econometric analysis. A key
problem for econometric analyses is that each model, e.g. Regret
Theory (Loomes and Sugden, 1982), Prospect Theory (Kahneman
and Tversky, 1979), or Disappointment Theory (Bell, 1985), assumes
a distinct functional form for the evaluation of money and prob-
abilities. Consequently, the determination of utility functions for
risky decisions differs across theoretical approaches. Another short-
coming of the binary lottery approach is that the evaluation of prob-
abilities and money are not fully separable. Thus, risk aversion can
be attributed either to the shape of the utility function or to the
probability weighting. The statement of Prospect Theory that indi-
viduals are risk averse for positive payoffs or high probabilities there-
fore depends crucially on the assumptions of econometric analysis.
On the other hand, one of this method’s advantages is that agents
really decide between options which lead to payoffs.

In the second approach, the bisection method, agents are asked
to specify differences in the utility associated with monetary pay-
offs. In this method, a utility function is elicited by determining
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FIGURE 1 | Prototypical decision task for the binary lottery (A) and the
bisection task (B).

mean points of utility between two utility values, which are x
and 0 in Figure 1. One possibility is, to present agents with two
amounts of money, x, and 0, and ask them which amount of
money M divides the utility difference u(x,) —u(0) into halves, i.e.
u(M) = (u(x,) + u(0))/2 = u(x,)/2.1tis also feasible to show a third
amount of money x, (“C”in Figure 1) and to askif this value divides
the difference of x, and 0 into halves [(u(x,) + u(0))/2 = u(M)].
To achieve a monetary valuation without using lotteries, subjects
are asked to evaluate their perceived “happiness that money brings”
(Galanter, 1962). In the present study the term “joy” is used (asso-
ciated with receiving a specified amount of money) in order to
induce a monetary valuation context. By varying the parameters,
a utility function can be obtained. This method’s advantage is that
the resulting utility function does not depend on probabilities and
the specification of a functional form, meaning that no theoretical
presumptions are required. Its disadvantage is that decisions are
neither connected to monetary nor to hypothetical payoffs.

Both methods have been widely used and discussed in the lit-
erature. In most studies in experimental economics the evaluation
of lotteries is used to determine utility functions or to test theo-
ries. The key argument for preferring the lottery method over the
bisection method is that economic decisions should involve mon-
etary payoffs, otherwise the decisions “are not for real”. Figure 2
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FIGURE 2 | Theoretical procedure how to determine a utility function if
probabilities are perceived linearly.

illustrates the theoretical foundation for both procedures. By asking
for the CE or the midpoint the value on the x-axis is determined,
i.e. CE or M, respectively. The value u(CE) or u(M) on the y-axis
is not given. For the bisection task it is by definition half of the
utility of x,. In the lottery condition this value depends on the
theory describing the evaluation of lotteries. In Prospect Theory
for example it is [1(0.5)*u(x,). If the probability weight I1(0.5) is
small enough one might also obtain a linear utility function even
if the CE is below the expected value. Therefore one has to know
I1(0.5) if one wants to determine the utility function by means of
the lottery method. Assuming that both methods are based on the
same utility function one could combine both methods to first
get the utility function by means of the bisection method and
then determine the probability weight of 0.5. This procedure can
also be applied to probabilities different from 0.5, enabling one to
determine a probability weighting function, and a utility function
experimentally by combining both methods.

