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Chapter 1

General Introduction



1.1 Research Motivation and Aims

More so than the natural sciences and especially in stark contrast to the formal
sciences, the social sciences rest fundamentally on operationalisation. Whereas the thermal
velocity of helium at room temperature, the mass of a planet like Jupiter, or the speed with
which an acorn falls towards the forest floor can be measured directly, that is, through
universally accepted laws and derivations, “fuzzy” concepts such as ambiguity aversion,
impulsivity, or self-efficacy are not readily measurable, and must first be defined. This
process of changing a conceptual variable into an operational variable (i.e.,
operationalisation) is integral to good scientific practice, as it makes hypotheses falsifiable
and enables researchers to replicate findings.

Operationalisation, however, is not an easy feat. As Landis and Cortina (2015) stress:
“the fact that we must define and measure unobservable constructs adds an element of
difficulty to our sciences that does not exist in others” (p. 15). Most commonly, concepts in
the social sciences can be defined and measured in multiple ways, without one clearly
surpassing the others. If two researchers were to measure a participant’s height, major
disagreement would be unlikely to occur. Compare this to, for example, assessing anhedonia
in participants with depression, for which one review alone discussed nine possible self-
report scales and seven types of behavioural measures (Rizvi et al., 2016); or to the
measurement of mental fatigue, for which a recent paper reviewed no fewer than five self-
report scales, two behavioural measures, and three types of (neuro)physiological
measurements (Kunasegaran et al., 2023). These are not extreme examples; rather, they
provide a typical representation of the large number of options that are generally available
for operationalising concepts in the social sciences.

When looking at the choices researchers make when deciding on operationalisations,
recent years have shown an increase in the popularity of behavioural and
(neuro)physiological measures over introspective, self-report ones in various disciplines,
such as psychology (Haslam et al., 2022; Schwartz et al., 2016; Wieczorek et al., 2021),
management (Alsharif & Mohd Isa, 2024; Di Stefano & Gutierrez; Suomala, 2018a, 2018b),
and economics (Borawska, 2017; Gunessee & Lane, 2023; Nermend & Latuszynska, 2016).
In part, this can be attributed to these measures becoming increasingly accessible. Software
for behavioural tasks or for physiological measurement systems now often comes equipped
with a graphical user interface, and no longer requires advanced programming skills.
Moreover, open-source software is becoming more common (Mathét et al., 2012), reducing
cost and fostering the proliferation of public repositories featuring readily-available tasks.
Furthermore, the options for hosting behavioural tasks online instead of in a laboratory have



rapidly expanded (Rodd, 2024), enabling researchers to collect this data on a larger scale
and in more diverse populations. Similar trends can be observed for neurophysiological
measures, with increasingly more low-cost and portable technologies being available,
especially for electroencephalography (EEG) and eye-tracking (Funke et al., 2016;
Krigolson et al., 2017).

Another reason for the popularity of behavioural and neurophysiological measures,
however, are the qualities these measures are presumed to possess — or rather, their ability
to circumvent certain downsides of self-report measures (Corneille & Gawronski, 2024).
Since the early days of psychological assessment, self-reports — in which research
participants are asked directly about their mental content — have received criticism, among
others regarding social desirability bias (S. B. Eysenck et al., 1966) and the limited
introspective abilities participants have (Nisbett & Wilson, 1977). What participants say in
self-reports may not be accurate, as they may not wish to share their thoughts or feelings, or
have difficulty accessing them. For these reasons, self-reports are frequently referred to as
“subjective” measurements of the concepts one tries to research, whereas behavioural and
neurophysiological measures are often said to “objectively” assess these same concepts
(Alsharif & Mohd Isa, 2024; Rizvi et al., 2016). A popular notion seems to be that by using
behavioural and neurophysiological measures we inherently come closer to the concepts we

intend to measure, thus providing us with a better operationalisation.

What appears to be overlooked, however, is that behavioural and neurophysiological
measures are still operationalisations, and therefore come with their own challenges and
trade-offs. Suppose we aim to study impulsivity, a fuzzy concept that we cannot directly
measure. One way in which we could operationalise this is with a self-report scale, like the
Barratt Impulsiveness Scale 11 (Patton et al., 1995). Another way could be through
impulsive action as demonstrated by errors made on a behavioural task like the Go/No-Go
task (Weafer et al., 2013), or through measurement of brain activity at the time participants
make these erroneous decisions (Ruchsow et al., 2008). Can we confidently say that the
latter two methods bring us closer to the concept of interest and are thus a better choice?
True, when interpreting participants’ error rate or brain activity, there is no need to take into
account answering bias or limited introspection. But the number of errors made by a
participant could easily be impacted by their ability to pay continuous attention, or even by
their visual acuity, which would render it a poor operationalisation nonetheless. Likewise,
brain activity recorded during the decision could be confounded by activity related to the
motor response the task requires. Moreover, before interpretation of brain data is possible,
much cleaning of the raw signals is needed, which could also introduce bias. As such, it is

evident that behavioural and neurophysiological measures are not inherently valid. Just like



with self-reports, their value is conditional on their characteristics and on how well these fit

the concept one intends to measure.

For this reason, the present dissertation critically evaluates the characteristics of
various behavioural and neurophysiological measures. In particular, it focuses on measures
that aim to operationalise risk-taking propensity (RTP) and related concepts like reward
responsiveness, as these play an important role across several scientific disciplines and are
now frequently examined using behavioural and neurophysiological measures, in addition
to self-reports. RTP is a trait-like attribute that can be defined as someone’s overall
willingness or inclination to take risks. It is generally higher in men than in women, and for
both genders peaks in adolescence and young adulthood, and declines with increased age
(Byrnes et al., 1999; Collado et al., 2014; Josef et al., 2016). Individuals’ risk-taking
propensity has the potential to greatly impact life outcomes, including through health
behaviours like substance use or unsafe driving (Anderson & Mellor, 2008; C. Wang et al.,
2025); occupational behaviours like the decision to start a business, and the success of that
venture (Danso et al., 2016; Nie} & Biemann, 2014); and mobility and migration behaviours
(Balaz & Williams, 2011; Jaeger et al., 2010). Consequently, the measurement of RTP takes
a central position in various social sciences, such as psychology, economics, and

management.

The dissertation is divided into two parts. Part I is dedicated to challenges related to
measuring risk-taking propensity using behavioural tasks, with a special focus on the
Balloon Analogue Risk Task (BART; Lejuez et al., 2002), a popular computer task that is
often employed in psychological literature to measure RTP and related concepts like
impulsivity and reward responsiveness. In addition, a more recently developed measure, the
Columbia Card Task (CCT; Figner et al., 2009), is explored, which also originated in the
psychological literature but has great potential for use in management and economics. Part
II of the dissertation is dedicated to challenges in measuring risk-taking propensity with
brain activity, in particular electroencephalography (EEG) as recorded during the BART,
CCT, and other behavioural tasks. Here, extra consideration is given to the problem of small
sample sizes, which is common in EEG research (Clayson et al., 2019). Across Parts I and
11, the overarching question that is addressed is to what extent behaviour and brain activity
recorded during computer tasks in a laboratory setting are successful in operationalising
concepts such as risk-taking propensity; or, in more generic terms: what conclusions can we

draw from findings obtained from these behavioural and brain measures?



1.1.1 Part I: Behavioural Tasks

Chapters 2, 3, and 4 form Part I of the dissertation, which focuses on challenges related
to measuring risk-taking propensity using behavioural tasks. First, Chapter 2 dives deeper
into the definition of RTP. In particular, it explains how decision-making can take place
under conditions of risk or under conditions of uncertainty, and how this distinction is often
not addressed in psychological literature despite a great deal of empirical research showing
that participants’ behaviour and brain activity differ between these contexts. Furthermore,
Chapter 2 explains how risk-taking behaviour in the Balloon Analogue Risk Task (BART;
Lejuez et al., 2002), the most frequently used instrument for measuring risk-taking
propensity in psychology (C. Wang et al., 2025), can best be characterised as decision-
making under uncertainty, or as a shift across trials from decision-making under uncertainty
to decision-making under risk, and discusses the implications this has for its use as an
operationalisation of RTP.

Chapter 3 further concentrates on the BART and provides an in-depth overview of four
methodological shortcomings of the task, including the shift from decision-making under
uncertainty to decision-making under risk that was introduced in Chapter 2. Collectively, the
shortcomings that are reviewed suggest that the BART is not suited as a measure of risk-
taking propensity — and possibly not of related concepts like impulsivity and reward
responsiveness either. Chapter 3 offers various concrete solutions for researchers to mitigate
these shortcomings in order to measure RTP more aptly, denouncing a one-size-fits-all
approach and emphasising the importance of carefully matching the operationalisation to the

specific research question a study aims to answer.

Finally, Chapter 4 implements several of the solutions that are proposed in Chapter 3
with the aim of measuring risk-taking propensity in relation to entrepreneurial intentions.
Previous studies on this relationship were criticised for using behavioural tasks with low
ecological validity. Chapter 4 employs a task with high ecological validity: the “warm”
version of the Columbia Card Task (CCT; Figner et al., 2009), which is commended in
Chapter 3 for circumventing several of the methodological shortcomings that characterise
the BART. It also uses a statistical model to address methodological shortcomings of the
CCT itself. In addition, Chapter 4 explains and showcases how features from the CCT, which
originates from the field of psychology, are beneficial for research in economics as well.

1.1.2 Part II: Brain Activity

Chapters 5, 6, and 7 form Part II of the dissertation, which looks into the challenges of

measuring risk-taking propensity through brain activity, in particular using



electroencephalography (EEG). This is a relatively inexpensive technique that is often used
in psychological research and that can detect changes in the brain’s electrical activity at the
millisecond level. First, Chapter 5 revisits the Columbia Card Task (CCT) that was used in
Chapter 4, now examining changes in the EEG signal in response to winning and losing
points in the task, under the assumption that these changes reflect RTP or related concepts
like reward responsiveness. Pre-empting the findings, robust EEG signals are observed, but
only weak correlations between these signals and self-reported and behavioural measures of
the same constructs (including participants’ behaviour on the CCT) are found — despite the
use of a well-powered sample. Chapter 5 further identifies methodological shortcomings of
the “hot” version of the CCT and offers solutions.

Chapter 6 can be seen as a conceptual replication of Chapter 5, following up on its
null-findings by examining the (lack of) associations between self-reported, behavioural,
and EEG operationalisations of impulsivity and related concepts (Study 1) and reward
responsiveness and related concepts (Study 2) in similarly large, independent samples. In
addition, given that research involving EEG is often characterised by much smaller sample
sizes than those used in Chapters 5 and 6, Chapter 6 explores whether running the same
analyses with smaller — more “authentic” — samples results in different findings. Taken
together, weak correlations are observed in Chapter 6, particularly between different types
of measurement (such as self-reports and EEG), in line with the findings from Chapter 5.

Finally, in a further attempt to understand the findings from Chapters 5 and 6, Chapter
7 examines selective reporting and statistical power in the EEG literature, contending that
these factors may explain why existing research often reports strong and statistically
significant findings, whereas Chapters 5 and 6 — using large samples and a broad range of
measurements — do not. It does so through a large-scale literature review and meta-analysis
focused on EEG research on addiction, which often reports substantial differences in the
EEG signal of persons with versus without addiction as recorded during various behavioural
tasks. Whereas Chapters 5 and 6 ultimately call into question the value of operationalisations
using EEG, Chapter 7 does find support for them, though also showing that most EEG

research is severely underpowered.

1.2 Contributions of the Dissertation to Science and Society

The contributions of this dissertation can be summarised by the following three

proverbs and adages:



The proof of the pudding is in the eating. The value or quality of something cannot be
judged from appearances and promises, but requires empirical testing and subsequent
evaluation (i.e., one needs to eat the pudding before deciding whether it is any good). This
resonates strongly with the scientific method, yet surprisingly, the behavioural and
neurophysiological measures we employ to operationalise the constructs at the centre of our
research are themselves often not thoroughly investigated. Several chapters in this
dissertation address this omission. Specifically, Chapters 2 and particularly 3 do so by
critically evaluating behaviour in the BART as an operationalisation of risk-taking
propensity. This is vital as the BART is the most frequently used instrument for measuring
risk-taking propensity in psychology (C. Wang et al., 2025). Chapters 4 and 5 contribute by
looking at the qualities of the CCT: Chapter 4 applies advanced models to the CCT’s data to
solve shortcomings of behavioural tasks identified in Chapter 3; and Chapter 5 tests the
suitability of the CCT for EEG research. Together, these chapters emphasise the need to
critically evaluate the characteristics of measurement instruments for their intended purpose,
before using them for that purpose on a larger scale. Finally, Chapter 7 “eats the pudding”
on a different level: not that of individual instruments, but that of the published literature as
a whole. At first sight, the EEG literature on addiction seems solid: many studies report
statistically significant findings. Chapter 7 examines the evidential value and underlying
power of these studies to see if their surface-level strength is legitimate.

A man with one watch knows what time it is; a man with two watches is never sure.
With only one piece of information, no conflicts arise, but this creates a false sense of
security: the information could be inaccurate, but there is no way to know whether it is. If
one has multiple sources of information — like several different measurements of risk-taking
propensity from the same participants — this can lead to confusion and doubt, especially if
the measurements do not align, but it makes one aware of the potential for error and the
importance of evaluating which measure (i.e., which watch) is most accurate. Chapters 5
and 6 of this dissertation help researchers be mindful of this dilemma. Chapter 5 examines
whether RTP as operationalised with EEG correlates with behavioural and self-report
operationalisations. On a larger scale, Chapter 6 compares self-report, behavioural, and EEG
operationalisations of impulsivity (Study 1) and reward responsiveness (Study 2). Pre-
empting the findings, most of the different measurements correlate poorly, supporting the
idea that operationalisation is more complex than one might think. Which instrument should
researchers choose if multiple instruments claim to measure the same concept, yet produce
very different results? Chapters 5 and 6 try to interpret where these differences come from
to help researchers make an informed decision about their choice of measurement(s), and to
encourage researchers to be transparent about their motivation for specific choices.



Measure twice, cut once. Careful consideration and preliminary testing before
commencing a project can help prevent costly mistakes. Once a carpenter has cut the wood,
there is no undoing it. Similarly, a researcher’s suboptimal choice in operationalisation
cannot be undone after data collection has finished. In an era of publish-or-perish, it may not
seem appealing to spend additional time pondering the selection of one’s measurement
instruments. However, the costs of not doing so can be large. The research on risk-taking
propensity and related concepts often has strong societal implications. As illustrated in
Section 1.1, it may help, for example, to identify who is more and who is less likely to
develop addiction, to choose a certain career path, or to move away from where they are
born. If researchers want to say something useful about such relevant relations, it is essential
that RTP is measured well. After all, the conclusions we can draw from our research depend
in large part on how well the concepts of interest are measured, with better measurement
leading to more accurate conclusions. The chapters included in this dissertation encourage
and help researchers to think critically about operationalisation, the measures they use, and
the conclusions they draw. With that, this dissertation is an ode to fundamental research, but

with clear implications for practice.
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well for the majority of the chapters, which is acknowledged in the sections below. Separate
from the content of this dissertation, I would like to acknowledge the Dutch Research

Council for funding this research.
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is being prepared for journal submission.
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independently by myself, with feedback from Prof.dr. Niels Rietveld and Sander Wieman
MSc. The dissertation was written without the use of (generative) Al
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Chapter 2

Disentangling Risk and Uncertainty: When Risk-Taking
Measures are not About Risk

Abstract

Many studies claim to measure decision-making under risk by employing the Domain-
Specific Risk-Taking (DOSPERT) scale, a self-report measure, or the Balloon Analogue
Risk Task (BART), a behavioural task. However, these tasks do not measure decision-
making under risk but decision-making under uncertainty, a related but distinct concept. The
present commentary discusses both the theoretical and empirical basis of the distinction
between uncertainty and risk from the viewpoint of several scientific disciplines and reports
how many studies wrongfully employ the DOSPERT scale and BART as risk-taking
measures. Importantly, we call for proper distinguishing between (tasks measuring)
decision-making under uncertainty and decision-making under risk in psychology, and
related fields. We believe this is vital as research has shown that people’s attitudes,
behaviour, and brain activity differ between both concepts, indicating that confusing the

concepts may lead researchers to erroneous conclusions.

This chapter has been published as: De Groot, K., & Thurik, R. (2018). Disentangling risk
and uncertainty: When risk-taking measures are not about risk. Frontiers in Psychology, 9,
Article 2194. https://doi.org/10.3389/fpsyg.2018.02194
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2.1 Introduction

Many studies claim to examine decision-making under risk, using a broad range of
measures to indicate an individual’s level of risk-taking. Well-known examples of these
measures include the Domain-Specific Risk-Taking (DOSPERT, Blais & Weber, 2006)
scale, a self-report measure, and the Balloon Analogue Risk Task (BART, Lejuez et al.,
2002), a behavioural measure. However, despite including the word “risk” in their names,
the DOSPERT scale and BART in fact do not deal with attitude towards risk. The concept
they deal with is attitude towards uncertainty, a related but distinct phenomenon that is often

contaminated with risk attitude in psychological literature.

2.2 The Theory Behind Decision-Making Under Uncertainty Versus Risk

In economics, the distinction between uncertainty and risk proposed by F. H. Knight
(1921) has become classic and has been hardly contested. In the case of risk, the outcome is
unknown, but the probability distribution governing that outcome is known. Uncertainty, on
the other hand, is characterised by both an unknown outcome and an unknown probability
distribution. In both cases, preferences are defined across chance distributions of outcomes.
For risk, these chances are taken to be objective, whereas for uncertainty, they are subjective.
Consider betting with a friend by rolling a die. If one rolls at least a four, one wins 30 Euros
(or Pounds, Dollars, Yen, Republic Dataries, Bitcoins, etc.). If one rolls lower, one loses. If
the die is unbiased, one’s decision to accept the bet is taken with the knowledge that one has
a 50 percent chance of winning and losing. This situation is characterised by risk. However,
if the die has an unknown bias, the situation is characterised by uncertainty. The latter applies
to all situations in which one knows that there is a chance of winning and losing but has no
information on the exact distribution of these chances.