While economic scientists have pointed out differences between
the two methods, e.g. stating that decisions in the bisection task are
not for real, such difference might better be captured from a cogni-
tive neuroscience point of view. Moreover, a cognitive neuroscience
approach to this problem may also reveal differences in the neural
processes involved in the two decision methods. In human beings
decision making processes are supervised “online” by cognitive
control mechanisms enabling adaptive behavior in a most flexible
manner (Ridderinkhofet al., 2004; Botvinick, 2007). Typical simple
situations in which these mechanisms have been studied involve
response selection from several action alternatives or the evalua-
tion of currently made decisions. By using event-related potentials
(ERP) the neural underpinnings of these control mechanisms can
be revealed. One ERP component related to response evaluation
processes is the error-related negativity (error related negativity
(ERN) Falkenstein et al., 1991; Gehring et al., 1993). This compo-
nent was initially described to appear 50 to 100 ms following an
incorrect response in choice-reaction tasks at fronto-central elec-
trode sites and was postulated to reflect the perceived discrepancy
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between the intended and the actually performed action. Source
analysis as well as simultaneous analysis (Dehaene et al., 1994) of
ERPs and functional magnetic resonance imaging (fMRI, Mathalon
et al.,2003; Debener et al., 2006) have shown that the ERN is gener-
ated in the anterior cingulate cortex, an area that is closely linked to
several cognitive control mechanisms involved in decision making
(Gehring and Knight, 2000; Paus, 2001) and in the processing of
risk related feedback information (Yeung and Sanfey, 2004; Cohen
et al., 2007). Recent investigations have shown that the ERN is also
sensitive to characteristics in error processing that are not directly
linked to the violation of objective criteria. For example, an error
may be more relevant by associating it with the loss of money
(Hajcak et al., 2005) or by manipulating the participant’s mood
state (Tucker et al., 1999; Luu et al., 2000; Wiswede et al., 2009).
These manipulations also influence ERN amplitudes. As Hewig
etal. (2007) have shown, the high risk choices resulted also in an
ERN, because such a selection implies a high chance not to get the
response’s intended outcome and will be processed as an error-
like deviation from advantageous choice strategies. Based on their
initial approach explaining error processing in terms of reinforce-
ment learning (Holroyd and Coles, 2002; see also Munte et al.,
2007 for electrophysiological evidences) Holroyd and Coles (2008)
described the occurrence of an ERN in the absence of external
ascertainable response criteria. Accordingly, responses are matched
against internal criteria that were formed by individual learning his-
tories and ERN amplitude is driven by the internal classification of
a given response as “sub-optimal” (Holroyd and Coles, 2008). The
ERN thus may reflect the subjective value of a potential response.

In the present investigation we use the ERN as a tool to charac-
terize the neural implementation of decisions made in the lottery
and bisection paradigms. Our prediction is that lottery decisions
will be associated with increased monitoring, since the payoff
instruction increases the subjective relevance or value in this task
which should amplify the ERN amplitude. ERPs in the bisection
task should not feature an ERN, because here responses have nei-
ther to be matched against set criteria nor are they associated with
subjective relevance. Thus, we assume that fundamentally different
neural processes will be engaged by the two methods. Importantly,
we further ask whether the engagement of such different neural
processes would also lead to differences in the estimates for the
utility function of money.

MATERIALS AND METHODS

PARTICIPANTS

Sixteen neurological healthy, right-handed participants gave
informed consent to take part in the study (10 women, age range
21-29). Two of these were excluded because of technical problems
and one participant made no disadvantageous responses in the
range from 390 to 100 and was excluded from data analysis as well.
The final data-set thus comprised 13 participants. They were paid
€7 per hour. The study protocol had been approved by the ethics
committee of Magdeburg University.

GENERAL PROCEDURE

Participants were seated in a comfortable chair in front of a 19"-
CRT monitor. A modified computer mouse was positioned under
each index finger as a response device. The experiment consisted

of two sessions which took place within 3—7 days. In both sessions
identical stimulus material was presented but with differing task
instructions. Every session began with 20 practice trials to familiar-
ize subjects with the task. Thereafter the session started comprising
10 blocks of 82 trials each.

TASK

In each trial, lasting between 2700 to 3400 ms, a string of three
numbers surrounded by a white box was presented (see Figure 3).
The two outer numbers were shown first. After 1000 ms, the inner
number was added and the completed array stayed on the screen
for another 1000 ms. The array’s left number was always zero. If
numbers on the right were between 800 and 1000, the mid posi-
tion numbers varied between 100 and 700, in case the right-sided
numbers were between 1020 and 1200, mid position numbers were
in the range of 300 to 900. Numbers in the middle were varied in
steps of 50, right-sided numbers in steps of 20. Before presentation
numbers within each string were multiplied by 1, 10 or 100, result-
ingin three classes of strings (e.g.“0 350 112070 3500 11200” and
“0 35000 1120007).

In the binary lottery task participants had to choose to either get
the amount of money corresponding to the center number or to
play a lottery in which the outer numbers were the lottery’s stakes
played out at a fifty-fifty chance. Participants were explicitly told
that the lottery game was hypothetical only; to that effect subjects
expected no real payoff. They indicated their choices by pressing a
button with the left or right index finger.

In the bisection task, the outer numbers corresponded to the
utility interval’s boundaries and the inner number to this interval’s
center. To keep the emotional framing of the bisection task compa-
rable to the lottery task participants were instructed to imagine for
each presented number the joy they would feel when getting this
amount of money in Euro. By pressing the left or right index finger
(YES/NO) subjects indicated whether the difference in perceived
joy between the left — this number is always zero- and the center
number and the center and the right number was felt to be equal
(YES) or not (NO, see Figure 1). In both conditions subjects did
not receive any performance feedback.