When laypersons talk about risk, they generally mean uncertainty, as the outcome
probabilities are seldom known in everyday situations. In contrast to laypersons, scientists
cannot afford to confound the concepts of risk and uncertainty. Contaminating these two
concepts and hence not adhering to the uncertainty/risk (U/R) distinction is problematic, as
this distinction has been supported by various studies showing that it is not only conceptually
but also empirically valid. These studies primarily come from three scientific disciplines:
economics, psychology, and neurobiology.
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2.3 Empirical Support

2.3.1 Findings from Economics

Behavioural economic literature has supported the validity of the U/R distinction by
showing that individuals are less sensitive to likelihood information in the case of
uncertainty compared to risk: likelihood insensitivity decreases with more information
(Abdellaoui et al., 2005; Abdellaoui et al., 2011; Baillon et al., 2012; Baillon et al., 2013,
2017; Kahn & Sarin, 1988; Kahneman & Tversky, 1979; Kilka & Weber, 2001). This
phenomenon can be illustrated with the use of a fictional lottery. In the lottery, the difference
between a win probability of 0 and 0.1 is substantial, for it reflects the difference between
no chance versus a chance. The difference between a probability of 0.9 and 1 is also large,
for the latter means a certain win. By contrast, the difference between 0.3 and 0.4, or between
0.6 and 0.7 seems small. If one is not even sure whether these 0.3 and 0.4 (or 0.6 and 0.7)
probabilities are accurate (uncertainty), it is plausible that one will treat them as equivalent.
Hence, the less information individuals have (uncertainty vs. risk), the more they fail to
sufficiently discriminate between different levels of likelihood (Baillon et al., 2012; Baillon,
2015; Tversky & Kahneman, 1992).

In addition, the behavioural economic literature shows aversion towards uncertain
compared to risky choices (something referred to as ambiguity aversion): individuals prefer
known probabilities over unknown probabilities, even if the known probability is low and
the unknown probability could be a guaranteed win (Ellsberg, 1961). In the original
experiments, this phenomenon is illustrated with urns. Imagine there are two urns: the
“known” urn, with 50 red and 50 black balls, and the “unknown” urn, which contains 100
balls that are red or black in an unknown proportion. Winning is achieved by drawing a red
ball. Which urn do people want to draw from? When asked this question, most people opt
for the known urn. However, if they win when drawing a black ball, they also opt for the
known urn. This decision contradicts the notion of probability: people act as if the chance of
drawing a red ball from the unknown urn is less than 50 percent, but also as if the chance of
drawing a black ball from that same urn is less than 50 percent. This so-called Ellsberg
paradox illustrates our initial statement: when asked to choose, individuals prefer risk over

uncertainty.
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2.3.2 Findings from Psychology

Next to behavioural economic literature, psychological literature also supports the
empirical distinction between uncertainty and risk. Buckert et al. (2014), for example, show
that the cortisol response to stress impacts decision-making under risk, but not under
uncertainty. In addition, several studies show how risk and uncertainty are differentially
impaired in a broad range of (neuro)psychological disorders. For example, decision-making
under uncertainty but not under risk has shown to be impaired in patients who have
undergone unilateral temporal lobe surgery (Bonatti et al., 2009), patients with gambling
problems (Brevers et al., 2012), breast cancer patients receiving adjuvant chemotherapy (X.
Chen, Zhu, et al., 2013), patients with obsessive-compulsive disorder (H. W. Kim et al.,,
2015; Starcke et al., 2009, 2010; L. Zhang, Dong, Ji, Tao, et al., 2015; L. Zhang, Dong, Ji,
Zhu, et al., 2015), and patients with pathological buying issues (Trotzke et al., 2015). The
same dissociation holds for normal ageing (Zamarian et al., 2008). The situation, however,
is reversed for patients with Parkinson’s disease, who are differentially impaired in decision-
making under risk, but not in decision-making under uncertainty (Eutenecuer et al., 2009),
which could be explained by the notion that decision-making under risk depends more on
executive functioning than does decision-making under uncertainty (Brand et al., 2006).
These dissociations provide further support for the empirical distinction between uncertainty
and risk.

2.3.3 Findings from Neurobiology

Extending the psychological literature, several studies from the field of neurobiology
indicate that risk and uncertainty are differentially coded in the brain. Currently, two
hypotheses exist outlining how dealing with uncertainty versus risk differs neurobiologically
(Schultz et al., 2008). First, both situations may recruit different brain systems, resulting in
double dissociations. This hypothesis is supported by studies showing that risk recruits the
orbitofrontal cortex, striatum, insula, and (posterior) parietal cortex, whereas uncertainty
recruits the amygdala and parts of the frontal cortex such as the inferior frontal gyrus, and
the (dorsal) lateral prefrontal cortex (Bach et al., 2009; Huettel et al., 2006; Krain et al.,
2006; Platt & Huettel, 2008; Schultz et al., 2008). Second, risk and uncertainty may recruit
a common brain mechanism but to different degrees, showing stronger responses to either
ambiguous or risky choices. This idea is backed up by studies showing that the activity in
some brain structures, such as the orbitofrontal cortex and amygdala, is positively related to
the level of uncertainty in a task, whereas activity in the striatal system is negatively
correlated (Hsu et al., 2005; Levy et al., 2010; Platt & Huettel, 2008; Schultz et al., 2008).
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These findings support a graded rather than an all-or-nothing difference between how
uncertainty and risk are neurobiologically coded. There is no conclusive evidence yet on
whether uncertainty and risk are mutually exclusive or graded represented in the brain.
However, regardless of which hypothesis is supported, uncertainty and risk can be said to
differ from each other even at a biological level, which is an important signal of the essential

difference between uncertainty and risk.

2.4 The DOSPERT Scale and BART

The discussed behavioural economic, psychological, and neurobiological studies
demonstrate how uncertainty and risk differ not only on a theoretical basis, but also
empirically. This emphasises the need to properly distinguish between the two concepts in
research. However, as discussed, two paradigms that claim to measure decision-making
under risk in fact deal with uncertainty: the DOSPERT scale and the BART. For the
DOSPERT scale, items include “going camping in the wilderness”, “drinking heavily at a
social function”, and “investing 10 percent of your annual income in a new business
venture”. For all these items and the others, the outcome distribution is unclear. There is a
level of uncertainty, but since the probability distribution of the described situations is not
known, this cannot be qualified as risk in the Knightian sense. The same is true for the BART.
In the BART, individuals pump up a balloon that can explode at any time. Since the
probability distribution of explosions is unknown to the participant (“participants were given
no detailed information about the probability of an explosion”, Lejuez et al., 2002, p. 77),
there is again a level of uncertainty, which cannot be qualified as risk. For the DOSPERT
scale, the uncertainty is bi-directional: both the researcher and the participant are ignorant
of the probability distribution. For the BART, the uncertainty is one-directional: from the
viewpoint of the researcher, the risk is known, as he or she knows how the probability
distribution of the task has been programmed. The participant, on the other hand, is not given

any information about this.

Although the DOSPERT scale and BART are both clear examples of uncertainty
measures, studies applying them do generally not acknowledge that the measures deal with
decision-making under uncertainty instead of risk. To examine how pervasive this mistake
is, a literature review was conducted using Scopus across November, 2017. The first search
parameter concerned the full name of both tasks as mentioned in the article title, abstract, or
keywords as indexed in Scopus. This resulted in 17 articles on the DOSPERT scale, and 289
articles on the BART. These 306 articles were all read and classified into four categories. An

article was categorised as recognising the uncertainty nature of the DOSPERT scale or
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BART if the article explicitly mentioned that the DOSPERT scale or BART measures
decision-making under uncertainty (instead of risk) because the probabilities relevant for the
task are unknown to the participant; or if the article seemed to implicitly understand the
difference between decision-making under uncertainty and risk, for example by discussing
the conceptual difference between known versus unknown probabilities in relation to the
experimental paradigms. However, articles were not included in this category if they only
stated that probabilities in the task were unknown (which is simply a task characteristic),
without relating this to uncertainty or risk. Articles were also not included if they correctly
stated that the task measured uncertainty but mentioned invalid reasons for this (for example
because “the outcome is unknown”, which is a characteristic of both risk and uncertainty).
Articles were classified as not recognising the U/R distinction if they did not seem to be
aware of the distinction between the two concepts in relation to the DOSPERT scale or
BART. This was for example reflected by consistently using the concepts intertwined
without discussing the difference; explicitly stating that uncertainty and risk are equal,
discussing uncertainty and risk but not relating this to the DOSPERT scale or BART; or
stating that the DOSPERT scale or BART measures decision-making under risk, while not
mentioning uncertainty (or related concepts such as ambiguity, or unknown probabilities) at
all. The two remaining categories concerned “not accessible” (if the full text of an article
could not be accessed) and “not applicable” (if the article did not say anything concerning
either uncertainty or risk, for instance because the DOSPERT scale or BART was used for
measuring a different construct, such as impulsivity). The second search parameter
concerned the abbreviation of both measures, again as mentioned in the article title, abstract,
or keywords as indexed in Scopus. This resulted in 45 articles on the DOSPERT scale, and
3137 on the BART. For these articles, the abstracts were examined, and irrelevant articles
(e.g., articles discussing Bart Syndrome) were removed from the search findings. In addition,
articles that were already included based on the first search parameters were also removed.
The remaining articles were again all read and classified according to the abovementioned
criteria. The final categorisation consisted of 48 articles on the DOSPERT scale, and 302
articles on the BART. The included articles were solely identified via the search parameters;
no additional method of including articles was employed.

The results from the categorisation can be found in Figure 2.1. The findings were in
line with our proposition that most studies do not adhere to the U/R distinction and do not
correctly identify the DOSPERT scale and BART as uncertainty measures. This was also
true for several studies published in this journal. Overall in the literature, only 7.1% of
articles correctly adhered to the U/R distinction in relation to the DOSPERT scale and BART.
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The Knightian distinction between uncertainty and risk was not adhered to by 88.3% of
articles.

Figure 2.1

Summary of the Categorisation Process and Outcomes

Articles identified

Articles identified f
using full names

using abbreviations

"baffloon analogue risk task” (n = 289) and

BART (n = 3137) and DOSPERT (n = 45) "domain specific risk taking scafe” (n = 17)

Articles screened for
duplicates and
irrelevant subject matter (e.g.
articles on Bart Syndrome).

!

Full-texts requested for

assessing adherence to the U/R
distinction.
A 4 h 4
BART / "balloon DOSPERT/ "domain
analogue risk task" specific risk taking
(n =302 scale” (n = 48)
v v v v v
. . Not Not . Not
letake No T'Stake accessible applicable M"ftake accessible
n=263 n=25 n=i2 =0 n=46 n=>2
o, o,
(87.1%) (8.3%) (4.0%) (0.7%) (95.8%) (4.2%)
Mistake No mistake Not accessible Not applicable
309 (88.3%) 25 (7.1%) =14 (4.0%) n=2(0.6%)

The classification of all examined articles was archived in an online repository and can
be accessed via a weblink that is available from the authors upon request. In addition to the
basic classification, the repository holds information indicating whether the authors thought
a certain classificatory decision was up for debate. This was the case for 12.3% of articles.

For these articles, the arguments on which the final decision was based are also reported.
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The most common arguments reported are discussing the U/R distinction in relation to other
tasks but not to the DOSPERT scale or BART; correctly stating that the DOSPERT scale or
BART measures decision-making under uncertainty but reporting invalid arguments for this
claim; and applying a Bayesian learning paradigm to the BART that quantifies the decision-
maker’s changing uncertainty about the chances of the balloon exploding, but that does not
explicitly say anything regarding the U/R distinction. All articles characterised by these
arguments were categorised as not adhering to the U/R distinction, which resulted in a
relatively conservative classification. However, the percentage of articles not properly
adhering to the U/R distinction in relation to the DOSPERT scale and BART remains high
(namely 78.3%) if all articles now classified as “mistake” + “up for debate” were classified

as properly adhering to the distinction.

2.5 The Importance of Distinguishing Between Decision-Making Under

Uncertainty Versus Risk

From the literature review, we conclude that not properly adhering to the U/R
distinction is a widespread problem. Most articles do not even mention the distinction, let
alone correctly identify the DOSPERT scale and BART as measuring decision-making under
uncertainty instead of risk. However, the present finding that 88.3% of articles does not
adhere to the Knightian distinction between uncertainty and risk in relation to the DOSPERT
scale or BART does not necessarily mean that 88.3% of authors are unaware of the
distinction. In fact, we believe that most researchers understand the conceptual distinction
between uncertainty and risk, but do not explicitly report on this in their articles. This
absence of uncertainty/risk information in articles could simply be the result of common
practises within the field. In psychology, terms such as “risk- taking” and “riskiness” often
signify not only a known chance but also a directional effect: a high chance of loss.
Uncertainty does not allow for a similar directional connotation, which may result in using
the term less frequently. Furthermore, if only few studies explicitly distinguish between
uncertainty and risk, this becomes the default within a field, leading others to also not report
on this distinction even though they may have considered it when designing their study. This
is reflected in the observation that articles that adhere to the U/R distinction are not only
scarce but are also not consistently referred to in the literature. This contributes to the
contamination of both concepts that currently dominates the literature, and makes research

prone to confusion, especially when crossing disciplinary lines.

Being aware of the distinction between uncertainty and risk and applying this

knowledge in scientific writings not only is of great importance for scientific coherence but
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also has meaningful practical implications for government and business because the rules
used for decision-making under risk differ from those used for decision-making under
uncertainty. As an example, Angner (2012) discusses the regulation of new and unstudied
chemical substances. There is little hard data on them, but there is some probability that they
will turn out to be toxic. If a policy maker would argue that the decision at hand concerns
uncertainty, he or she would have to decide that the new chemical should be banned or
heavily regulated until its safety can be established. Speaking in behavioural economic
terms, either the minimax (minimising the maximum amount of deaths) or the maximin
(maximising the minimum amount of profit) criterion applies in this situation. However, if
the policy maker argues that one can and must assign probabilities to all outcomes, he or she
faces a choice under risk, and will probably permit the use of the new chemical because the
probability that it will turn out to be truly dangerous is low (the expected utility, the
alternative with the greatest amount of utility in the long run, is highest for permitting the
use). This example shows that decision-making under uncertainty versus risk results in
different responses. Therefore, whether a decision is treated as a choice under uncertainty or

under risk can have real consequences.

2.6 What Should Researchers Do?

The aim of the present commentary is not to scold researchers from fields such as
psychology for not using terminology and conventions used in economics. We do, however,
encourage researchers to properly distinguish between uncertainty and risk. We believe that
the majority of researchers are in fact already aware of this distinction, even though this is
not always reflected in their writings. Moreover, the aim of our commentary is not to take
credit for the idea that the DOSPERT scale and BART do not measure attitude towards risk
but rather towards uncertainty. In fact, we mention several previous studies that explicitly
contribute to this view by providing empirical support for the conceptual distinction.
Furthermore, studies adhering to the U/R distinction in relation to the DOSPERT scale or
BART can be found in the repository.

The aim of the present commentary is to unite previous research, and to make
researchers explicitly aware of the distinction between uncertainty and risk. In addition, the
aim is to advise researchers on what tasks (not) to use. For example, a self-report measure
probing pure risk-taking should include clear indicators of the probability distribution
underlying the outcomes of the described activities. Furthermore, the BART should not be
used for measuring pure risk-taking. Instead, different behavioural tasks such as the
Cambridge Gambling Task (CGT, Rogers et al., 1999), Game of Dice Task (GDT, Brand et
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al., 2005), and Columbia Card Task (CCT, Figner et al., 2009) should be used when aiming
to measure decision-making under risk. It should be noted though that in real life the chances
are almost always unknown, which means that risk has more theoretical than practical
importance. Therefore, there is certainly merit to using the DOSPERT scale and BART,
especially considering their good external validity. In fact, we could even speculate that this
good external validity can be explained by the fact that these tasks measure decision-making
under uncertainty (and not risk), which corresponds well to the structure of decision-making
in real life. Looking even closer at how decision-making in real life is accomplished, it
appears that the distinction between uncertainty and risk is continuous rather than binary. In
many cases, individuals have some estimate of the involved probabilities, which develops
as they move further along in the decision-making process and receive feedback by sampling
the environment. This development is mirrored, for example, in the lowa Gambling Task
(IGT, Bechara et al., 1994), in which participants learn the probabilities associated with card
decks as they progress through the task. It could even be argued that the BART is
characterised by a learning process as well, which is reflected by studies applying learning
models to the task. However, regardless of what (version of a) task is used, it is important to
be explicitly aware of what it is measuring: decision-making under uncertainty (BART and
DOSPERT scale), decision-making under risk (CGT, GDT, and CCT), or a gradual shift
from decision-making under uncertainty to decision-making under risk (IGT and possibly
BART). This way, the used nomenclature can stay pure and help readers identify what

concepts are examined in a particular study.

Scientists are expected to outperform laypersons in properly distinguishing between
concepts. Considering the fluidity of interdisciplinary research, it is pertinent to employ a
sole and clear-cut definition of concepts across fields. This is particularly important if
concepts have been shown to differ both theoretically and empirically. The present
commentary calls for distinguishing uncertainty and risk in the field of psychology and
related fields where decision-making under uncertainty and decision-making under risk play
an important role, such as neuroeconomics. This will help in using tasks that actually
measure the concept one is interested in measuring, which will certainly aid in finding true

relationships.



23

Chapter 3

Burst Beliefs — Methodological Problems in the Balloon
Analogue Risk Task and Implications for its Use

Abstract

Studies in the field of psychology often employ (computerised) behavioural tasks, aimed at
mimicking real-world situations that elicit certain actions in participants. Such tasks are for
example used to study risk propensity, a trait-like tendency towards taking or avoiding risk.
One of the most popular tasks for gauging risk propensity is the Balloon Analogue Risk Task
(Lejuez et al., 2002), which has been shown to relate well to self-reported risk-taking and to
real-world risk behaviours. However, despite its popularity and qualities, the BART has
several methodological shortcomings, most of which have been reported before, but none of
which are widely known. In the present paper, four such problems are explained and
elaborated on: a lack of clarity as to whether decisions are characterised by uncertainty or
risk; censoring of observations; confounding of risk and expected value; and poor
decomposability into adaptive and maladaptive risk behaviour. Furthermore, for every
problem, a range of possible solutions is discussed, which overall can be divided into three
categories: using a different, more informative outcome index than the standard average
pump score; modifying one or more task elements; or using a different task, either an
alternative risk-taking task (sequential or otherwise), or a custom-made instrument. It is
important to make use of these solutions, as applying the BART without accounting for its
shortcomings may lead to interpretational problems, including false-positive and false-
negative results. Depending on the research aims of a given study, certain shortcomings are
more pressing than others, indicating the (type of) solutions most needed. By combining
solutions and openly discussing shortcomings, researchers may be able to modify the BART
in such a way that it can operationalise risk propensity without substantial methodological

problems.

This chapter has been published as: De Groot, K. (2020). Burst beliefs — Methodological
problems in the Balloon Analogue Risk Task and implications for its use. Journal of Trial
and Error, 1,43-51. https://doi.org/10.36850/mr1
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3.1 Introduction

To a large extent, psychological science rests on the promises of operationalisation:
defining fuzzy concepts as measurable variables, or in other words, changing conceptual
variables into operational ones (Shuttleworth, 2008). This process is imperative because
most concepts researchers hypothesise about are not straightforwardly quantifiable. By
defining how a concept is measured, operationalisation allows hypotheses to take a
falsifiable format and enables us to replicate findings. In a way, operationalisations are
arbitrary, as concepts can be defined and thus measured in numerous ways — none of which

are surely “right”. Nonetheless, some measures may be more suitable than others.

A notable example of a concept that can be operationalised in various ways is risk-
taking (Lauriola & Weller, 2018), which has an important place in clinical, cognitive, and
developmental psychology, as well as in the fields of criminology, economics, and
management. One way risk-taking is operationalised in these fields is through self-report
measures, such as the Domain-Specific Risk-Taking (DOSPERT) scale (Blais & Weber,
2006) and the Financial Risk Tolerance assessment (Grable, 1999). Another way is through
computerised behavioural tasks, like the JTowa Gambling Task (Bechara et al., 1994), the
Cambridge Gambling Task (Rogers et al., 1999), the Game of Dice Task (Brand et al., 2005),
the Balloon Analogue Risk Task (Lejuez et al., 2002), and the more recent but already widely
used Columbia Card Task (Figner et al., 2009). Importantly, the quality of a study largely
depends on the degree to which its operational measures reflect the underlying concept; in
this case, one’s disposition towards risk-taking. If a task is a poor proxy for a concept or is
subject to methodological or interpretational problems, any data resulting from it are of
limited value to our understanding of the concept. In this regard, several studies have
challenged the operationalisation ability of the most-cited risk task, the lowa Gambling Task
(see e.g. Brand et al., 2006; Buelow & Suhr, 2009; Figner et al., 2009; Maia & McClelland,
2004). The Balloon Analogue Risk Task, which is the second-most cited, may yet suffer
from even more severe issues, hindering its ability to operationalise risk-taking. While some
individual issues have been reported in previous publications, no literature so far has
discussed these collectively. The present commentary aspires to fill this gap.

3.2 The Balloon Analogue Risk Task

In the Balloon Analogue Risk Task, or BART for short, participants are presented with
a computer screen showing a small balloon and a pump. They are told that every time they
click the pump, the balloon expands, and a fixed amount of money (5 cents) is added to a
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temporary bank. Every pump also increases the chance of the balloon exploding (marked by
a “pop” sound from the computer), resulting in losing all money in the temporary bank for
that particular balloon (trial). The point at which a balloon explodes varies across trials,
ranging from the first pump to the point where the balloon fills the entire screen. Participants
can decide to stop pumping the balloon at any point during a trial by clicking the “collect”
button (left in Figure 3.1), which transfers the money accumulated in their temporary bank
to their permanent one, while a slot machine sound is played. Once a balloon explodes or
once participants cash a balloon’s proceeds, the trial ends, and a new, uninflated, balloon

appears.

In the original study by Lejuez et al. (2002), participants were informed that they would
complete 90 balloons: 30 orange, 30 yellow, and 30 blue ones. Unbeknownst to participants,
differently coloured balloons had a different chance of exploding. The probability
distribution governing their explosion points consisted of an array of n numbers from which
on every pump a random number was drawn without replacement. If a 1 was drawn, the
balloon exploded. Thus, the probability p of the balloon exploding on the first pump was
1/n, and the probability of it exploding on pump i (given no prior explosion) was p; =

—1 _=1/8), for

8—1+1
= 1/32), and for blue ones from 1 to 128 (p; =

——r For orange balloons, the array ranged from 1 to 8 (hence p; =

yellow balloons from 1 to 32 (p; = P

1
128-1+1

same (randomly generated) sets of explosion points being used across all participants to limit

= 1/128). Their average explosion points were respectively 4, 16, and 64, with the

extraneous variability. Neither the ranges nor the average explosion points were

communicated to participants.

The BART’s design is intended to reflect naturalistic decision-making, in which taking
more risk generally increases the odds of encountering a loss. This sort of decision-making
tends to be emotionally engaging, instigating a sense of increasing tension as the balloon
increases in size (Schonberg et al., 2011). In support of the BART’s validity, Lejuez et al.
(2002) showed that the average number of times participants pumped the blue balloon
significantly correlated with scores on risk-related constructs (sensation seeking,
impulsivity) and with real-world risk behaviours, such as polydrug use, gambling, unsafe
sex, and stealing. The orange and yellow pumps were originally not examined with respect
to risk-related constructs, as their narrow ranges of outcome values (1-8 and 1-32) are less
suited for capturing individual differences. Instead, their average pump numbers were
analysed together with those of the blue balloons to show that the number of times

participants choose to pump is sensitive to the probability of exploding. Overall, the data



26

showed the BART to have “particular promise as a behavioural index of risk-taking” (Lejuez
et al., 2002, p. 82). As would be expected based on this conclusion, the BART (particularly
its blue balloon) became a popular instrument for gauging individuals’ propensity for risk-
taking, with inconsistent findings being attributed to factors like sampling variability and
inadequate statistical power (Lauriola et al., 2014), rather than problems inherent to the
BART. However, several authors have argued that such problems exist (De Groot & Thurik,
2018; Gu et al., 2018; Schmidt et al., 2019; Schonberg et al., 2011), and that they limit the
BART’s ability to measure one’s propensity for taking risk. The key problems that
characterise the BART are 1) a lack of clarity as to whether decisions are characterised by
uncertainty or risk, 2) censoring of observations, 3) confounding of risk and expected value,

and 4) poor decomposability into adaptive and maladaptive risk behaviour.

Figure 3.1
Set-Up of the Original Balloon Analogue Risk Task as Described by Lejuez et al. (2002)

TOTAL EARNED
$00.00
CLICK TO COLLECT CLICK TO PUMP UP
$8$ THE BALLOON
LAST BALLOON
$00.00

3.2.1 Risk or Uncertainty?

In economic theories of decision-making, a key distinction is that between uncertainty
and risk, which is often accredited to F. H. Knight (1921), and was introduced to
psychological thinking in a seminal paper by Edwards (1954) that lies at the origin of
behavioural decision theory. When deciding under the condition of risk, the probabilities
associated with the possible outcomes are known. When deciding under uncertainty (which

some authors call ambiguity), this probability distribution is unknown.
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For F. H. Knight (1921), this distinction was not only of theoretical but of practical
importance as well. According to him, uncertainty — not risk — was the main driver of
entrepreneurial success, as only people who recognise hidden opportunities can seize them
and profit from them. Since then, the empirical relevance of the uncertainty-risk distinction
has been confirmed in various fields of research. In economics, Ellsberg (1961) showed that
individuals prefer risk over uncertainty, even if the known probabilities are unfavourable
and the uncertain option could be a guaranteed win. In psychology, studies showed that
uncertain and risky decisions involve different mental processes, as risk allows for statistical
thinking (to optimise) but uncertainty involves heuristics (to satisfice) (Volz & Gigerenzer,
2012). In line with this, decision-making under risk is thought to depend more on executive
function (such as categorisation and cognitive flexibility) for which the dorsolateral
prefrontal cortex is important, whereas decision-making under uncertainty hinges on
emotional processes (such as somatic feedback), which are more associated with the
ventromedial prefrontal cortex and the amygdala (Brand et al., 2006). This may explain why
patients with executive deficits, such as those with Parkinson’s disease, have difficulty
deciding under risk but have no trouble deciding under uncertainty (Eutencuer et al., 2009),
whereas persons with obsessive-compulsive disorder, for example, show the opposite pattern
(Starcke et al., 2009, 2010).

Given that uncertainty and risk differ theoretically and empirically, it is imperative for
researchers to know the conditions under which participants decide. Unfortunately, despite
the word “risk” in its name, these conditions are not straightforward in the BART. Since
participants are never given “detailed information about the probability of an explosion”
(Lejuez et al., 2002, p. 77), we can assume that at least during early trials, they decide under
uncertainty (Bishara et al., 2009; De Groot & Thurik, 2018; Schonberg et al., 2011). As they
move further along in the task and “sample the distribution” by pumping balloons and
observing their outcomes, they get a better sense of the probabilities, which gradually moves
their decisions in the direction of risk. Although not studied in the BART itself, such a shift
has been shown for the Iowa Gambling Task, where performance in early trials does not
correlate with that in later trials nor with executive function, indicating that people first
decide under uncertainty and later under risk (Brand et al., 2006; Brand et al., 2007). While
this effect may not be as strong in the BART, studies do show better performance in later
compared to early trials, suggesting that participants indeed get a better grasp of the
probability distribution over time (De Groot & Van Strien, 2019; Lejuez et al., 2002).!

! The relevant data collected by De Groot and Van Strien (2019) on per-block averages is not reported in the
published report but will be shared upon request.
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The BART’s transition from uncertainty towards risk is problematic for several
reasons. First, it is unclear when exactly this shift transpires, making it difficult to determine
whether a decision in a given trial is made under uncertainty, risk, or something in between.
Second, the point where decisions shift from uncertainty to risk is likely to differ between
individuals, and is dependent on task characteristics (Brand et al., 2006; Brand et al., 2007).
Third, the shift implies that the BART imposes learning demands, which could inadvertently
impact participants’ outcomes on the task, with those capable of updating their knowledge
of the probabilities performing better than those who have difficulty doing so. Fourth, once
participants manage to derive the task’s probabilities, subsequent decisions are not
characterised by what is usually considered risk. Contrary to decisions in which probabilities
are explicitly described (“a priori” probabilities), probabilities in the BART are derived from
experience. Since such probabilities depend on factors like sampling variability and one’s
memory of previous events, decision-makers treat experience-based probability differently,
which is called the description-experience gap (Hau et al., 2008; Rakow & Newell, 2010).
Most notably, when deciding based on experience, people do not act in accordance with
prospect theory, but instead, underweight rare events and overweight common encounters.
As people have more and more encounters (e.g., trials), their experiences will approach the
precision of a priori probabilities, though in practice this is difficult to attain (F. H. Knight,
1921).

To address the inability of the BART to differentiate between complete uncertainty,
experience-based risk, and description-based risk, several approaches may be used. One
option is to apply a model to the BART’s data that allows for participants learning through
experience. An early example is a model by Wallsten et al. (2005) in which decision-makers
update their probabilities from trial to trial, and continually re-evaluate their options.
Alternatively, one could use a different task, in which decisions are either all characterised
by uncertainty or risk, or which includes a well-understood shift between the two. Tasks that
involve only uncertain decision-making are rather difficult to design, as they require
participants to be ignorant of probability-related information and remain ignorant of that as
well — automatically disqualifying tasks that have a learning curve. Tasks involving only
decisions made under (a priori) risk are much more common and include the Cambridge
Gambling Task, the Game of Dice Task, and the Columbia Card Task, the latter of which
resembles the BART’s dynamic, affective nature (Schonberg et al., 2011). Finally, a known
shift from uncertainty to (experience-based) risk can be found in the lowa Gambling Task.
This task’s shift, while not fi/ly understood, has been studied more thoroughly than that in
the BART.
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3.2.2 Censored Observations

Statistical censoring refers to a condition in which the value of an observation is
unknown because it is beyond a certain limit. This limit can exist by design, which is
common in survival analysis. If a study on a surgical intervention follows patients for up to
10 years, the longevity scores of those who live past this term are censored, as their longevity
is at least 10 (Young & McCoy, 2019). Censoring can also result from limits on what an
instrument can reliably measure. For example, the full 1Q score of the Wechsler Adult
Intelligence Scale ranges from 40 to 160 (Sattler & Ryan, 2009), meaning that IQ scores of
people performing either extremely poorly or extremely well are cut off at these boundaries
and are thus censored.

In the BART, censoring (by design) occurs if a participant is stopped from taking more
risk in a given trial, because the balloon they are pumping explodes, forcing the trial to end.
Since such a trial ends prematurely, the number of times the participant pumped the balloon
does not necessarily reflect the risk they were willing to take, meaning their risk propensity
is censored. This is problematic for various reasons. First, including these censored trials
biases the average number of pumps downwards (especially for high-risk takers),
underestimating participants’ willingness to take risks (Dijkstra et al., 2020; Pleskac et al.,
2008). Likewise, the between-subjects variability across these averages is reduced (Lejuez
et al, 2002). Overall, the (unadjusted) average number of pumps is an ill-suited
operationalisation of risk propensity.

As censoring affects all sequential risk-taking tasks like the BART (involving multiple
decisions per trial) and various other research paradigms, like survival analysis, several
solutions have been proposed. In the paper introducing the BART, Lejuez et al. (2002)
suggest computing an adjusted pump average using only trials in which participants stopped
voluntarily, that is, in which the balloon did not burst. However, by omitting explosion trials,
censored observations are essentially treated as randomly missing, which is inaccurate
(Pleskac et al., 2008). The more risk someone takes, the more likely it is that the balloon
bursts, and that the trial forcibly ends. The termination of trials is therefore not independent
from participants’ behaviour. As a result, Lejuez et al.’s adjusted score tends to discard trials
in which participants take a lot of risk. This causes the average number of pumps to be biased

downwards, similar to the unadjusted score, but to a lesser extent.

To circumvent the problem of censoring, Pleskac et al. (2008) developed an automatic
response version of the BART. Contrary to the standard BART, in which participants inflate
a balloon one pump at a time, the automatic BART lets them indicate their intended number

of pumps beforehand. The balloon then inflates to the corresponding size, or until it bursts.
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This procedure allows for an unbiased statistic of risk propensity, as the intended number of
pumps is now observable in all trials (Pleskac et al., 2008). However, it increases the time
between decision and outcome, which may make decisions less emotional (impulsive) and
more cognitive (planned) (Pleskac et al., 2008), and may reduce the salience of the outcomes.
These effects, in turn, can affect participants’ risk-taking (Young & McCoy, 2019). In
contrast, however, a study using the Bomb Risk Elicitation Task (Crosetto & Filippin, 2013),
another risk task that uses delayed explosions to circumvent censoring, found that
introducing such delays did not impact risk-taking.

Another solution to censoring is using a rigged task (Slovic, 1966). Participants are
then told that failure can occur at any moment (in the BART, at any pump), but actually, it
is set to occur at the last possible choice. Hence, participants can always stop voluntarily,
and no scores are censored. To uphold credibility, “mock” trials are added, in which failure
is set to occur early on. Deciding on the number and timing of mock trials, however, is a
challenge. Since behaviour in a trial is affected by previous outcomes, experiencing (t00)
few failures could increase risk-taking (De Groot & Van Strien, 2019; Dijkstra et al., 2020).
Therefore, rigged tasks should be designed such that they produce failure rates similar to
non-rigged tasks and should take into account that failure rates differ between participants
too. However, research on the Columbia Card Task, another sequential risk-taking task,
shows that this is often not the case (De Groot & Van Strien, 2019).

A final remedy, which addresses the bias but leaves the BART unchanged, is to apply
a statistical model to the resulting data that explicitly incorporates censored behaviour. Such
models consider all observed data, using the censored trials as lower bounds in determining
a participant’s actual risk propensity. Some of them employ Bayesian (generalised) linear
mixed-effects regression (Weller et al., 2019; Young & McCoy, 2019); others use maximum
likelihood estimation, adding a cumulative distribution function to the likelihood function
to account for censoring (Dijkstra et al., 2020; Tobin, 1958). Such models perform
significantly better (i.e., have less biased predictions) than those that do not account for
censoring. However, as is the case for all statistical models, their soundness hinges on the
validity of their underlying assumptions (Schafer & Graham, 2002), such as that of
normality, whose violation not all models are robust against (Powell, 1984).

3.2.3 Confounding and Decomposability

The BART was designed to resemble real-world risk situations, where taking modest
risk is generally advantageous, but taking excessive risk is increasingly unfavourable
(Lejuez et al., 2002; Wallsten et al., 2005). Within a trial, every successful pump earns
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participants 5 cents, which are added to their temporary bank. As the amount accumulated
in the bank grows, the relative gain of taking additional risk decreases, while the potential
loss in case of an explosion increases. Additionally, the probability of the balloon exploding

increases with every pump: from 1/128 on the first to 1/127 on the second, and so on.

This combination of characteristics makes that the task’s structure entails a serious
problem. Since both the balloon value (the amount collected in the temporary bank) and the
explosion probability increase with every pump, the expected value of inflating the balloon
— the product of the success chance and the reward, minus the product of the explosion
chance and the balloon value — changes across a trial (Schmidt et al., 2019). This change is
illustrated in Table 3.1. Early in a trial, the expected value of the pump is positive, so taking
additional risk is advantageous. This prospect changes halfway when the expected value
turns negative, making additional pumps unfavourable (Lejuez et al., 2002). Due to the
expected value changing with each decision, it is confounded with risk (defined as the
variability of the possible outcomes), which varies across decisions by design. Although
such confounding can happen in real-life decision-making, it is not desirable in a controlled
scientific environment: it makes it difficult to measure participants’ risk propensity, as both
risk and expected value may influence their decisions. The extent to which individuals are,
for example, risk-seeking, can therefore not be determined, because this would require
showing a preference for higher variance payoffs, holding expected value constant
(Schonberg et al., 2011).