EEG-RECORDING AND ANALYSIS

The electroencephalogram was recorded from 28 tin electrodes,
referenced against an electrode place on the left mastoid process,
mounted in an elastic cap and placed according to the international
10-20 system. EEG was re-referenced offline to the mean activity
at the left and right mastoid processes. All channels were amplified
(bandpass 0.05-30 Hz) and digitized with 4 ms resolution. To con-
trol for eye movement artifacts, horizontal and vertical electroocu-
lograms were recorded using bipolar montages. To eliminate eye
movement contamination from EEG signals we used second order
blind source separation as described by Joyce et al. (2004; for a com-
parison to other methods see Kierkels et al., 2006). Additionally,
we controlled for other artifacts, e.g. muscle or heart rate, by visual
inspection and removed afflicted epochs if necessary.

The generation of bins for ERP analysis was based on a dif-
ference value calculated for each trail. This difference value was
computed by subtracting the arithmetic middle of the two outer
numbers from the number presented in the center of the array.
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To give an example the numbers shown in Figure 3 are used: The
outer numbers of the array are 0 and 1020, the number in the
center is 350. The arithmetic middle of the two outer numbers is
(0+1020)/2 = 510 and the resulting difference is 350 — 510 = —160.
The negative value of this difference indicates that the number pre-
sented in the array’s center is smaller than the arithmetic middle of
the corresponding outer numbers. Accordingly, numbers presented
in the array’s center larger than the arithmetic middle of the outer
numbers produce a positive difference value. Based on the differ-
ence values we sorted trials into five bins including the differences
390 to 100, 90 to 50, 40 to —40, =50 to —90 and —100 to —400. For
each of these bins, we computed response-locked averages with an
epoch-length of 900 ms (baseline —300 to 0) separately for “yes”
and “no” responses. For each subject, averages were filtered using
a 1-8 Hz band pass filter before calculating the mean amplitude
30-70 ms after response for statistical analysis. This time-window
has been shown to capture the ERN component which typically
has a maximum around 50 ms. To test for effects, we calculated
an ANOVA with the factors condition (lottery/center judgement),
response (yes/no, where “yes” in the lottery condition is related
to choosing money and “no” choosing the lottery) and bin (five
bins) for the electrode site Cz. Significance values will be reported
Greenhouse-Geisser corrected, but the degrees of freedom uncor-
rected. In order to identify conditions causing significant inter-
actions or main effects the corresponding post-hoc t-tests were
performed. To adjust the significance level of one-tailed post-hoc

t-tests for multiple comparisons o was set to 0.05 and an improved
Bonferroni procedure based on the ordered p-values was applied
(Simes, 1986). According to Simes (1986), let p < p, <...<p,
be the ordered p-values for testing H = {H,,H,,...H}. H, will be
rejected, whenever p, < #*o/jfor i =1, ..., j(see also Samuel-Cahn,
1996; Sen, 1999 for a critical discussion and Wendt et al., 2007
for its application on EEG data). According to this procedure we
grouped our post-hoc-testing into two sets: comparisons for deci-
sions at the indifference point [bin (—40; 40)] and comparisons
for decisions made at the endpoint [bins (—400; —100) and (100;
390)]. Correspondingly, we calculated critical p-values for 6 and
7 post-hoc comparisons. A similar correction was applied to the
5 post-hoc tests of the behavioral data. The resulting critical values
are shown in Tables 1 and 2 respectively.

BEHAVIORAL ANALYSIS
We calculated the means . K and standard deviations
K isection lottery
O, oction’ Olonery fOT the bisection method and the lottery method
isection’ lottery X

respectively. For the Yes-responses of both methods we determined
histograms that are representing the best fit to a normal or to a
cumulative normal distribution function. For these histograms we
calculated means and standard deviations. We tested if the bisec-
tion method’s mean . can be the mean of the distribution
(histogram) of the data under the lottery condition and if the lot-
tery task’s mean Hyggry €A1 be the mean of the distribution under
the bisection condition.

Frontiers in Behavioral Neuroscience

www.frontiersin.org

October 2009 | Volume 3 | Article 43 | 4



Heldmann et al.

ERN in economical decision making

In a second analysis the same bins as used for the EEG analysis
were assessed. Response frequencies were calculated for every par-
ticipant by computing the percentage of ‘yes’ and ‘no’ responses
given to each class of difference values. For statistical analysis the
mean percentage values of ‘yes’ response were used only, since per-
centage values of both response categories are inversely related. For
global effect testing, we performed a repeated measures ANOVA
with the factors condition (lottery/center judgement) and bin (five
bins, see previous section for details). Significance values will be
reported Greenhouse-Geisser corrected, but the degrees of freedom
uncorrected. For correction of post-hoctest’s alpha value see section
“EEG-Recording and Analysis”.

RESULTS

BEHAVIOR

Choices made for each class of difference value (in mean percentage)
are depicted for the lottery and bisection tasks in Figures 4A,B
respectively. We fitted a normally distributed density function for
the data in Figure 4A and a normally distributed cumulative distri-
bution function for the data in Figure 4B. This procedure results in
Hysecion = —14.33and o, . = 175.74 for the bisection method and
Houery = —32.57 and 0, = 191.97 for the binary lottery method.
In a t-test the Null hypothesis that p,, . =-32.57 is not rejected
on the 40% level (absolute t-values are smaller than 0.64). The

Table 1| Ordered p-values of the comparison of the relative frequency of
“YES"-responses between conditions.

Order Contrast t-value P Permp

1 [100; 390] 9.47 0.01 <0.001
2 [50; 901 4.53 0.02 <0.001
3 [-90; -50] -0.833 0.03 0.21
4 [-40; 401 -0.345 0.04 0.36
5 [-100; -400] -0.167 0.05 0.43

values written in bold.

emp

Significant tests are indicated by p

same holds for the Null hypothesis p, . =—14.33. We observed
a slightly concave utility function under both conditions (p < 0)
which corresponds to risk aversion in the lottery condition. The
average tis smaller in the lottery condition, but the difference is
not significant.

Collapsing choices into 5 bins as done for the EEG analysis
clearly illustrates the differences between the tasks (see Figure 4C).
Statistical analysis for the YES-responses reveals a significant inter-
action condition by bin (F(4,48) = 33.38, p < 0.001) as well as sig-
nificant main effects (condition F(1,12) = 14.39, p = 0.003; bin
F(4,48) = 32.04, p<0.001). Comparing bins between conditions
post-hoc contrasts are significant for the bins [100; 390] and [50;
90], but not for the remaining bins [—40; 40], [50; 90] and [100;
400]. For example, these tests show that the difference in the means
of the CE and the mean point are not significant.

EVENT-RELATED POTENTIALS

The response-locked grand average ERPs are illustrated in Figure 5.
A clear negativity with a peak latency at approximately 50 ms and a
mediofrontal distribution (see Figure 6) akin the ERN component
emerged in the lottery task for those responses which entailed a
divergence from the optimal behavior [i.e. choosing the lottery in bin
(1005 390) and choosing money for bin (—100; —400)]. By contrast,
obviously incorrect responses to the same bins in the bisection task
(Figure 5D, “center yes” responses in the bins [-100; —400] and [100;
390]) resulted in much smaller negativities. The amplitude of these
negativities was similar to the responses in the indifference range
(Figure 5C). Statistical analysis of response-locked ERPs resulted in
significant interactions condition X response X bin [F(4,48) = 7.18,
p=0.002], condition X response [F(1,12) =5.29, p=0.03],
condition X bin [F(4,48) =3.23, p=0.03] and response X bin
[F(4,48) = 3.91, p=0.03]. With regard to main effects, only the
‘condition’ factor became significant [F(1,12) = 5.78, p = 0.03; for
the remaining main effects response and bin F< 0.9, p > 0.4]. Post-
hoc comparisons contrasting decisions between bins within and
between conditions are illustrated in Table 2.

Table 2 | Ordered p-values for the comparison of the mean ERN amplitudes between conditions.