This confounding demonstrates that the BART’s main observable outcome — the
number of pumps participants press — cannot be interpreted as a straightforward indicator of
risk propensity. Like many behavioural tasks, the BART supposedly gauges a single
cognitive construct, but it manipulates various other, potentially confounding constructs as
well (Schonberg et al., 2011). Expected value is an example of such a construct. As a result,
the single score provided by the BART cannot easily be decomposed to identify the cognitive
or neural mechanisms involved in the pump decisions. Studying the risk-taking process in

isolation using the BART is therefore not possible.
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Table 3.1
Changing Balloon Values, Explosion and Success Chances, and Expected Values Across
Balloon Pumps
Pump Balloon Balloon Chance of  Chance of Expected Expected Value
Number Value Value After Explosion Success Value of of All Remaining
Before Pump Current Pump Pumps
Pump
A) B) © D) B ) G
1 €- €0.05 0.00781 0.99219 €0.04961 € 1.60000
2 €0.05 €0.10 0.00787 0.99213 €0.04921 € 1.56260
3 €0.10 €0.15 0.00794 0.99206 €0.04881 € 1.52540
4 €0.15 €0.20 0.00800 0.99200 € 0.04840 € 1.48840
5 €0.20 €0.25 0.00806 0.99194 €0.04798 €1.45161
)
62 €3.05 €3.10 0.01493 0.98507 €0.00373 €0.00672
63 €3.10 €3.15 0.01515 0.98485 € 0.00227 €0.00303
64 €3.15 €3.20 0.01538 0.98462 €0.00077 €0.00077
65 €3.20 €3.25 0.01563 0.98438 €-0.00078 €-0.00078
66 €3.25 €3.30 0.01587 0.98413 €-0.00238 €-0.00238
(--)
124 €6.15 €6.20 0.20000 0.80000 €-1.19000 €-1.19000
125 €6.20 €6.25 0.25000 0.75000 €-1.51250 €-1.51250
126 €6.25 €6.30 0.33333 0.66667 € -2.05000 € -2.05000
127 €6.30 €6.35 0.50000 0.50000 €-3.12500 €-3.12500
128 €6.35 €6.40 1.00000 0.00000 €-6.35000 €-6.35000

Note. The expected value of the current pump (F) is computed by multiplying the success chance (E) by 0.05, then
subtracting the product of the explosion chance (D) and the balloon value before the pump (B) [F = E * 0.05 —
D * B]. Alternatively, one can also take into account the expected value of any subsequent pumps, insofar as they
are advantageous (G). This results in somewhat different values, but an identical tipping point at 64.

One approach for resolving the confounding and decomposability issues in the BART
is to apply a computational model to its data that quantifies the cognitive mechanisms
underlying the observed behaviour (Bishara et al., 2009). Such models were first proposed
by Wallsten et al. (2005), inspired by an expectancy-valence model for decomposing
behaviour in the lowa Gambling Task (Busemeyer & Stout, 2002). Wallsten et al. explain
decision variability using one parameter for risk-taking, one for response consistency, and
two for learning. By applying these models, we can study risk-taking — and other aspects
that determine BART behaviour — in isolation, by translating “what is observed but relatively
uninformative to what is unobserved and relatively informative” (Van Ravenzwaaij et al.,
2011, p. 95). However, data from the BART may not be rich enough to warrant the use of
complicated decomposition models. For instance, a study on Wallsten et al.’s best
performing model demonstrated that its learning parameters could not reliably be recovered
(Van Ravenzwaaij et al., 2011). To allow for more extensive decomposition, one may need
to resort to a different task, like the lowa Gambling Task. Alternatively, one could use a task
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that by design avoids confounding, such as the Columbia Card Task. Although dynamic and
affective like the BART, this task orthogonally varies risk-related constructs, so that they can
be decomposed into their underlying mechanisms — like sensitivity to gains, losses, and
probabilities — without the use of a computational model (Dijkstra et al., 2020; Figner et al.,
2009; Schonberg et al., 2011). Finally, researchers can choose to design a custom task to
ensure that the constructs relevant to their hypotheses are not confounded. For example, a
risk task presented in Schmidt et al. (2013) varies the level of risk but holds expected value
constant. Solutions such as these should be considered carefully so that constructs crucial to

a study’s hypotheses can be isolated effectively.

3.2.4 The Normative Solution

The BART is designed in such a way that the balloons’ average explosion point lies at
64, halfway the maximum number of pumps. This is achieved by randomly generating
collections of explosion points until one produces an average of 64 over all trials, as well as
within each set of 10 trials (Lejuez et al., 2002). Participants can then maximise their
earnings by attempting to pump every balloon 64 times, which results in an explosion in
about half of the trials, and an optimal overall expected value. Going back to Table 3.1, we
can see exactly why this is the optimal, or normative, solution in the BART. Up to and
including the 64" pump, the expected value of pumping the balloon is positive; after 64, the
expected value is (increasingly) negative. It is, therefore, optimal to aim for 64 pumps on
every balloon, and then stop. Choosing to pump more or fewer than 64 times will decrease
expected earnings; and the farther one deviates from the optimum, the lower the expected
earnings become (Lejuez et al., 2002; Pleskac et al., 2008; Wallsten et al., 2005).
Remarkably, in most trials, participants stop pumping the balloon far before the optimal
stopping point (Lejuez et al., 2002). In fact, the average adjusted pump score is typically
between 26 and 35 (Pleskac et al., 2008). Real-world risk-avoiders and risk-takers alike
rarely pump the balloon enough times to maximise their expected earnings. This is less of a
problem in the automatic BART, although participants there still pump fewer than 64 times
on average. For example, two recent studies reported averages of 61.9 (Bernoster et al.,
2019) and 58.5 pumps (De Groot & Van Strien, 2019).

It is yet unknown exactly why participants often stop pumping before they reach the
optimal point, but various factors may play a role. First, since the original BART requires
participants to inflate balloons one pump at a time, it is plausible that they get tired of
pumping after a while. Second, participants may want to limit their effort out of laziness or
a desire to finish early (but see Young & McCoy, 2019). Third, they may become satiated:
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due to diminishing marginal returns, adding 5 cents to a growing temporary bank may stop
being an attractive prospect well before reaching pump 64. Fourth, participants may need
time to learn which strategy results in maximal earnings (Lejuez et al., 2002). This
conjecture is supported by the observation that participants in both the original and the
automatic BART on average press closer to the normative solution in the final block of 10
trials than they do in previous blocks (De Groot & Van Strien, 2019; Lejuez et al., 2002)." Tt
also corresponds with the presumed shift from deciding under uncertainty to deciding under
risk. In the BART, learning the optimal solution is hard, as the range of possible explosion
points is large (1-128), and individual explosions provide limited feedback. This is in line
with findings by Lejuez et al. (2002), who show that larger explosion ranges result in larger

relative deviations from the optimum.

The fact that participants in the BART often stop pumping before the optimal stopping
point has serious implications for how the data can be interpreted. Up to 64 pumps, the risk
they take can be characterised as adaptive or functional, as it results in higher earnings. After
that point, it can be considered maladaptive or dysfunctional, as it reduces expected earnings.
Since people generally pump fewer than 64 times, the BART cannot properly differentiate
between adaptive and maladaptive risk behaviour, neither within nor between participants.
A second, related problem is that experimental manipulations meant to increase risk-taking
(such as adding time pressure or administering a certain drug) generally do not lead to lower
earnings, as even the resulting higher pump numbers usually do not exceed 64 (Pleskac et
al., 2008). For example, if a manipulation causes participants to take more risk and press 50
instead of 30 times, they are actually, on average, better off than before, the opposite of what
one would expect in real life. In short, if participants mostly stay under 64 pumps, they
simply never reach the point where taking more risk becomes disadvantageous, which limits

the conclusions one can draw from the data.

The most straightforward way to mitigate these problems may be the modified BART
developed by Pleskac et al. (2008), which differs from the original task in three ways. First,
it involves an automatic response mode: participants indicate their intended number of
pumps at the start of each trial, after which the balloon automatically inflates to the
corresponding size (or until it bursts). Although meant to mitigate censoring, this adjustment
may also prevent people from getting tired of pumping and from wanting to finish the task
sooner. Second, the adjusted task provides explicit feedback about the explosion point of
every balloon, not merely of those that actually explode. This may improve participants’
learning across trials. Third, participants are (truthfully) informed that the range of pump
numbers is 1-128 and that the best overall number of pumps is 64, further increasing the

amount of information at their disposal.
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These three modifications together successfully moved participants’ behaviour closer
to the normative solution of 64, with an average pump score of 57.7 for females and 63.7 for
males (Pleskac et al., 2008). Part of this effect can be attributed to the automatic response
mode, as these averages are higher than those from a manual BART with full feedback and
strategy instructions added. Since this manual BART itself resulted in higher averages than
the original BART, the feedback and instructions likely also contributed to the effect (Lejuez
et al., 2002). Recent research, however, indicates that informing participants about the
optimal strategy is not necessary, and even ill-advised. Two studies using an automatic
BART with full feedback — but without strategy instructions — found equally high pump
averages as did Pleskac and colleagues (Bernoster et al., 2019; De Groot & Van Strien,
2019). Additionally, these studies found that a subgroup of participants — often from a STEM
background — seem to infer the optimal strategy without any help.? Their repeated 64-
answers, therefore, reflect cognitive ability rather than risk propensity and reduce task
variability. Informing participants about the optimal strategy can increase such problematic
responses. Therefore, it seems best to add automatic responses and full feedback to the
BART, but not strategy instructions. This will likely elicit sufficiently high pump averages,
without compromising the validity of the task.

3.3 Discussion

Since it was first published in 2002, the BART has become one of the most popular
tools in psychology to gauge individuals’ propensity for risk-taking. Halfway through 2020,
the original article describing the BART (Lejuez et al., 2002) had been cited over 1100 times
in Scopus, most often in journals on decision research, addiction, and neuropsychology. This
popularity is well-founded. The BART succeeds in recreating the “natural” feeling of
exhilaration and tension people experience when taking risk, and thus has excellent
ecological validity. Furthermore, it correlates well with self-reported risk-related constructs,
such as impulsivity and sensation seeking, and with real-world risk behaviours, like
polydrug use and unsafe sex, supporting its convergent validity. Lastly, it does not correlate
with constructs like depression and anxiety, endorsing its discriminant validity (Lejuez et
al., 2002). But despite these qualities, the BART suffers from methodological problems,
most of which have been acknowledged in previous research as negatively impacting its

rigor. The present paper is the first to give a comprehensive overview of these problems.

2 The relevant data collected by Bernoster et al. (2019) and De Groot and Van Strien (2019) on individual answering
patterns was not published but will be shared upon request.



36

The first problem concerns the lack of clarity as to whether decisions in the BART are
made under uncertainty (where outcome probabilities are unknown) or risk (where they are
known). Since participants are not given any information about the explosion probabilities,
they first decide under uncertainty, which then gradually shifts towards risk as they learn
more about the probabilities in the task. As it is unclear exactly when this shift takes place,
it is difficult to determine whether a given decision is made under uncertainty, risk, or
something in between. The second problem concerns statistical censoring, which occurs in
trials where the balloon explodes, as participants are then prevented from taking additional
risk. As a result, the average number of times participants pump the balloon underestimates
their risk propensity. Third, the BART confounds risk with expected value. Since these
constructs change simultaneously throughout a trial, participants’ pump behaviour again
does not reflect risk propensity, as decisions are influenced by both risk and expected value.
This also means that the task is poorly decomposable, as it cannot disentangle the motives
underlying a pump decision. A final problem concerns the task’s normative solution. In the
majority of trials, participants stop pumping before the point where expected earnings are
maximised. Therefore, participants mostly take adaptive risk, which leads to higher earnings.
Maladaptive risk-taking hardly occurs, even though one would expect to see such behaviour
in certain cases.

Despite these problems, much of the research up to now has focused on the empirical
findings produced by the BART, rather than on the task itself, with the majority of
researchers using the task without critically reviewing whether its problems interfere with
their aims. This can have undesirable consequences, such as when it leads to false positives
or false negatives. For example, one may fail to show a relationship which only exists for
decisions characterised by risk, as some trials in the BART are characterised by uncertainty
instead. Conversely, a hypothesis may pertain to people’s response to changing risk and be
unjustly supported, as in the BART, risk and expected value simultaneously change and
impact individuals’ behaviour. Finding true positives and negatives hinges on several factors,
an important one being the validity of the measurement instrument. Any data resulting from
instruments that suffer from methodological or interpretational problems is of limited value

to understanding the concepts they are supposed to operationalise.

For these reasons, it is imperative that researchers critically evaluate the “fit” between
their research and the BART before deciding on using it. For many research aims, one will
now see that the original BART does not suffice. Yet despite these “burst beliefs”, there are
three types of approaches one can take to account for its limitations. First, data from the
original BART can be analysed using a different, more informative index than Lejuez et al.’s

average adjusted pump score. For example, the models by Wallsten et al. (2005) break down
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behaviour into risk-taking, response consistency, and learning. In addition, computational
models can be used to take into account censoring and to provide an index of uncensored
risk-taking in the BART (Dijkstra et al., 2020; Tobin, 1958; Weller et al., 2019; Young &
McCoy, 2019). A second way of dealing with the BART’s limitations is by modifying the
task, for example by rigging it (Figner et al., 2009; Slovic, 1966), providing additional
feedback, or automating the responses (Pleskac et al., 2008). Third, one may consider using
a different task. This can be an existing (sequential) risk-taking task, like the Columbia Card
Task (Figner et al., 2009), which performs better in terms of decomposability than the BART.
Alternatively, researchers should consider creating a custom task that exactly suits their
research, avoiding methodological flaws that could endanger the soundness of their
conclusions. For instance, a task developed by Schmidt et al. (2013) involves decisions under
conditions of explicit risk and does not confound risk with expected value. An important
goal to keep in mind when designing such bespoke tasks is to combine strong ecological
validity with methodological rigor (Schonberg et al., 2011).

Clearly, none of the solutions proposed can be considered a “universal” fix that solves
all of the BART’s problems. Depending on the aims of any given study, certain problems
will be more pressing than others, indicating the (type of) solutions most needed. By
combining solutions, researchers could work towards a task that can operationalise risk
propensity without substantial methodological or interpretational problems. For example, an
automatic BART with full feedback and explicit information on the probability distribution
provides uncensored decisions made under clear risk that are at times risky enough to be
maladaptive. If the resulting data from this adapted BART are then analysed using a model
like that by Wallsten et al. (2005) or that by Van Ravenzwaaij et al. (2011), all problems
reviewed in the current commentary would be addressed. However, this does not necessarily
mean that this combination of solutions constitutes a universal fix after all, as the BART may
face more problems than the ones discussed here. In all likelihood, the present review is not
exhaustive. Researchers using the BART may know of additional problems, although this is
unlikely to show in their work, as journals — and by extension researchers — do not consider
“failure” a popular publishing theme (Ferguson & Heene, 2012; Song et al., 2009).
Therefore, it is important for researchers to not only critically evaluate the instruments they
use but to disclose these evaluations as well, so that any and all methodological shortcomings
can be openly discussed and addressed, improving the quality of the measures used.
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3.4 Conclusion

The present paper is the first to review the methodological shortcomings of the Balloon
Analogue Risk Task, a highly popular risk-taking task in psychology. The main problems
identified are the ambiguity between uncertainty and risk, censoring of observations,
confounding of risk and expected value, and poor decomposability into adaptive and
maladaptive risk-taking. In addition, the paper reviews solutions that mitigate these
problems. By presenting this first-time inventory, the paper highlights earlier mentions of
problems in the BART as well as proposed solutions. It calls for a critical attitude towards
the BART and experimental tasks in general, as their design deserves at least as much
attention as the findings they produce. It also sets the agenda for testing and comparing
different tasks and task versions, to explore which designs result in the best usability,
reliability, and validity, so that risk propensity can be measured in the most accurate way
possible.
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Chapter 4

Entrepreneurial Orientation and Decision-Making Under
Risk and Uncertainty: Experimental Evidence From the
Columbia Card Task

Abstract

We analyse the relationship between entrepreneurship and decision-making under risk and
uncertainty using the Columbia Card Task: an experimental task eliciting affective decision-
making under conditions of risk and uncertainty. In a sample of 127 university students, we
find robust evidence that Individual Entrepreneurial Orientation (IEO) is negatively related
to decision-making under risk and uncertainty. In addition, we show that distinguishing the
subscales of IEO is key to understanding this relationship, since while the relationship is
negative for the Proactiveness and Innovativeness subscales, it is positive for the Risk-
Taking subscale. Moderation analyses show that heterogeneous sensitivity towards possible

gains and losses explains the main relationship.

This chapter has been published as: Dijkstra, N. F., De Groot, K., & Rietveld, C. A. (2023).
Entrepreneurial orientation and decision-making under risk and uncertainty: Experimental
evidence from the Columbia Card Task. Applied Psychology, 72(4), 1577-1592.
https://doi.org/10.1111/apps.12436
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4.1 Introduction

Risk and uncertainty are key concepts in entrepreneurship theories (Van Praag, 1999),
and a stream of literature explains how behavioural preferences make that some individuals
are more willing than others to accept the risks and uncertainties that come with
entrepreneurship (Astebro et al., 2014; Rauch & Frese, 2007). Yet, empirical evidence on
the relationship between risk and uncertainty preferences on the one hand and
entrepreneurship on the other hand is rather mixed (Holm et al., 2013; Koudstaal et al.,
2016). These mixed findings have been argued to originate from, among others, the use of
self-report inventories instead of experimental measures (in which behaviour is actually
observed) and the use of relatively simple scenarios to elicit individuals’ behaviour that do
not sufficiently resemble the complexity of real-world decision-making. Remedying these
limitations, surprisingly, “lab-in-the-field” studies by Holm et al. (2013) and Koudstaal et
al. (2016) find no differences between the behaviour of entrepreneurs and that of others using
lottery tasks. The present study contributes to the literature by using an experimental
paradigm from the field of psychology to examine risk and uncertainty preferences in
relation to entrepreneurship. That is, we use the Columbia Card Task (CCT; Figner et al.,
2009) to elicit affective decision-making under conditions of risk and uncertainty, and we
relate observed experimental behaviour to the entrepreneurial orientation (EO) of
individuals (Bolton & Lane, 2012) to seek empirical validation of a cornerstone of

entrepreneurship theories (and layman definitions on what constitutes an entrepreneur).