Order Contrast t-value P Pernp

1 [-40; 40] choice lottery vs. center no -1.437 0.008 0.085
2 [-40; 40] choice lottery vs. center yes -1.09 0.016 0.15
3 [-40; 40] choice lottery vs. choice money -1.01 0.025 0.16
4 [-40; 40] choice money vs. center no -0.481 0.033 0.34
5 [-40; 40] center no vs. center yes 0.377 0.041 0.36
6 [-40; 40] choice money vs. center yes 0.015 0.05 0.49
1 [100; 390] choice lottery vs. [100; 390] choice money -4.55 0.007 <0.001
2 [100; 390] choice lottery vs. [-400;—100] choice money -3.58 0.014 0.002
3 [100; 390] choice lottery vs. [100; 390] center yes -3.05 0.021 0.005
4 [-400; —100] choice money vs. [-400; —100] choice lottery -2.6 0.028 0.011
5 [100; 390] center no vs. [100; 390] center yes -2.53 0.035 0.011
6 [-400; —100] center no vs. [-400; —100] center yes -2.42 0.042 0.014
7 [-400; —100] choice money vs. [-400; —100] center yes -17 0.05 0.05

Depicted are all performed contrasts; significant tests are indicated by p
indifference point and both endpoints respectively.

emp

values written in bold. The ordering of the critical p-values was performed for the
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FIGURE 4 | Behavioral data. Mean percentage of choices are shown for the
binary lottery (A) and the bisection task (B). The center is indicated by a
dashed line and refers to the indifference point in the bisection task. (C)
depicts the cumulated choices per bin for both task. Circles referring to
"YES"-, squares to “NO"-responses. Indifference point is indicated by a
dotted line. Please note, that statistical comparisons were only calculated for
YES responses.

Additionally, we checked whether differences in the ERPs seen
between the unfavorable choices in the lottery task might simply
be due to a different distance between the indifference point at
—30 (see Figure 4A) and the respective bins [100;390] and [-100;
—400]. Therefore, two new bins were obtained according to the
procedure described in section “EEG-Recording and Analysis”, but
with new intervals (see Figure 5B), which are equally distant from
the indifference point. Compared to the original bins the ERN
amplitude related to the unfavorable lottery choices decreases while

the ERN for unfavorable money choices increases. Nevertheless, the
difference between both conditions remains significant (one-tailed
t-test, t = —2.08, df = 12, p = 0.03).

DISCUSSION

In the present study, action monitoring processes as indexed by
the ERN component were differentially engaged in two decision
making paradigms that have been frequently used in economic
sciences to determine the utility of money. This suggests funda-
mental differences between the lottery and bisection methods at the
cognitive and neural level. More specifically, in the binary lottery
task a pronounced ERN characterized decisions in favor of the less
advantageous options at either endpoint of the range of possible
decisions. That is, an ERN was found for “lottery”-decisions in trials
that would have yielded a sure win greater than the mean outcome
of the lottery. Similarly, an ERN was present for “sure win”-deci-
sions in trials in which the mean outcome of the lottery would have
exceeded the sure win. The occurrence of an ERN in the lottery
task can be interpreted as evidence for the subjects’ motivational
participation even though the lottery’s payoffs were only hypotheti-
cal, as itis known from previous research that the appearance of an
ERN depends on the subjective significance in a given task (Hajcak
et al., 2005; Holroyd and Coles, 2008). The difference between the
trial bins associated with the two most prominent ERNs indicates
different degrees in action monitoring and is likely caused by the
interaction of two factors: the difference between expected value
and sure payoff on the one hand and the risk to sustain a poten-
tial loss on the other. For both kinds of decisions associated with
an ERN the difference between the expected value of the lottery
and the sure win was similar. Nevertheless, the ERN’s amplitude
was larger for disadvantageous lottery decisions compared to the
disadvantageous selection of a sure payoff. This suggests that the
anticipation of a risky decision’s potentially negative outcome,
namely to win nothing instead of getting a small but sure payoff
in the unfavorable sure win selection, leads to increased activation
of monitoring mechanisms despite similar expected values. One
might argue, that this difference is simply caused by the dissimilar
distances between the indifference point at —30 and the end-bins
respectively (see Figure 4B). However, the described effect persists
(albeit somewhat smaller) even when trials were rearranged to yield
bins that are equidistant to the indifference point. The change in
ERN amplitude for these rearranged bins is due to the fact that, for
lottery choices, the bin [70; 340] comprises less disadvantageous
selections, whereas in the bin [-130; —400] the proportion of unfa-
vorable choices increases. It is to be expected that the corresponding
ERN amplitudes decrease and increase, respectively.

In contrast to the binary lottery task the bisection task’s incor-
rect responses at the end-bins are associated with a very small
negative deflection, i.e. a rudimentary ERN. Although the ampli-
tudes of these negativities are significantly different from the end-
bins’ correct choices, the parameter values are indicating a much
smaller degree of action monitoring involvement (Nieuwenhuis
et al., 2001; Burle et al., 2008; Heldmann et al., 2008) and are
similar to the amplitudes observed for the indifference point.
Based on our previous argumentation the rudimentary ERNs
can be seen as an indicator for the absence of risk perception in
these conditions.
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0 600ms
bin [100; 390] bin [-100; -400] bin [70; 340] bin [-130; -400]
— choice money === choice money —— choice money === choice money
— choice lottery === choice lottery — choice lottery === choice lottery

0 600ms
bin [-40; 40] bin [100; 390] bin [-100; -400]
— choice money === center yes === center yes === center yes
— choice Iottery - center no - center no -— center no

FIGURE 5 | Response-locked event related potentials for the lottery’s task endpoints (A), the bisection’s task endpoint (C) and the indifference point for all
conditions (D) at Cz are shown. (B) Depicts the lottery’s task ERPs which are corresponding to the bins equidistant to the indifference point [bin 70;340] and choice
money [-130;-400].

In which way are the ERP results able to inform economic
reasoning? Looking at the economic starting point of our analy-
sis shown in Figure 1 we discussed the differences and similarities
between the bisection and the binary lottery method. The bisec-
tion method determines the mean point in utility between the two
monetary amounts only by the utility function of money with the
following formula: u(M) = 0.5*u(x,). In the binary lottery method
the CE is determined by the utility function of money and other
factors connected with the risk of the lottery, like probability weight-
ing in Prospect Theory. According to Prospect Theory the CE is:
u(CE) =I1(0.5)*u(x,). The difference between both formulas is
obvious: the weighting of probabilities [1(prob). Using the formula
of Prospect Theory we would expect the CE and the mean point in
the bisection task M to be equal if we assume I1(0.5) = 0.5. Here,
only the utility function of money determines the CE.

In our investigation behavioral as well as ERP data suggest that

T T T T T both methods used are resulting in similar utility functions for
[-400;-100][-90;-50] [-40;40] [50;90] [100;390] money. Although there are visible differences between the bisec-
category tion and the binary lottery task’s indifference point, indicating risk
avoidance, the statistical analyses revealed that these differences are
—@—— choice money --@--- centeryes absolutely not significant. The corresponding ERPs for decisions
—i— choice lottery —@— centerno around the indifference point of the bisection and the lottery task
(see Figure 5C) are also indicating, that action monitoring proc-
FIGURE 6 | ERN topography. Topographies for the lottery conditions left) esses are not differentially engaged in the related decision mak-
choice money [-100; ~400] and right) choice lottery [bin 100; 390] are shown. ing processes. Postulating the bisection method captures utility
The line graph depicts the mean amplitudes of the response-locked ERPs at f monev itself and. as areued previously. the binary lottery the
CZ per category. Circles referring to “YES"-, squares to “NO"-responses. ° . Y. = g i p . ,y’ . Y .Y .
combination of utility and risk, an implication of our finding is

mean amplitude (pV)
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that utility function and probability weighting can be separated by
initially determining the utility function with the bisection method
and afterwards using the obtained function as input in the lottery
method to get the lottery’s probability weighting experimentally.
This procedure could also be applied to lotteries with probabilities
different from 0.5 and would allow for a more precise discrimina-
tion between effects of the probability weighting and utility func-
tion for money. The same procedure allows for the separation of
other effects related to risk and not to money evaluation as well.
For example, the implications of Regret or Disappointment Theory
can be tested more easily by a combination of these two methods,
since the result of the determination of the utility function can be
used in the analysis of the lottery method. In general, using both
methods and looking at the differences helps to characterize situa-
tions connected with risk (money and probabilities) in comparison
to situations connected with certainty (money only).

It is important to note that ERNs were observed in the lottery
condition even though money was not paid. As we stated previously,
this indicates that despite the absence of real payoffs the choices made
in the lottery task were subjectively more engaging compared to the
bisection task and impelled participants to control their behavior to
alarger extend. Assuming that hypothetical payoffs are less engaging
then real payoffs, one would expect an increase in subjective relevance
for real payoffs and therefore increasing ERN amplitudes. In line with
the argumentation by Hewig et al. (2007) subjective relevance of
an intended behavioral outcome is one factor that drives sensitivity
for risk related choices. Therefore, we believe that it is justified to
ascribe the hypothesized ERN amplitude increase for lotteries with
real payoffs partially to an altered perception of risk.