4.2 Theoretical Background

4.2.1 Lab-in-the-Field Experiments

In light of the mixed findings on the relationship between risk and uncertainty
preferences and entrepreneurship, Holm et al. (2013) and Koudstaal et al. (2016) re-
examined this topic by carrying out lab-in-the-field experiments among entrepreneurs,
managers, and employees, to derive risk preferences from actual choice behaviour in
(incentivised) lottery tasks. In these experiments, participants are asked to choose between
two options that both specify the chance of winning (or losing) a certain amount of money.
The chance of winning (or losing), the direction of the outcome (gain or loss), as well as the
outcome magnitude are systematically varied across trials. Based upon observed behaviour
in these trials, one can describe the participants’ behaviour using expected utility theory (Von

Neumann & Morgenstern, 1944) or even more comprehensively using (cumulative) prospect



41

theory (Kahneman & Tversky, 1979; Tversky & Kahneman, 1992). That is, the design of
these experiments enables the description of individual behaviour in terms of outcome
sensitivity, aversion to loss, and probability weighting.

Both Holm et al. (2013) and Koudstaal et al. (2016) find that the behaviour of
entrepreneurs does not differ from that of others in situations characterised by uncertainty
and situations characterised by risk. Specifically, Holm et al. (2013) find that Chinese
entrepreneurs are not more risk-taking than non-entrepreneurs from the same region nor do
they differ in ambiguity aversion. Koudstaal et al. (2016) find that Dutch entrepreneurs are
similar to managers when it comes to risk and ambiguity aversion (although they differ in
aversion to loss). Furthermore, by also employing a measure of self-rated risk aversion,
Koudstaal et al. (2016) find that while entrepreneurs and managers do not differ in actual
choice behaviour under risk and uncertainty, they do differ in how risk-seeking they perceive
(self-report) themselves to be.

4.2.2 Affective Engagement

Their own results support Holm et al.’s (2013) and Koudstaal et al.’s (2016) premise
that previous mixed findings regarding the relationship between entrepreneurship and
decision-making under risk and uncertainty may partly originate from the use of different
research instruments with different levels of precision. Lottery tasks, as used by Holm et al.
(2013) and Koudstaal et al. (2016), have, for instance, been criticised for being artificial,
possibly impacting the external or ecological validity of the findings (Pedroni et al., 2018;
Schonberg et al., 2011). Importantly, the absence of immediate feedback in lottery tasks
makes that affective responses (senses of escalating tension and exhilaration) are not elicited.
Affective responses are, however, often central to real-life risk-taking (Schonberg et al.,
2011). Hence, in addition to systematic trial-to-trial variation and the use of incentives, risk-
taking tasks should ideally employ a dynamic decision situation that elicits affective
engagement.

An experimental task that is characterised by these requirements is the CCT (Figner et
al., 2009), in which study subjects turn cards in a series of computer-based trials. Most of
the cards are win cards. Turning these cards makes individuals earn points. However, a small
number of cards are loss cards, and turning those makes participants lose points. In each
trial, three pieces of information are supplied to participants: (1) The points they will gain
when turning a win card, (2) the points they will lose when turning a loss card, and (3) the
number of loss cards present in the trial. These three parameters are systematically varied

over the trials and relate to the main components in cumulative prospect theory, namely
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outcome sensitivity, sensitivity to losses, and probability weighting. Thus, despite the CCT

originating from the field of psychology, it is also well-suited for use in economic research.

4.2.3 Present Research and Expectation

In the present study, we utilise the CCT to examine the relationship between risk and
uncertainty preferences and individual-level aspects of entrepreneurship. Using a sample of
university students, we relate study subjects’ behaviour in the CCT to their individual
entrepreneurial orientation (IEO), a well-known determinant of entrepreneurship. Based on
the original firm-level scale for EO (Lumpkin & Dess, 1996; Lumpkin et al., 2009), IEO
(Bolton & Lane, 2012) measures the traits and attitudes that are inherent in the original EO
scale at the individual level. Given theoretical presumptions (Van Praag, 1999) and the
ecological validity of the CCT (Pedroni et al., 2018; Schonberg et al., 2011), we expect
behavioural risk and uncertainty preferences to be positively associated with IEO in our

experiments.

The use of a student sample comes with the advantage that the reverse impact of
occupational experiences on traits and attitudes is likely to be small (Bernoster et al., 2018).
Moreover, the relevance of students’ IEO within entrepreneurship research has been
demonstrated repeatedly. For example, Bolton and Lane (2012) showed in a sample of
students that IEO was positively associated with intentions for entrepreneurship, a finding
that was supported by Koe (2016) and Sahoo and Panda (2019). Moreover, IEO has been
shown to impact competitive strategy (Lechner & Gudmundsson, 2014) and entrepreneurial
performance (Bolton, 2012). Nonetheless, we recognise that the two studies most directly
related to the present study (Holm et al., 2013; Koudstaal et al., 2016) employ a measure for
entrepreneurship related to actual occupational involvement. We discuss the potential impact
of this difference in the Discussion section.

4.3 Method

4.3.1 Participants

A total of 130 university students from a variety of degree programmes participated in
the study. Three of these participants did fill out the questionnaire (including the questions
on IEO) but did not participate in the experiment (one for medical reasons and two did not
show up). These participants were excluded from all analyses. Participants completed two
versions of the CCT: one in which decisions were taken under risk and one in which
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decisions were taken under conditions of uncertainty. Because of incorrect software settings,
three participants were only able to complete part of the uncertainty CCT, which resulted in
an analysis sample of n = 127 for decision-making under risk and » = 124 for decision-
making under uncertainty. In the remainder of this article, we refer to these samples as the
“Risk sample” and the “Uncertainty sample,” respectively. The average age in both samples
was 20.4 years, which corresponds to approximately third year bachelor students at the
university where the experiments were conducted. A little more than half of the participants
(55% in both samples) was female. The study was performed in accordance with the Helsinki
declaration, and all procedures were approved by the institutional review board. All
participants provided signed informed consent before participating. In return for their
participation, psychology students received course credits, while the other students received
a standard fee of 17.5 euros. In addition, all students could earn up to 7.5 euros extra based

on task performance.

4.3.2 Procedure

Students voluntarily signed up for the study via one of three online participant systems
running at the Dutch university the study was conducted at. One system was only accessible
to psychology students; the other two were available to students from all disciplines. After
signing up, participants received an e-mail in which they were asked to not consume any
alcohol, coffee, or energy drinks the day of their appointment (to prevent these substances
from impacting their behaviour). The e-mail also contained a link to a secured online survey
including an informed consent form, questions on demographics, and the [EO questionnaire,
which participants were asked to complete prior to their lab session and which took 10-15
minutes to complete. During their lab visit, students performed two versions of the CCT (one
under uncertainty and one under risk) while being seated in a comfortable chair in a dimly
lit sound-attenuated room. The tasks took approximately 30 minutes. The order in which the
tasks were presented was counterbalanced. The tasks were programmed and presented using
E-prime software. Before starting the tasks, participants received on-screen instructions,
after which the experimenter confirmed that the participant had understood these. After
finishing the tasks, participants were thanked for their participation and debriefed about the
aims of the study.

4.3.3 Measures

4.3.3.1 Individual Entrepreneurial Orientation (IEO). The IEO questionnaire
(Bolton & Lane, 2012) consists of 10 items, of which 3 form a Risk-Taking subscale, 4 an
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Innovativeness subscale, and 3 a subscale on Proactiveness. These dimensions can vary
independently from each other (Lumpkin & Dess, 1996) and are thus relevant to examine
separately, in addition to the subjects’ total IEO score. All 10 questionnaire items can be
found in Table S4.1 in the Supplementary Materials. Items are answered on a 5-point Likert-
scale (1 “Strongly disagree” to 5 “Strongly agree”), resulting in a total score range of 10-50,
with higher scores indicating stronger EO. In our samples (n = 127 and n = 124), Cronbach’s
alpha was .70 for the full scale, .64 for Risk-Taking (.65 in the Uncertainty sample), .65 for
Innovativeness, and .42 for Proactiveness. These lower reliabilities are likely partially driven
by the small number of items per subscale (Pallant, 2007). However, for the Proactiveness
subscale, a dimensionality problem was observed as well: a confirmatory factor analysis
showed a relatively poor fit for the full model (y? (32) = 77.74, p < 0.05, CFI = 0.80, RMSEA
=0.11, SRMR = 0.09), with the Risk-Taking and Innovativeness items loading significantly
(p < 0.001) on their corresponding factors (standardised loadings 0.34-0.78) but the
Proactiveness items loading poorly onto their factor. The results in the Uncertainty sample
were virtually the same. This confirms that while findings related to the full IEO scale and
the Risk and Innovativeness subscales can be interpreted without caution, those related to
the Proactiveness subscale do require discretion. For this reason, as a robustness check, we
additionally analysed a model specification in which the three Proactiveness items were
added separately.

4.3.3.2 Columbia Card Task (CCT). Decision-making under risk and uncertainty was
measured using the “warm”® CCT (Huang et al., 2013), which presents participants with a
virtual array of 32 (4 x 8) cards that are positioned face down. Participants are informed that
most of these cards are “win cards”, which make them earn points that can be redeemed for
money at the end of the task. However, there are also some “loss cards” for which points
(and thus money) will be subtracted if turned. An example of a trial set-up is shown in Figure
4.1. The settings of the trial are presented at the top of the screen. Participants earn either 10
or 30 points per turned win card, lose either 250 or 750 points when turning a loss card, and
either 1 or 3 loss cards are present among all cards. These parameters are systematically
varied across trials. In this example, the win amount is 30, the loss amount 250, and only 1
loss card is present. At the start of a trial, all cards lie face down. Participants select the cards

they want to turn (or click “no card” if they prefer to turn no cards). Then, they press the

3 A “hot” and “cold” CCT also exist. In the hot CCT, cards turn directly after they are selected, which elicits affective
engagement but also creates statistical censoring since in case of a loss card the trial forcedly ends and it is not
known how many cards the person intended to turn. In the cold CCT, participants indicate at the start of a trial how
many cards they want to turn, after which these are turned without the participant watching. Censoring is not an
issue in this CCT version, but affective engagement is not elicited. The warm CCT does elicit affective engagement
and is not censored.
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“STOP/Turn” button, after which the cards automatically turn in the order they were selected
in. If a loss card is encountered, the trial forcedly stops and the specified loss amount is
subtracted from the already accumulated wins. In the example presented in Figure 4.1, the
participant presses the STOP/Turn button after selecting nine cards, in which the ninth card
is a loss card. In this scenario, earnings for this trial are 8 x 30 — 250 = —10 points. While
originally the win and loss cards had respectively yellow smiley faces and red frowny faces
(Figner et al., 2009; Huang et al., 2013), the present study adopted the design with a green
plus sign and a red minus sign to reduce the possible impact of (abstracted) facial features

on individuals’ emotion and thereby decision-making.

Figure 4.1
Experimental Set-Up of the Warm Columbia Card Task (CCT)

Game round: 1 How many cards do you want to turn? Round total: -10

Loss amount: 250 Win amount: 30 Number of loss cards: 1

STOP/ Turn
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The three information “parameters” (win points, loss points, and number of loss cards)
were orthogonally varied across trials by means of a full factorial design, meaning that it
took 2 x 2 x 2 = § trials for every possible combination of parameters to ensue. For the
present study, all combinations were run six times (in random order), resulting in 6 x 8§ =48
trials per participant. In addition, the CCT was modified to reflect a situation of decision-
making under uncertainty instead of risk. To this end, a second series of 48 trials was run in
which information on the number of loss cards was withheld from participants. If
participants inquired about the number of loss cards present in this “Uncertainty CCT”
(which was still either 1 or 3), the experimenter answered that this number was random and
could be anything between 0 and 32. For both the original (“Risk”) and the modified
(“Uncertainty”) CCT, the main outcome variable was the number of cards selected, which is
considered a measure of risk-taking behaviour as the likelihood of experiencing a loss
increases with each card that is turned (Figner et al., 2009). A secondary outcome variable

was the overall performance in terms of points earned across all 48 trials.

4.3.4 Statistical Methodology

To explain the number of cards selected in a trial in the CCT, we employ a model
derived from the Censored Mixture Model (CMM), which was specifically designed for the
CCT by Dijkstra et al. (2022). The CMM constitutes a Generalised Linear Model with some
additional features. Because of the non-negative (0—32) and discrete (0, 1, 2, ...) nature of
the dependent variable, the model assumes the dependent variable to follow a negative
binomial distribution. This distribution is preferred over the Poisson distribution, because it
allows the mean and variance of the distribution of the dependent variable to be different. In
the negative binomial distribution, the mean is specified through an inverse link function.
To be able to interpret the regression coefficients in a linear fashion, we specify the inverse
link function as follows:

h~*(n;) = log(exp(n;) + 1),

with n;; being the linear combination of the explanatory variables included in the

’o
vector X' j;:

Nie = a+ X'y f.
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Importantly, the CMM offers flexibility regarding the probability assigned to certain
outcomes. Because of the set-up of the CCT, a 4 x 8 array, participants often select multiples
of four cards (e.g., they turn one complete row or column) or create a geometric pattern.
Participants also frequently decide to not select any cards. Within the CMM, such excesses
are categorised and assigned extra probability mass. Our first category consists of the
outcome 0; the second category contains the outcomes 4, 8, 10, 12, 16, and 20. These
categories are justified by the observed distribution of the number of cards selected (see

Figure S4.1 in the Supplementary Materials).

Our main analyses constitute three different models which are similar in terms of the
dependent variable (the number of selected cards) and control variables (Sex and Age). In
the first model, the main explanatory variable is IEO. In the second model, the main
explanatory variables are the subscales of IEO: Risk-Taking, Innovativeness, and
Proactiveness. This model allows us to analyse which subcomponents of IEO are driving the
results in the first model. In the third model, we extend the first model with interaction terms
between IEO and the experimental parameters related to reward sensitivity (10 vs. 30 points
per win card), loss sensitivity (—250 vs. =750 points in case of a loss card), and probability
weighting (1 vs. 3 loss cards in the trial). Hence, the third model allows us to analyse whether
heterogeneous sensitivity to possible gains, losses, or success chances explains the
relationship between IEO and decision-making under risk and uncertainty in the first model.
We estimate these three models using data from the Risk sample as well as data from the

Uncertainty sample.

As control variables, we included dummy variables for the experimental conditions in
a specific trial: 10 versus 30 points per win card, —250 versus —750 points in case of a loss
card, and 1 versus 3 loss cards present. Moreover, we included a dummy variable indicating
whether participants played the Risk CCT or Uncertainty CCT first (this order was
counterbalanced to deal with possible sequence effects). Because of the experimental design
and the relatively homogenous sample, we limited the further control variables to Sex
(Female = 1, Male = 0) and Age (in years). To facilitate interpretation of effect sizes in the
regression models, the continuous variables (i.e., IEO and its subscales and age) are

standardised to have mean 0 and standard deviation 1 in the analysis samples.
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4.4 Results

4.4.1 Descriptive Statistics

Table 4.1 contains the descriptive statistics of the two samples. It is important to note
that in this table (as well as in Table 4.2), we look at the average number of selected cards
by an individual (n = 127/124), whereas in the regressions, we model the number of selected
cards by an individual in each specific trial (n x ¢ = 6096/5952). Presumably because of the
higher degree of uncertainty, the average number of selected cards is lower in the
Uncertainty sample than in the Risk sample. The mean (unstandardised) values for IEO and
its subscales are approximately in the middle of the respective scales. The slight differences
between the descriptive statistics of the Risk sample and the Uncertainty sample are
explained by the difference in sample size.

The pairwise correlations between the main variables in the analysis samples are
shown in Table 4.2. The upper triangle reflects the correlations in the Risk sample and the
lower triangle those in the Uncertainty sample. We find a significantly negative correlation
between the average number of cards selected and IEO in the Risk sample. However, this
correlation is insignificant in the Uncertainty sample. The table also shows positive
correlations across the subscales of the IEO in both samples, which is in line with the results
of Bolton and Lane (2012).

Table 4.1

Descriptive Statistics of the Analysis Samples

Risk sample (n = 127) Uncertainty sample (n = 124)

Mean SD Min. Max. Mean SD Min. Max.

Average #cards selected 7.79 6.69 0 32 6.69 6.06 0 32
IEO 35.94 4.92 22 48 35.98 491 22 48
IEO Risk-Taking 10.47 2.17 5 15 10.47 2.15 5 15
IEO Innovativeness 14.32 2.57 9 20 14.35 2.57 9 20
IEO Proactiveness 11.15 1.99 6 15 11.15 1.97 6 15
Age (in years) 20.41 2.19 17 29 20.40 2.20 17 29
Sex (female) 0.55 0.50 0 1 0.55 0.50 0 1

Note. IEO = Individual Entrepreneurial Orientation; SD = Standard deviation; Min. = Minimum; Max. = Maximum.
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Table 4.2

Pairwise Correlations of the Analysis Samples

Risk sample (n = 127)

M @ (3) “) ®) (6) ()]

° (1) Average #cards selected - -0.27F** -0.11 -0.22%*  Q.27*** -0.02 0.03
g (2) IEO -0.02 - 0.75%%* 0.82%%* 0.59%%** 0.12 -0.18%*
i g (3) IEO Risk-Taking 0.06 0.76%** - 0.47%%* 0.17* 0.10  -0.30%**
£ 7 (4 IEO Innovativeness -0.03 0.82%%** 0.46%** - 0.22%* 0.13 -0.11
g & (5) IEO Proactiveness -0.08 0.60*** 0.18** 0.23%%* - 0.01 0.02
% (6) Age -0.05 0.13 0.09 0.13 0.04 - 0.08
(7) Sex (female) 0.13 -0.20%%  -0.31%** -0.11 -0.00 0.10 -

Note. IEO = Individual Entrepreneurial Orientation; *, **, *** denote significance at the 10%, 5%, and 1% levels,
respectively.