According to standard economic theory of risky decision
making the choice of an individual is solely determined by con-
sequences and probabilities entailed in a decision. The influence
of time between the presentation of the problem, the decision
and the realisation of the outcome is very often neglected. In
the present study we showed that the temporal resolution of
the ERP method and its ability to reveal cognitive processes that
are not directly linked to perceivable behavior make it possible
to identify the point in time at which post-decision evaluation
processes takes place. That is, if the performed choice fits the
subject’s response strategies and finally their long-term goals
(Albers et al., 2000).

In summary, we have shown that the combination of the bisec-
tion and the binary lottery task allows to separate probability
weighting and the perception of risk in the determination of util-
ity functions for money. We characterized common properties and
differences of these two methods. Our ERP results are also indi-
cating, that disadvantageous choices in the risky decision making
task are processed differentially by cognitive action monitoring
processes. Since we found no evidence for differences around the
indifference point at the behavioral or the neural level the use of
both methods to determine the utility of money will result under
the given conditions in similar estimates.

ACKNOWLEDGMENTS

This work was supported by the DFG (SFB 779 projects A3 and A5)
awarded to Thomas F. Miinte and Hans-Jochen Heinze. Also sup-
ported by a special grant of the Center for Behavioral Brain Sciences,
Magdeburg, to Marcus Heldmann.

REFERENCES

Albers, W., Pope, R., Selten, R.,and Vogt, B.
(2000). Experimental Evidence for
Attractions to Chance. German
Economic Review. 1, 113-130.

Bell, D. E. (1985). Disappointment in
Decision Making under Uncertainty.
Oper. Res. 33, 1-27.

Botvinick, M. M. (2007). Conflict moni-
toring and decision making: recon-
ciling two perspectives on anterior
cingulate function. Cogn. Affect. Behav.
Neurosci. 7, 356—-366.

Burle, B., Roger, C., Allain, S., Vidal, E,and
Hasbroucg, T. (2008). Error negativity
does not reflect conflict: a reappraisal
of conflict monitoring and anterior
cingulate cortex activity. J. Cogn.
Neurosci. 20, 1637-1655.

Cohen, M. X, Elger, C. E.,and Ranganath,
C. (2007). Reward expectation mod-
ulates feedback-related negativity
and EEG spectra. Neuroimage 35,
968-978.

Debener, S., Ullsperger, M., Siegel, M., and
Engel, A. K. (2006). Single-trial EEG-
fMRI reveals the dynamics of cognitive
function. Trends Cogn. Sci. (Regul. Ed.)
10, 558-563.

Dehaene, S., Posner, M. 1., and
Tucker, D. M. (1994). Localization of

a neural system for error detection
and compensation. Psychol. Sci. 5,
303-305.

Falkenstein, M., Hohnsbein, J.,
Hoormann, J., and Blanke, L. (1991).
Effects of crossmodal divided atten-
tion on late ERP components. II. Error
processing in choice reaction tasks.
Electroencephalogr. Clin Neurophysiol.
78, 447-455.

Galanter, E. (1962). The Direct Meas-
urement of Utility and Subjective
Probability. Am. J. Psychol. 75,
208-220.

Gehring, W. ], Goss, B., Coles, M. G.,
Meyer, D. E., and Donchin, E. (1993).
A neural system for error detection
and compensation. Psychol. Sci. 4,
385-390.

Gehring, W. J., and Knight, R. T. (2000).
Prefrontal-cingulate interactions in
action monitoring. Nat. Neurosci. 3,
516-520.

Hajcak, G., Moser, J. S., Yeung, N.,
and Simons, R. F. (2005). On the
ERN and the significance of errors.
Psychophysiology 42, 151-160.

Heldmann, M., Russeler, J.,and Munte, T.
E. (2008). Internal and external infor-
mation in error processing. BMC
Neurosci. 9, 33.

Hewig, J., Trippe, R., Hecht, H.,
Coles, M. G., Holroyd, C. B., and
Miltner, W. H. (2007). Decision-
making in Blackjack: an electrophysi-
ological analysis. Cereb. Cortex 17,
865-877.

Holroyd, C. B., and Coles, M. G. (2002).
The neural basis of human error
processing: reinforcement learning,
dopamine, and the error-related nega-
tivity. Psychol. Rev. 109, 679-709.

Holroyd, C. B., and Coles, M. G. (2008).
Dorsal anterior cingulate cortex
integrates reinforcement history to
guide voluntary behavior. Cortex 44,
548-559.

Joyce, C. A., Gorodnitsky, I. F.,, and
Kutas, M. (2004). Automatic removal
of eye movement and blink artifacts
from EEG data using blind compo-
nent separation. Psychophysiology 41,
313-325.