4.4.2 Regression Results

4.4.2.1 Main Variables. Tables 4.3 and 4.4 display the results of the regressions
explaining the number of cards selected in a trial in the Risk sample and Uncertainty sample,
respectively. Model 1 in both tables shows that students with a high EO exhibit more risk-
averse behaviour. That is, they select fewer cards when the probabilities of a loss card are
known (Table 4.3) as well as in the situation where these probabilities are unknown (Table
4.4). Nevertheless, the effect of IEO is considerably smaller in Table 4.4 than in Table 4.3.

Consistent with the results for the total IEO score, the effects of the IEO subscales
(Model 2 in Tables 4.3 and 4.4) are larger in magnitude in the Risk sample than in the
Uncertainty sample. Reassuringly, students who indicate to be risk-seeking select more cards
in the CCT than students who indicate to be less risk-seeking. On the contrary, more
innovative and/or proactive students take less risk than those who self-report to be less
innovative and/or proactive. However, the result for innovativeness is not statistically

significant in the Uncertainty sample.

In Model 3, we analyse whether heterogeneous sensitivity to possible gains, losses, or
success chances explains the relationship between IEO and decision-making under risk and
uncertainty in Model 1. The results show that the interaction effects of IEO with the gain
amount and loss amount are statistically significant in both samples but that the interaction
with the number of loss cards is insignificant. Hence, in both experimental settings,
entrepreneurially oriented students are more sensitive to the gain and loss amount than
students who are less entrepreneurially oriented.
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Table 4.3

Results of the Regressions Explaining the Number of Cards Selected in a Trial (Risk Sample)

Model 1 Model 2 Model 3
IEO -0.838***  (0.062) -0.914***  (0.168)
IEO Risk-Taking 0.336***  (0.086)
IEO Innovativeness -0.588***  (0.074)
IEO Proactiveness -0.746***  (0.076)
IEO x Gain amount (30) 0.615%**  (0.136)
IEO x Loss amount (750) -0.329**  (0.146)
IEO x #Loss cards (3) 0.194  (0.154)
Gain amount (30) 2.559%**  (0.137) 2311%%*  (0.138) 2.193%*%*  (0.141)
Loss amount (750) -3.230%**  (0.146) -3.113%**  (0.143) -3.049***  (0.146)
#Loss cards (3) -4.447***  (0.159) -4.700%**  (0.156) -4.821***  (0.159)
Task order (uncertainty first) -1.143***  (0.131) -1.336***  (0.141) -1.201***  (0.140)
Sex (female) 1.157***  (0.127) 0.956***  (0.146) 0.632%*%*  (0.142)
Age -0.145%*  (0.064) -0.270***  (0.065) -0.232*%**  (0.064)
Intercept 9.888***  (0.190) 10.887***  (0.193) 11.050***  (0.196)
Likelihood value 17819.34 17642.25 17668.15
n 127 127 127
nxt 6096 6096 6096

Note. Coefficient with standard errors in parentheses; IEO = Individual Entrepreneurial Orientation; Reference
categories are 10 for Gain amount, 250 for Loss amount, and 1 for #Loss cards; Continuous variables (IEO and its
subscales and age) have been standardised to Z-scores; *, **, *** denote significance at the 10%, 5%, and 1%
levels, respectively.
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Table 4.4
Results of the Regressions Explaining the Number of Cards Selected in a Trial (Uncertainty
Sample)
Model 1 Model 2 Model 3
[EO 20.124%*  (0.061) 20.030  (0.139)
IEO Risk-Taking 0.196%*  (0.078)
IEO Innovativeness -0.087  (0.061)
IEO Proactiveness -0.208***  (0.063)
IEO x Gain amount (30) 0.543%%%  (0.128)
IEO x Loss amount (750) -0.411***  (0.134)
IEO x #Loss cards (3) 0.126  (0.113)
Gain amount (30) 3.303%%*  (0.132) 3.160%%  (0.129) 3.278%%%  (0.131)
Loss amount (750) A177F(0.137)  -3.958%%  (0.134)  -4.153%  (0.137)
#Loss cards (3) 0.094  (0.115) 20.024  (0.114) -0.087  (0.115)
Task order (uncertainty first) ~ 1.992%%*  (0.125) 1.953%%%  (0.126) 1.976%%%  (0.124)
Sex (female) 1.168***  (0.122) L178%%  (0.127) L192%%%  (0.122)
Age 20.258%%%  (0.063)  -0.270%**  (0.063)  -0.243***  (0.063)
Intercept 5.537%%%  (0.162) 5.709%%  (0.161) 5.520%%%  (0.162)
Likelihood value 16625.83 16686.88 16608.48
n 124 124 124
nxt 5952 5952 5952

Note. Coefficient with standard errors in parentheses; IEO = Individual Entrepreneurial Orientation; Reference
categories are 10 for Gain amount, 250 for Loss amount, and 1 for #Loss cards; Continuous variables (IEO and its
subscales and age) have been standardised to Z-scores; *, **, *** denote significance at the 10%, 5%, and 1%
levels, respectively.

4.4.2.2 Control Variables. The effects of the control variables are fairly consistent
across the different experimental set-ups and models. First, females take more risk than
males, and older students are more risk-averse compared to younger students. Second, the
effects of the game parameters (gain amount, loss amount, and number of loss cards) are all
in the expected direction, with the largest effect for probability, followed by the loss amount
and then gain amount. In other words, participants are most sensitive to the number of loss
cards present. However, this is only the case in the Risk sample (Table 4.3), and not in the
Uncertainty sample (Table 4.4), where this information was withheld from participants and
could thus not play a role in their decision-making. Indeed, in the Uncertainty sample, the
number of loss cards present does not significantly impact the number of cards participants
turn. Related to this, the effects of the loss and gain amount are stronger in the Uncertainty
sample than in the Risk sample, possibly because when people have less information, they
value the information that is available more. Finally, regarding task order, we find that

irrespective of which task version is played first, participants take less risk (i.e., they select
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fewer cards) in their second task. The absolute effect of task order is somewhat stronger in
the Uncertainty sample: those participants for whom the Uncertainty game is their second
task (due to counterbalancing) select ~2 cards fewer than participants for whom the
Uncertainty game is their first task, while this effect is ~1 card in the Risk sample. Playing
more and more trials in the CCT may make participants increasingly aware of the difficulty
of decision-making under risk and uncertainty. As a result, on average, they tend to reduce
the number of cards selected throughout the trials. This reduction seems to carry over to the

second task the participants engage in.

4.4.3 Robustness Checks

4.4.3.1 Unconventional Behaviour and Fatigue. A few participants repeatedly
selected 32 cards, a response that by definition leads to encountering a loss card. Although
participants may select 32 cards once or twice to explore the structure of the CCT, they
should soon realise that there are indeed loss cards present in the trials (and that they are not
being deceived). In addition, some participants showed signs of fatigue, evidenced by them
repeatedly selecting the “no card” option (thus selecting zero cards) later in the task.
Therefore, we performed a robustness check in which we excluded participants who selected
32 cards more than twice across the full 48 trials and/or who selected zero cards five times
or more in the last nine trials. The results of the regressions with these participants excluded
are presented in Tables S4.2 and S4.3 in the Supplementary Materials. The main results did
not change qualitatively, indicating that unconventional behaviour and fatigue did not drive
the main results. A few changes were observed for the control variables. In the Risk sample,
males now took more risk than females, and age was no longer significant. This difference
seems to result from dropping relatively many male participants who frequently chose the
“no card” option in the last few trials, and the smaller analysis sample. In the Uncertainty
sample, age and the interaction terms between IEO and the game settings in Model 3 were

no longer significant.

4.4.3.2 Overall Performance. While the number of cards selected is the main outcome
in the CCT, performance in terms of the points earned is also relevant as the number of cards
selected is the way through which participants try to maximise their compensation for taking
part in the study. Tables S4.4 and S4.5 in the Supplementary Materials present the results of
regressions explaining the average number of points earned in a trial. In the Risk sample,
only sex is significant, with males earning more than females. In the Uncertainty sample,
next to sex, also task order and age have a significant impact. In case a participant first played
the Risk version, they perform better in the Uncertainty version. Furthermore, older
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participants perform better. Interestingly, neither IEO (Model 1) nor its subscales (Model 2)
significantly affect performance in either of the two versions of the CCT. The absence of a
relationship between IEO and points earned in the CCT backs the customary interpretation
of the number of cards selected (and not the points earned) as a proxy for risk preferences.
After all, the number of cards a participant selects is a direct proxy of their risk preferences,

whereas the eventual payoff is more distal and subject to other factors such as chance.

4.4.3.3 The Proactiveness Subscale. As the reliability of the Proactiveness subscale
of the IEO measure was particularly low (o= .42), we examined whether the results of Model
2 in Tables 4.3 and 4.4 were driven by the inclusion of somewhat unreliably measured
subdimensions of the IEO construct. For this reason, we analysed model specifications in
which the three Proactiveness items were added separately. The results are presented in Table
S4.6 in the Supplementary Materials. In the Risk sample, we find that the coefficients for
Risk-Taking and Innovativeness remain very similar in size and significance. The negative
coefficient for Proactiveness in Model 2 seems mostly driven by Item 8 (“I usually act in
anticipation of future problems, needs, or changes”) and Item 10 (“I prefer to ‘step-up’ and
get things going on projects rather than sit and wait for someone else to do it”). Item 9 (“I
tend to plan ahead on projects”) is, however, not significantly associated with the model
outcome. In the Uncertainty sample, we observe essentially the same patterns although the
coefficient for Risk-Taking (while still being positive) loses statistical significance in the
robustness check. Still, taken together, the results in Table S4.6 suggest that the results of
Model 2 in Table 4.3 and Table 4.4 are not driven by the low internal reliability of the
Proactiveness subdimensions of IEO.

4.5 Discussion and Conclusion

The results of our experiments show that the IEO of the students in our sample is
related to decision-making under risk in the warm CCT. However, contrary to our
expectation and somewhat surprising considering the literature, this relationship is negative.
The results for the subscales of IEO are less surprising: individuals who indicate to be more
risk-seeking indeed take more risk in the behavioural task, whereas those who indicate to be
innovative or proactive exhibit more risk-averse behaviour. The moderation analyses
indicate that heterogeneous sensitivity to possible gains and losses rather than sensitivity to
success chances explains the relationship between IEO and decision-making under risk and
uncertainty. We also modified the warm CCT in such a way that the number of loss cards
was not known to participants. Overall, we find similar results in the modified CCT, although
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the larger uncertainty does translate into smaller effect sizes of IEO and its subscales on

decision-making.

With risk aversion at the core of many theories about entrepreneurship (Van Praag,
1999), our main result regarding the negative relationship between IEO and decision-making
under risk and uncertainty needs an explanation. This explanation may lie in the
multidimensionality of the IEO construct because we do find that individuals self-reporting
to be risk-taking indeed take more risks in the CCT (both versions). Thus, not surprisingly,
individuals reporting a high propensity for taking (entrepreneurial) risks do take more
financial risks in a laboratory experiment than those who report to be less risk-seeking. Our
results, however, suggest that the joint effect of proactiveness and innovativeness (which are
negatively related to risk-taking behaviour in the CCT) is larger than the effect of the risk-
taking dimension of IEO. Being highly proactive may mean trying to reduce future
uncertainties, resulting in a negative relationship between proactiveness and actual risky
behaviour. Similarly, more innovative people may also prefer to mitigate or actively manage
risks, to have better chances of bringing their new products on the market. As such, in line
with other studies (e.g., Craig et al., 2014; Dai et al., 2014; Kreiser & Davis, 2010), our
results underscore the importance for future studies to appreciate heterogeneity in the
entrepreneurship construct as the subscales of IEO relate differently to decision-making
under risk and uncertainty. The TEO subscales and other traits that have been shown to be
relevant to entrepreneurship (such as autonomy and competitive aggressiveness; Lumpkin
& Dess, 1996) together are what separates those who are entrepreneurially oriented and may
become entrepreneurs from those who are not entrepreneurially oriented and will gravitate

more towards other types of employment.

Because of their experimental set-up and identification strategy, it is most relevant to
compare our findings to the results of the studies by Holm et al. (2013) and Koudstaal et al.
(2016). Overall, these lab-in-the-field studies find that individuals indicating to be risk-
averse do not exhibit particular risk-averse behaviour in lottery tasks. With the CCT, an
experimental task known for its ecological validity, we do find a positive relationship
between the self-reported risk-taking dimension of IEO and the number of selected cards in
the CCT. Our results therefore suggest that there might be more value in self-reports about
risk preferences than concluded by Holm et al. (2013) and Koudstaal et al. (2016) based on
their lottery experiments. Moreover, the results suggest that the CCT provides a useful
experimental set-up to study the relationship between decision-making under risk and

uncertainty and EO and, by extension, other aspects of entrepreneurship.
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The difference between our results and the results of Holm et al. (2013) and Koudstaal
et al. (2016) may be explained not only by the different experimental paradigm used but also
by the different entrepreneurship measures employed: students’ IEO is not the same as actual
entrepreneurial behaviour. When we on the one hand appreciate that students with high IEO
exhibit intentions for entrepreneurship (e.g., Bolton & Lane, 2012) but that not all of them
eventually become an entreprencur and on the other hand take into account that some
individuals without particularly strong entrepreneurial intentions during their academic
studies may still engage in entrepreneurship later, it may be expected that the effect of IEO
on decision-making under risk and uncertainty among students is larger than the relationship
between actual entrepreneurial involvement and risk-taking behaviour. Thus, the sample
composition could possibly explain why our statistical evidence is relatively strong.
Obviously, it is important to verify this conjecture in future studies by replicating the present
study design with actual entrepreneurs and preferably several control groups, such as

managers, employees, and also students.

4.6 Supplementary Materials

Table S4.1
The 10 Individual Entrepreneurial Orientation (IEO) Scale Items (Bolton & Lane, 2012)

Subscale Items

Risk-Taking 1. TIlike to take bold action by venturing into the unknown

2. Tam willing to invest a lot of time and/or money on something that might yield a high
return

3. Itend to act “boldly” in situations where risk is involved

Innovativeness 4. [ often like to try new and unusual activities that are not typical but not necessarily risky
5. In general, I prefer a strong emphasis in projects on unique, one-of-a-kind approaches
rather than revisiting tried and true approaches used before
6. I prefer to try my own unique way when learning new things rather than doing it like
everyone else does
7. 1 favor experimentation and original approaches to problem solving rather than using
methods others generally use for solving their problems

Proactiveness

*®

I usually act in anticipation of future problems, needs or changes
9.  Itend to plan ahead on projects

10. Ipreferto “step-up” and get things going on projects rather than sit and wait for someone
else to do it
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Table S4.2

Results of the Regressions Explaining the Number of Cards Selected in a Trial, Excluding

Individuals who Showed Unconventional Experimental Behaviour or Signs of Fatigue (Risk

Sample)

Model 1 Model 2 Model 3
IEO -0.731***  (0.070) -0.853***  (0.161)
IEO Risk-Taking 0.386***  (0.083)
IEO Innovativeness -0.629***  (0.068)
IEO Proactiveness -0.570***  (0.067)
IEO x Gain amount (30) 0.583***  (0.134)
IEO x Loss amount (750) -0.529***  (0.136)
IEO x #Loss cards (3) 0.279*  (0.149)
Gain amount (30) 1.829%**  (0.141) 2.040%**  (0.131) 1.748***  (0.141)
Loss amount (750) -2.476%**  (0.143) -2.614%**  (0.134) -2.409%**  (0.143)
#Loss cards (3) -4.543%**  (0.155) -4.178***  (0.148) -4.590%**  (0.155)
Task order (uncertainty first) -1.210%**  (0.142) -1.287***  (0.134) -1.233***  (0.141)
Sex (female) -0.516%**  (0.155) -0.088  (0.145) -0.473***  (0.152)
Age 0.029  (0.069) 0.052  (0.068) 0.034  (0.069)
Intercept 11.258***  (0.202) 10.746***  (0.190) 11.274%**  (0.202)
Likelihood value 11953.02 12037.86 11935.84
n 88 88 88
nxt 4224 4224 4224

Note. Coefficient with standard errors in parentheses; IEO = Individual Entrepreneurial Orientation; Reference
categories are 10 for Gain amount, 250 for Loss amount, and 1 for #Loss cards; Continuous variables (IEO and its
subscales and age) have been standardised to Z-scores; *, **, *** denote significance at the 10%, 5%, and 1%
levels, respectively.
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Table S4.3

Results of the Regressions Explaining the Number of Cards Selected in a Trial, Excluding
Individuals who Showed Unconventional Experimental Behaviour or Signs of Fatigue
(Uncertainty Sample)

Model 1 Model 2 Model 3
IEO -0.124**  (0.060) -0.202  (0.131)
IEO Risk-Taking 0.184**  (0.074)
IEO Innovativeness -0.185***  (0.060)
IEO Proactiveness -0.113*  (0.061)
IEO x Gain amount (30) 0.166  (0.121)
IEO x Loss amount (750) -0.097  (0.127)
IEO x #Loss cards (3) 0.199*  (0.112)
Gain amount (30) 2.702%**  (0.126) 2.702%**  (0.126) 2.701***  (0.126)
Loss amount (750) -3.614%**  (0.131) -3.591%** - (0.131) -3.608***  (0.131)
#Loss cards (3) -0.111  (0.116) -0.106  (0.116) -0.115  (0.116)
Task order (uncertainty first) 1.842***  (0.121) 1.749%**  (0.124) 1.842***  (0.121)
Sex (female) 0.732%**  (0.124) 0.879***  (0.131) 0.733***  (0.124)
Age -0.108  (0.066) -0.128*  (0.067) -0.106  (0.066)
Intercept 5.469***  (0.162) 5.414***  (0.163) 5.464*%**  (0.162)
Likelihood value 12547.41 12541.42 12544.39
n 96 96 96
nxt 4608 4608 4608

Note. Coefficient with standard errors in parentheses; IEO = Individual Entrepreneurial Orientation; Reference
categories are 10 for Gain amount, 250 for Loss amount, and 1 for #Loss cards; Continuous variables (IEO and its
subscales and age) have been standardised to Z-scores; *, **, *** denote significance at the 10%, 5%, and 1%
levels, respectively.
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Table S4.4

Results of the Regressions Explaining the Average Number of Points Earned Across 48 Trials
(Risk Sample)

Model 1 Model 2

IEO 0.038 (0.089)

IEO Risk-Taking -0.035 (0.104)
IEO Innovativeness 0.023 (0.100)
IEO Proactiveness 0.069 (0.090)
Task order (uncertainty first) 0.241 (0.174) 0.246 (0.176)
Sex (female) -0.529%** (0.178) -0.563%** (0.186)
Age 0.121 (0.087) 0.126 (0.088)
Intercept 0.174 (0.149) 0.19 (0.152)
R-squared 0.09 0.10

n 127 127

Note. Coefficient with standard errors in parentheses; IEO = Individual Entrepreneurial Orientation; Continuous
variables (IEO and its subscales and age) have been standardised to Z-scores; *, **, *** denote significance at the
10%, 5%, and 1% levels, respectively.

Table S4.5

Results of the Regressions Explaining the Average Number of Points Earned Across 48 Trials
(Uncertainty Sample)

Model 1 Model 2

IEO 0.132 (0.087)

IEO Risk-Taking -0.008 (0.101)
IEO Innovativeness 0.124 (0.096)
IEO Proactiveness 0.054 (0.087)
Task order (uncertainty first) -0.479%*** (0.168) -0.463*** (0.171)
Sex (female) -0.484%** (0.173) -0.514%** (0.180)
Age 0.158* (0.085) 0.158* (0.086)
Intercept 0.501*** (0.145) 0.510%** (0.147)
R-squared 0.17 0.18

n 124 124

Note. Coefficient with standard errors in parentheses; IEO = Individual Entrepreneurial Orientation; Continuous
variables (IEO and its subscales and age) have been standardised to Z-scores; *, **, *** denote significance at the
10%, 5%, and 1% levels, respectively.
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Table S4.6

Results of the Regressions Explaining the Number of Cards Selected in a Trial, Excluding

Individual Items From the Proactiveness Subscale

Risk sample Uncertainty sample

IEO Risk-Taking 0.337%** (0.086) 0.088 (0.081)
IEO Innovativeness -0.430%** (0.078) -0.04 (0.062)
IEO Proactiveness — Item 8 -0.181%* (0.078) -0.176** (0.068)
IEO Proactiveness — Item 9 0.004 (0.084) 0.100 (0.065)
IEO Proactiveness — Item 10 -0.849*** (0.077) -0.246%** (0.067)
Gain amount (30) 2.207%** (0.137) 3.288%** (0.132)
Loss amount (750) -3.126%** (0.142) -4.123%** (0.137)
#Loss cards (3) -4.734%** (0.155) -0.102 (0.115)
Task order (uncertainty first) -1.519%*** (0.147) 1.976%** (0.137)
Sex (female) 0.772%** (0.150) 1.164%** (0.134)
Age -0.286*** (0.064) -0.275%** (0.063)
Intercept 11.124%** (0.196) 5.532%%* (0.164)
Likelihood value 17617.29 16615.35

n 127 124

nxt 6096 5952

Note. Coefficient with standard errors in parentheses; IEO = Individual Entrepreneurial Orientation; Reference
categories are 10 for Gain amount, 250 for Loss amount, and 1 for #Loss cards; Continuous variables (IEO and its
subscales and age) have been standardised to Z-scores; *, **, *** denote significance at the 10%, 5%, and 1%
levels, respectively.

Figure S4.1

Number of Cards Selected per Trial in the Risk Sample and Uncertainty Sample

Number of cards selected Risk sample Number of cards selected Uncertainty sample
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PART I1

Brain Activity
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Chapter 5

Event-Related Potentials in Response to Feedback
Following Risk-Taking in the Hot Version of the Columbia
Card Task

Abstract

Given the importance of risk-taking in individuals’ personal and professional life, several
behavioural tasks for measuring the construct have been developed. Recently, a new task
was introduced, the Columbia Card Task (CCT). This task measures participants’ risk levels
and establishes how sensitive participants are to gains, losses, and probabilities when taking
risk. So far, the CCT has been examined in behavioural studies and in combination with
several (neuro)biological techniques. However, no electroencephalography (EEG) research
has been done on the task. The present study fills this gap and helps to validate this relatively
new experimental task. To this end, » = 126 students were asked to complete self-reports
(reward responsiveness, impulsiveness, and sensation-seeking) and to perform the CCT (and
other risk tasks) in an EEG set-up. The results show that feedback appraisal after risky
decision-making in the CCT was accompanied by a Feedback-Related Negativity (FRN) and
a P300, which were stronger in response to negative than positive feedback. Correlations
between the FRN and P300 difference wave on the one hand and risk-related self-reports
and behaviour on the other were non-significant and small, but were mostly in the expected
direction. This pattern did not change after excluding participants with
psychiatric/neurological disorders and outliers. Excluding participants with reversed
(positive > negative) difference waves strengthened FRN correlations. The impact such
individuals can have on the data should be taken into account in future studies. Regarding
the CCT in particular, future studies should also address its oddball structure and its masking

of true values (censoring).

This chapter has been published as: De Groot, K., & Van Strien, J. W. (2019). Event-related
potentials in response to feedback following risk-taking in the hot version of the Columbia
Card Task. Psychophysiology, 56, Article €13390. https://doi.org/10.1111/psyp.13390
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5.1 Introduction

Since deciding whether or not to take a risk can have large consequences for personal
and professional ventures, risk-taking propensity is examined in multiple scientific fields,
such as neuroscience, psychology, criminology, economics, and management. For this
purpose, several (computerised) behavioural tasks for measuring the construct have been
developed. Well-known tasks include the Jowa Gambling Task (IGT; Bechara et al., 1994),
the Balloon Analogue Risk Task (BART; Lejuez et al., 2002), the Cambridge Gambling Task
(CGT; Rogers et al., 1999), and the Game of Dice Task (GDT; Brand et al., 2005). Recently,
Figner et al. (2009) introduced a new computer task to measure risk-taking propensity: the
Columbia Card Task (CCT).

In the CCT, participants turn virtual cards from a 32-card array. Most of these cards
are win cards, which earn participants points. However, a small number of cards are loss
cards, which make them lose points. In every trial, participants are given three information
parameters to help them decide how many cards to turn: (1) the number of points they gain
when turning a win card, (2) the number of points they lose when encountering a loss card,
and (3) the number of loss cards present in the trial. The way in which cards are turned differs
across task versions. In the so-called “hot” CCT, participants turn the cards one by one
(thereby accumulating points) until they voluntarily stop and cash the points or until they
turn a loss card, at which point the specified loss amount is subtracted from the points earned
(and the remainder is cashed). In the “cold” CCT, however, participants indicate at the start
of every trial how many cards they want to turn, after which the computer determines the
trial’s outcome, unseen by the participant. The key difference between the versions is
whether or not participants receive feedback following their choices. In the cold CCT,
participants get to see only the final result of the game, which elicits deliberative decision-
making. In the hot CCT, they receive feedback after every card turn, eliciting affective
decision-making. Later work by Huang et al. (2013) introduced a third, “in-between”
version: the “warm” CCT. Here, participants select the cards they would like to turn at the
start of a trial and then press a button that prompts the selected cards to turn, thereby

providing delayed feedback.

Regardless of which version, the CCT is characterised by two advantages. First, since
the task gives participants information on the probability of losing (i.e., the number of loss
cards present in a trial), it is an apparent risk task that leaves no room for conceptual
ambiguity (De Groot & Thurik, 2018). This is different from, for example, the BART (where
people are unaware of probabilities and therefore decide under uncertainty) and the IGT
(where people learn the probabilities while progressing through the task and thus gradually
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shift from making decisions under uncertainty to making decisions under risk). The second
advantage of the CCT is its use of a so-called full factorial design, which independently
varies the three information parameters given to participants (the number of points awarded
for turning win cards, the number of points subtracted when turning a loss card, and the
number of loss cards present) across trials so that all possible combinations are presented a
given number of times. This design prevents risk and expected value from being confounded.
In the IGT, BART, CGT, and GDT, (presumed) riskier options have a lower expected value
than less risky options (Figner et al., 2009; Schonberg et al., 2011). This causes a
decomposition problem, since it is unclear to what extent someone’s observed level of risk-
taking is driven by risk attitude (information on probabilities), sensitivity to reward
(information on gains), or sensitivity to loss (information on losses). Its full factorial design
enables the CCT to establish the extent to which these factors separately affect a participant’s
level of risk-taking.

The CCT’s advantages have so far been used in several behavioural studies and in
combination with various (neuro)biological techniques. For example, increased risk-taking
in the cold CCT has been associated with higher impulsivity (Penolazzi et al., 2012) and
more errors in an executive function task (Buelow, 2015). Increased risk-taking in the hot
CCT has been related to high grandiosity (Brunell & Buelow, 2017) and reward
responsiveness (Penolazzi et al., 2012). Using both the cold and hot CCT, several studies
have found dissociations. For example, adolescents took more risk than adults in the hot but
not in the cold CCT (Figner et al., 2009). A similar pattern was observed for patients with
ventromedial prefrontal cortex (VMPFC) lesions compared to healthy controls (Spaniol et
al., 2018). Biological dissociations have also been reported: electrodermal activity (EDA)
only increased from baseline to decision phase in the hot and not the cold version of the task
(Figner et al., 2009). Extending this finding, Holper and Murphy (2014) showed an opposite
pattern for EDA and brain activity as measured with functional near-infrared spectroscopy
(fNIRS): whereas skin conductance was larger in the hot than in the cold CCT, prefrontal
total haemoglobin concentration (tHb) changes were larger in the cold version of the task.
Another dissociation was reported in a study on hemispheric asymmetry using transcranial
direct current stimulation (tDCS), showing that anodal left/cathodal right but not anodal
right/cathodal left stimulation over the dorsolateral prefrontal cortex (DLPFC) decreased
risk-taking in the cold CCT, which fits with the hypothesised involvement of the left DLPFC

in deliberative information processing (Pripfl et al., 2013).

In addition to these findings on absolute risk levels, several studies have examined how
individuals use the information (on gains, losses, and probabilities) that is provided to them

in every trial. Distinctive patterns of information use have, for example, been observed in
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adolescents (Figner et al., 2009) and older adults (Huang et al., 2015): both were shown to
take less information into account than young and middle-aged adults when making
decisions in the hot and warm CCT, respectively. Aberrant sensitivity to information has also
been observed in several patient groups: compared to healthy controls, crack cocaine users
(Kluwe-Schiavon et al., 2016), heroin-dependent persons (Saleme et al., 2018), and
individuals with lesions in the VMPFC (Spaniol et al., 2018) paid less attention to
probabilities. Decreased information sensitivity has also been reported in healthy
individuals. For example, the positive association between the use of habitual cognitive
reappraisal and risk-taking in the cold CCT as reported by Panno et al. (2013) was
accompanied by reduced sensitivity to loss and probability information, suggesting that
reappraisal operates via decreasing the attention to the negative aspects of a choice.
Likewise, Penolazzi et al. (2012) showed that the association between reward responsiveness
and risk-taking in the hot CCT interacted with information on gains and losses in such a way
that individuals who scored high on reward responsiveness were sensitive to high gains
while neglecting concomitant high loss. These studies, among others, clearly illustrate the
benefits of the CCT’s full factorial design by examining not only risk behaviour itself but
also the motives that drive it.

Whereas many of the older decision tasks (such as the BART and the IGT) have been
explored with electroencephalography (EEG), no EEG research has yet been done on the
CCT. Previous EEG research on the BART (e.g., Kardos et al., 2016; L. Kessler et al., 2017,
Takacs et al., 2015) and the IGT (e.g., Mapelli et al., 2014; Oberg et al., 2014) primarily
focused on the feedback phase of the tasks in which the rapid appraisal of the decision
outcomes is usually captured by two Event-Related Potentials (ERPs): the Feedback-Related
Negativity (FRN) and the feedback-related positivity 300 (P300). Since previous
(neuro)biological research on the CCT employed measures with lower temporal resolution
(EDA [Figner et al., 2009; Holper & Murphy, 2014], fMRI [ Van Duijvenvoorde et al., 2015],
and fNIRS [Holper & Murphy, 2014]) or focused on stimulating rather than recording brain
activity (tDCS; Pripfl et al., 2013), examining the ERPs for the CCT could aid in validating

this relatively new experimental task.

The first ERP of interest, the FRN, is a negative deflection peaking at frontocentral
sites, and reaches its maximum 200-300 ms after feedback presentation (Holroyd & Coles,
2002; Miltner et al., 1997). Generation of the potential is closely linked to the mesolimbic
dopaminergic system (Nieuwenhuis et al., 2004; Walsh & Anderson, 2012). When an
outcome is worse than expected, mesencephalic dopaminergic firing decreases (Holroyd &
Coles, 2002). These transient dopaminergic dips signal disinhibition of apical dendrites in

the anterior cingulate cortex (ACC), which uses the signal to determine the most suitable
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behaviour for the situation at hand. The FRN reflects an early and rapid bad versus good
evaluation of feedback. Accordingly, it is influenced by only the valence and not by the
magnitude of rewards, showing stronger amplitudes following negative than following
positive feedback (Hajcak et al., 2006; Miltner et al., 1997; Yeung & Sanfey, 2004). With
regard to risk-taking, stronger amplitudes have been related to increased risk aversion
(Schuermann et al., 2012); blunted absolute and relative (difference) waves have been
observed in individuals who typically take more risk, such as people dealing with borderline
personality disorder (Endrass et al., 2016), family alcohol problems (Fein & Chang, 2008),
or problematic internet use (Yau et al., 2015). These findings suggest a relationship between
increased risk-taking and underdeveloped internal models and warning signals. In line with
this, larger FRN difference waves have been associated with higher executive function
(Koébor et al., 2015) and a preference for low-risk decisions (Endrass et al., 2016).

The FRN is typically followed by the second ERP of interest: the P300, a positive,
parietally distributed deflection that peaks approximately 300-500 ms after feedback
presentation (Kopp & Wolff, 2000; Sutton et al., 1965). This potential is linked to the
noradrenergic system and hence to locus coeruleus activity (Nieuwenhuis et al., 2005;
Polich, 2007). Candidate regions for its neural basis are the cingulate cortex and adjacent
areas involved in the circuit between frontal and parietal regions (Linden, 2005;
Nieuwenhuis et al., 2005). Contrary to the FRN, the P300 reflects elaborate appraisal of
feedback, varies with the motivational significance of this feedback (Kleih et al., 2010;
Nieuwenhuis et al., 2005), and is sensitive to top-down attentional control (H. M. Gray et
al., 2004; Nieuwenhuis et al., 2005; Polich, 2007). The literature is inconsistent as to whether
the P300 is sensitive to valence. Some studies indicate no effect (Yeung & Sanfey, 2004),
whereas others show a stronger P300 following positive feedback (Wu & Zhou, 2009; Z.
Zhou, Yu, & Zhou, 2010) or negative feedback (Crowley et al., 2009; Endrass et al., 2016;
Euser, Evans, et al., 2013; Euser, Greaves-Lord, et al., 2013; Fein & Chang, 2008; Kobor et
al., 2015; Schuermann et al., 2012). With regard to risk-taking, absolute amplitudes are
larger for high-risk than for low-risk decisions (Endrass et al., 2016; Schuermann et al.,
2012). These higher amplitudes, especially in response to negative feedback, are related to
greater risk avoidance. Reduced (absolute and difference) waves are observed in risk-prone
people, such as people who are alcohol-intoxicated (Euser et al., 2011) and individuals who
have a parental history of substance abuse (Euser, Greaves-Lord, et al., 2013), show features
of problematic internet use (Yau et al., 2015), or are diagnosed with borderline personality
disorder (Endrass et al., 2016). Blunted absolute P300s may reflect a diminished ability to
engage in feedback appraisal, outcome prediction, and cognitive control. Reduced difference
scores can be the result of a heightened response to gains and/or a weaker response to losses.
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The present study aids in validating the CCT by examining ERPs in response to
feedback in the hot version of the task. The hot version is particularly suitable for this
purpose, since the cold CCT does not provide feedback, and since the later-developed warm
CCT (which does provide feedback) is still in a pioneering phase. First, we examine the FRN
and P300, two ERPs that are commonly observed during feedback appraisal in other
behavioural risk tasks, such as the BART and the IGT (L. Kessler et al., 2017; Oberg et al.,
2011). Based on this literature, we expected that feedback appraisal in the hot CCT would
also be accompanied by an FRN and a P300, and that both potentials would be more potent
following negative than following positive feedback. Second, we examine the correlations
between the observed CCT ERPs and risk-related self-reports and behaviour. Here, the
absolute ERPs are transformed into difference waves by subtracting the positive feedback-
locked waveform from the negative one (see, e.g., Fein & Chang, 2008; Kobor et al., 2015).
The advantage of doing so is twofold: it eliminates exogenous components — that is, elements
that are elicited in response to all stimuli and hence across all conditions (Miltner et al.,
1997) — and it corrects for individual differences in general wave amplitude, given that
absolute waves may reflect a general tendency for small or large amplitudes, rather than the
underlying construct (which is especially problematic for correlations). Correlations are
calculated between the ERP difference waves and the following variables: behavioural
measures derived from the hot CCT itself (average number of card turns; number of loss
card encounters; sensitivity to gain, loss, and probability); risk-taking on the cold CCT and
the BART (which has been shown to correlate with risk-taking on the hot CCT: Buelow &
Blaine, 2015; Saleme et al., 2018); gender (which has been shown to correlate with several
tasks and types of risk-taking and which has been related to the FRN and P300: Byrnes et
al., 1999; Ding et al., 2017; Hirayasu et al., 2000); and three self-report constructs that have
been related to either hot CCT behaviour itself or to behaviour and electrophysiology in
other tasks probing affective decision-making: reward responsiveness (Penolazzi et al.,
2012) and impulsivity and sensation-seeking (Euser et al., 2011; Lejuez et al., 2002). Based
on this literature, we hypothesised that reduced FRN and P300 difference scores (i.e., smaller
differences between responses to negative and positive feedback) are associated with the
following: being male; higher risk-taking in the BART, the cold CCT, and the hot CCT; a
higher number of loss cards encountered; higher reward responsiveness, impulsivity, and
sensation-seeking; increased sensitivity to gains; and lower sensitivity to losses and
probabilities.
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5.2 Method

5.2.1 Participants

The sample consisted of n = 126 students (52.38% female) recruited from two
universities, with a mean age of M'=21.01 (SD =2.62), range 17-31 years. Most participants
were studying social sciences (38.89%), economics (26.19%), or management (19.84%),
although all main fields of study (including law, mathematics, and medicine) were
represented. In exchange for participation, students received either course credit or a
standard fee of €25. They were informed that they could earn extra money (up to €7.50)
based on their task performance. All participants provided written informed consent. The
study was approved by the institutional review board, and all procedures performed were in
accordance with the 1964 Helsinki declaration and its later amendments.