Kahneman, D., and Tversky, A. (1979).
Prospect Theory: An Analysis of
Decision under Risk. Econometrica
47,263-291.

Kierkels, J. J., van Boxtel, G. J., and
Vogten, L. L. (2006). A model-based
objective evaluation of eye movement
correction in EEG recordings. IEEE
Trans. Biomed. Eng. 53, 246-253.

Loomes, G.,and Sugden, R. (1982). Regret
Theory: An Alternative Theory of
Rational Choice Under Uncertainty.
Econ. J. 92, 805-824.

Luu, P, Collins, P., and Tucker, D. M.
(2000). Mood, personality, and self-
monitoring: negative affect and emo-
tionality in relation to frontal lobe
mechanisms of error monitoring.
J. Exp. Psychol. Gen. 129, 43—60.

Mathalon, D. H., Whitfield, S. L., and
Ford, J. M. (2003). Anatomy of an
error: ERP and fMRI. Biol. Psychol.
64,119-141.

Munte, T. E, Heldmann, M., Hinrichs, H.,
Marco-Pallares, J., Kramer, U. M.,
Sturm, V., and Heinze, H. J. (2007).
Nucleus Accumbens is Involved in
Human Action Monitoring: Evidence
from Invasive Electrophysiological
Recordings. Front. Hum. Neurosci. 1,
11. doi:10.3389/neuro.09.011.2007.

Nieuwenhuis, S., Ridderinkhof, K. R.,
Blom, J., Band, G. P., and Kok, A.
(2001). Error-related brain potentials
are differentially related to awareness
of response errors: evidence from an
antisaccade task. Psychophysiology 38,
752-760.

Paus, T. (2001). Primate anterior cingulate
cortex: where motor control, drive and

Frontiers in Behavioral Neuroscience

www.frontiersin.org

October 2009 | Volume 3 | Article 43 | 8



Heldmann et al.

ERN in economical decision making

cognition interface. Nat. Rev. Neurosci.
2,417-424.

Ridderinkhof, K. R., Ullsperger, M.,
Crone, E. A., and Nieuwenhuis, S.
(2004). The role of the medial frontal
cortex in cognitive control. Science 306,
443-447.

Samuel-Cahn, E. (1996). Is the Simes
improved Bonferroni procedure con-
servative? Biometrika. 83, 928-933.

Sen, P.K. (1999). Some remarks on Simes-
type multiple tests of significance.
J. Stat. Plan. Inference. 82, 139-145.

Simes,R.J.(1986).Animproved Bonferroni
procedure for multiple tests of signifi-
cance. Biometrika 73, 751-754.

Tucker, D. M., Hartry-Speiser, A.,
McDougal,L.,Luu, P,,and deGrandpre,
D.(1999). Mood and spatial memory:
emotion and right hemisphere con-
tribution to spatial cognition. Biol.
Psychol. 50, 103-125.

Wendt, M., Heldmann, M., Munte, T. F,,
and Kluwe, R. H. (2007). Disentangling
sequential effects of stimulus- and
response-related conflict and stimu-
lus-response repetition using brain
potentials. J. Cogn. Neurosci. 19,
1104-1112.

Wiswede, D., Munte, T. E,, Goschke, T.,
and Ruesseler, J. (2009). Modulation
of the error-related negativity by

induction of short-term negative
affect. Neuropsychologia 47, 83-90.

Yeung, N., and Sanfey, A. G. (2004).
Independent coding of reward magni-
tude and valence in the human brain.
J. Neurosci. 24, 6258—-6264.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential conflict
of interest.

Received: 11 May 2009; paper pend-
ing published: 03 June 2009; accepted:

13 October 2009; published online: 30
October 2009.

Citation: Heldmann M, Vogt B, Heinze H-],
and Miinte TF (2009) Different methods
to define utility functions yield similar
results but engage different neural proc-
esses. Front. Behav. Neurosci. 3:43. doi:
10.3389/neuro.08.043.2009

Copyright © 2009 Heldmann, Vogt, Heinze,
and Miinte. This is an open-access article
subject to an exclusive license agreement
between the authors and the Frontiers
Research Foundation, which permits unre-
stricted use, distribution, and reproduc-
tion in any medium, provided the original
authors and source are credited.

Frontiers in Behavioral Neuroscience

www.frontiersin.org

October 2009 | Volume 3 | Article 43 | 9




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