5.2.2 Procedure

The measures were part of a larger study on decision-making under uncertain and risky
conditions. Participants signed up online based on a brief description of the study design,
after which they received an email with more elaborate information and the request to not
drink alcohol, coffee, or energy drinks on the day of the appointment to prevent these
substances from impacting the measurements. This email also contained a link to a web-
based survey including the self-report measures, which participants were required to
complete before their appointment at the laboratory. During the appointment itself, the
procedure was explained to the participant, and they were asked to provide written informed
consent. Then the participant was seated in a light- and sound-attenuated EEG room, was
wired to the electrodes, and was presented with the BART and both CCTs. The order in
which the tasks were presented was counterbalanced across participants. After finishing the
tasks, the participant was debriefed. The full session lasted approximately 1.5 hours.

5.2.3 Self-Report Measures

5.2.3.1 Reward Responsiveness. Reward responsiveness (RR) was measured using
the RR subscale of the Behavioural Approach System (BAS) questionnaire (Carver & White,
1994), which consists of five items (4, 7, 14, 18, and 23) and is answered on a 4-point scale
with labels “completely disagree”, “disagree”, “agree”, and “completely agree”. The RR
score ranges from 5 to 20, with higher scores indicating higher trait reward responsiveness.

In the present study, scores ranged from 9 to 20. Cronbach’s alpha was o = 0.68.
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5.2.3.2 Impulsiveness. Impulsiveness was measured using the Barratt Impulsiveness
Scale 11 (BIS-11; Patton et al., 1995), which consists of 30 items that are answered on a 4-
point scale with labels “rarely/never”, “occasionally”, “often”, and “almost always/always”.
The BIS-11 score ranges from 30 to 120, with higher scores being indicative of higher trait
impulsiveness. Scores in the present study ranged from 43 to 87. Cronbach’s alpha was o =

0.76.

5.2.3.3 Sensation Seeking. Sensation seeking was measured using the Brief Sensation
Seeking Scale (BSSS; Hoyle et al., 2002), which consists of eight items that are answered
on a 5-point scale with labels “strongly disagree”, “disagree”, “neither disagree nor agree”,
“agree”, and “strongly agree”. The BSSS scale ranges from 8 to 40, with higher scores
indicating higher trait sensation-seeking. Scores in the present study ranged from 11 to 37.

Cronbach’s alpha was a = 0.77.

5.2.4 Behavioural Tasks

5.2.4.1 Automatic Balloon Analogue Risk Task (BART). In the automatic BART
(Euser, Evans, et al., 2013; Euser, Greaves-Lord, et al., 2013; Pleskac et al., 2008; Yau et al.,
2015), participants pump up a virtual balloon. More pumps equal more points but also
increase the chance that the balloon pops, in which case all points accumulated in that trial
are lost. The task set-up is presented in Figure 5.1. On the left side of the screen, the
explosion point of the previous balloon is shown. On the right, three parameters are
provided: how many points are at stake in the present trial (blue box), how many points have
been accumulated so far (green box), and the trial number (red box). In the middle, a number
dial is shown. Participants had to pump up 60 balloons. Via the number dial, participants
first indicated how many times they wanted to pump the balloon, ranging from 1 to 128.
Then, they pressed “P”, after which the balloon started inflating. After inflation, either
positive or negative feedback followed. In case of positive feedback, the balloon remained
intact and a green dollar sign appeared (Figure 5.1, upper right). In case of negative
feedback, the balloon popped and a red cross appeared (Figure 5.1, lower right). The
explosion likelihood distribution was equal for every possible pump, with an average of 64
pumps, and was the same for all participants. As in the original BART, participants were not
informed about the explosion likelihood distribution. The variable of interest for the BART

was the average number of pumps across all trials.
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Figure 5.1
Task Set-Up of the Balloon Analogue Risk Task (BART)

Note. The left screen shows the starting position. The upper right screen shows a situation in which the participant
receives positive feedback. The lower right screen shows a situation where negative feedback is provided.

5.2.4.2 Cold and Hot Columbia Card Task (CCT). In the cold and hot CCT (Figner
et al., 2009), participants are presented with a virtual array of 32 (4 X 8) cards. The majority
of these cards earn the participant points (win cards), but in every array a small number of
loss cards is hidden, for which points are subtracted. In the cold CCT, participants choose
the total number of cards they would like to turn at the start of every round by clicking a
number from 0 to 31. After selecting a number, a message appears, informing participants
that they are continuing to the next round. This task set-up is presented in Figure 5.2. No
feedback is provided during the cold CCT; participants are only informed about their final
points after finishing the task. In the hot CCT, in contrast, participants turn over cards one
by one in a self-paced manner and receive immediate feedback (i.e., without delay) in the



72

form of a happy face (win card) or a sad face (loss card). Participants can decide to stop
turning cards at any point, terminating the round. However, if they encounter a loss card
(which is shown for 2000 ms), the round terminates automatically, and the specified loss
amount is subtracted from the points earned in that round. The task set-up of the hot CCT is
presented in Figure 5.3. In both the cold and the hot CCT, participants are given three
information parameters to help them decide how many cards to turn: (1) the number of points
they gain when turning a win card, (2) the number of points they lose when turning a loss
card, and (3) the number of loss cards hidden in a round. These parameters are presented at
the top of the screen and are independently varied across trials by means of a full factorial
design. The number of levels within a parameter differs across studies, with most studies
using two levels per parameter: 250 or 750 loss, 10 or 30 win, and 1 or 3 chance (Brunell &
Buelow, 2017; Buelow, 2015; Holper & Murphy, 2014; Huang et al., 2013; Panno et al.,
2013; Penolazzi et al., 2012; Pripfl et al., 2013; Schumpe et al., 2017). In the present study,
we ran this 2 X 2 X 2 factorial six times, resulting in 48 trials ([2 X 2 X 2] X 6). Given that
the focus of the present study is on the hot CCT, the only variable of interest extracted from
the cold CCT was the absolute risk level (i.e., the number of cards chosen). The variables of
interest for the hot CCT were the average number of card turns; the number of loss card
encounters; and sensitivity to gains, losses, and probabilities. Since data from the hot CCT
are inherently censored (i.e., people’s observed risk level in trials that forcedly end when
turning a loss card does not necessarily reflect their true risk level), the variables of interest
were in addition calculated using only data from trials in which participants voluntarily

stopped turning cards.

Figure 5.2
Task Set-Up of the Cold Columbia Card Task (CCT)
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Note. The left screen represents the initial set-up in which the participant indicates how many cards he/she wants
to turn by clicking a number from 0 to 31. The right screen shows the message participants see after selecting a
number, which informs them that the next round is about to start and that the information parameters may change.
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Figure 5.3
Task Set-Up of the Hot Columbia Card Task (CCT)
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Note. The left screen represents the initial set-up the participant encounters. The upper right screen shows the set-
up during turning the cards. The lower right screen shows the set-up when a loss card is encountered.

5.2.5 Electrophysiological Recordings and Signal Processing

EEG was recorded using a 32-channel amplifier and ActiveTwo data acquisition
software. Ag/AgCl active electrodes were placed on the scalp by means of a head cap
according to the 10-20 placing system. The electrooculogram (EOG) was recorded by
placing flat electrodes above and below the left eye (vertical EOG) and at the outer canthi
of both eyes (horizontal EOG). Two reference electrodes were placed on the mastoids. An
active (common mode sense) and passive (driven right leg) electrode comprised a feedback
loop for amplifier referencing. All signals were digitised with a sampling rate of 512 Hz.
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The data were analysed offline using Brain Vision Analyzer. First, all EEG channels
were referenced to the mathematically linked mastoid electrodes. Then we applied a high-
pass filter of 0.10 Hz, a low-pass filter of 30.00 Hz, and a notch filter of 50.00 Hz (to filter
out powerline artifacts). Data were segmented into epochs ranging from 100 ms before onset
of the feedback presentation to 1000 ms after onset of the feedback presentation. Then ocular
artifact correction (Gratton et al., 1983) and baseline correction (using the 100 ms pre-
feedback presentation window) were applied. Finally, extreme amplitudes (below -75 puV or
above 75 uV) were removed using automatic artifact rejection. The average number of
segments used for calculating individuals’ total ERP was M = 172.80 following positive
feedback (a happy icon) and M = 8.52 following negative feedback (a sad icon). The time
window used for analysing the FRN was 220-300 ms; the P300 was analysed across a time
window of 300-450 ms. All epochs were averaged across midline (Fz, Cz, Pz, Oz) and
adjacent (F3, F4, C3, C4, P3, P4, O1, O2) electrodes in order to minimise myogenic artifacts.

5.2.6 Analyses

The first aim of the study was examining whether feedback appraisal after risky
decision-making in the CCT was accompanied by an FRN and P300, and whether these
ERPs differed between positive and negative feedback. To this end, the averaged absolute
and difference waves as recorded from 100 ms before to 1000 ms after feedback presentation
were plotted. In addition, two repeated-measures analyses of variance (ANOVAs) (2
[valence: positive, negative] % 4 [cluster: frontal, central, parietal, occipital]) were performed
to examine whether the ERP in response to positive feedback significantly differed from the
ERP in response to negative feedback for the 220-300 FRN time period and for the 300-450
P300 time period. A Bonferroni-corrected 5% alpha level was used. Since repeated-measures
ANOVAs are susceptible to violation of the sphericity assumption, this assumption was
tested using Mauchly’s test of sphericity. Pre-empting the findings, the observed violations
were relatively severe (€ < 0.75). Therefore, following the advice of Field (2013), these
violations were corrected for by adjusting the degrees of freedom using the Greenhouse-

Geisser estimate.

The second research aim was to examine the validity of the CCT by pairwise
correlating the EEG difference waves with risk-related self-reports and behavioural
constructs: gender; average number of hot CCT card turns; number of hot CCT loss card
encounters; sensitivity to gain, loss, and probability information (calculated using per-trial
correlations between gain/loss/probability values and the number of cards chosen); average
number of cold CCT card turns; average number of BART balloon pumps; and self-reported
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reward responsiveness, impulsiveness, and sensation-seeking. Given the relatively large
number of correlations (22), we would expect one correlation to be wrongly marked as
“significant”. Because of the limitations associated with significance testing (J. Cohen,
1990), we also focused on the magnitude of the effects (the correlation coefficients).

Finally, three sets of robustness analyses were performed. The first robustness check
examined whether the correlational findings lasted when the behavioural CCT data were
solely based on trials in which participants voluntarily stopped turning cards (hence trials
for which data was uncensored). A second check examined the robustness of the ERPs itself
and their correlations with the self-reports and behavioural constructs when excluding (1)
individuals who reported a current psychiatric or neurological disorder, (2) individuals
whose FRN and/or P300 difference scores were “reversed” (i.c., the opposite of what was
expected, namely a stronger response to positive than negative feedback), and (3) individuals
with univariate and/or bivariate outlying values as detected via visual inspection of the
histograms, boxplots, and scatterplots, and by checking for extreme (> |3.29|) standardised
residuals. In a third check, we abandoned the difference wave approach and examined
correlations between self-report/behavioural measures and absolute ERPs (i.e., the separate
measures for FRN gain, FRN loss, P300 gain, and P300 loss). Given that a difference score
is computed using absolute scores, its correlation may be conflated, and its interpretation
may be unclear (Meyer et al., 2017). In particular, if the gain and loss ERPs correlate with
each other but are correlated with risk-taking in opposite directions, individual correlations
are suppressed when using difference scores. This last robustness check examined whether
this was the case for the present data.

5.3 Results

5.3.1 Visual Representation and Interpretation of the ERPs

Figures 5.4 and 5.5 show the scalp distributions of respectively the FRN and the P300
for positive feedback, negative feedback, and the difference wave. FRN activity peaked at
frontocentral sites, while its difference activity was located more parietally. P300 activity
showed a central-parietal distribution. The grand averaged ERP waveforms are presented in
Figure 5.6. The waveform appeared robust, with a clear FRN in the 220-300 ms window and
a clear P300 in the 300-450 ms window, both of which were stronger following negative
than following positive feedback. These observations were confirmed by the repeated-
measures ANOVAs, which were (after discarding ERP segments in the preprocessing phase)
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based on data from » = 121 individuals. For the FRN, the Greenhouse-Geisser correction
was applied to the main effect of cluster (¥*(5) = 269.65, p < 0.001, & = 0.50) and to the
interaction (¥*(5) = 214.20, p < 0.001, & = 0.56). The main effects showed that the potential
was stronger in response to negative than to positive feedback (A2.70 uV, F(1, 120) =31.72,
p <0.001,n; =0.21), and that it differed across clusters (#(1.50, 179.96) = 25.55, p <0.001,
77,23 = 0.18). These factors interacted as well (F(1.68, 201.97) = 28.24, p < 0.001, n;, = 0.19):
the effect of valence was strongest at central (A4.53 pV) and parietal (A3.77 puV) electrodes,
and weaker at frontal (A1.24 pV) and occipital (A1.25 pV) ones. For the P300, the
Greenhouse-Geisser correction was again applied to the main effect of cluster (x*(5) =
215.28, p <0.001, £ = 0.62) and to the interaction ()>(5) = 204.98, p < 0.001, € = .60). The
main effects confirmed that the potential was stronger in response to negative than to positive
feedback (A10.57 uV, F(1, 120) = 352.87, p < 0.001, n,, = 0.75), and that it differed across
clusters (F(1.87, 223.94) = 85.60, p < 0.001, n; = 0.42). The interaction (F(1.80, 215.69) =
126.95, p <0.001, n; = 0.51) showed that the difference in valence was weaker at occipital
(A4.90 pV) than at central (A14.57 uV), frontal (A11.72 pV), and parietal (A11.09 pV) sites.

Figure 5.4

Topographical Distribution of FRN Activity Across the Scalp for Positive Feedback,
Negative Feedback, and the Difference Between These Two (Negative Minus Positive)
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Figure 5.5

Topographical Distribution of P300 Activity Across the Scalp for Positive Feedback,
Negative Feedback, and the Difference Between These Two (Negative Minus Positive)
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Figure 5.6

Grand Averaged ERPs for the Hot Columbia Card Task (CCT)
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5.3.2 Correlational Analyses

Table 5.1 shows the correlations between the FRN and P300 difference waves on the
one hand and the risk-related self-reports and behavioural constructs on the other. The
correlations involving gender are point-biserial (7,,5); the remaining correlations are bivariate
(r). Analyses were performed pairwise on an n between 119 and 121, with most missing
values resulting from incomplete surveys or missing ERP data. None of the correlations was
significant at a 5% level, which was fewer than the one significant correlation that was
expected by chance. The majority of the effects were small but in the expected direction.

Since the FRN is a negative potential, its difference score is generally negative.
Therefore, we expected a positive correlation with risk-taking (i.e., the more negative the
FRN difference score, the smaller self-reported or behavioural risk-taking, and vice versa).
In line with this, smaller FRN difference scores (reflecting reduced electrophysiological
response to the feedback) were correlated with encountering more loss cards in the hot CCT
(r=10.05), choosing more cards in the cold (» = 0.10) and hot (» = 0.03) CCT, pressing more
balloon pumps in the BART (» = 0.09), being less sensitive to information on losses (r =
0.14), and reporting higher impulsiveness (» = 0.13) and sensation-seeking (» = 0.09). Three
correlations were in the opposite direction of what was expected, namely those for gender (»
= 0.09), sensitivity to gains (» = -0.10), and reward responsiveness (» = -0.08).

Since the P300 is a positive potential, its difference scores are generally positive, and
hence negative correlations were expected between this difference score and risk-taking (i.e.,
the more positive the P300 difference score, the smaller self-reported or behavioural risk-
taking, and vice versa). In line with this, smaller P300 difference scores (reflecting reduced
electrophysiological response to the feedback) were correlated with encountering more loss
cards in the hot CCT (= -0.06), being less sensitive to information on losses (» = -0.05) and
probabilities (» = -0.05), and reporting higher reward responsiveness (» = -0.16),
impulsiveness (» = -0.03), and sensation seeking (» = -0.04). Four correlations were in the
opposite direction of what was expected, namely those for gender (» = -0.04), sensitivity to
gains (» = 0.16), cold CCT cards chosen (» = 0.07), and BART balloon pumps (» = 0.13).
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Table 5.1
Correlations Between the FRN and P300 Difference Waves and Risk-Related Self-Reports

and Behavioural Constructs

Correlations
FRN CCT  P300 CCT

M 5D Min. Max. diff. wave  diff. wave
Gender (male = 0) 0.52 0.50 0.00 1.00 0.09* -0.04°
Hot CCT average card turns 7.25 2.18 1.65 12.65 0.03 -0.01
Hot CCT loss card encounters 2221 8.31 6.00 44.00 0.05 -0.06
Hot CCT gain sensitivity 0.16 0.18 -0.22 0.57 -0.10 0.16
Hot CCT loss sensitivity -0.22 0.18 -0.64 0.22 0.14 -0.05
Hot CCT probability sensitivity -0.51 0.12 -0.86 -0.11 0.01 -0.05
Cold CCT number of chosen cards 8.57 371 1.60 21.81 0.10 0.07
BART number of chosen pumps 58.49 11.72 13.42 85.25 0.09 0.13
Reward Responsiveness 16.63 2.15 9.00 20.00 -0.08 -0.16
Impulsiveness 65.46 8.32 43.00 87.00 0.13 -0.03
Sensation Seeking 25.48 5.62 11.00 37.00 0.09 -0.04

Note. * indicates point-biserial correlations (7).

5.3.3 Robustness Checks

The first robustness analysis examined whether the correlational findings lasted when
only using uncensored behavioural CCT data. To this end, eight correlations were rerun,
namely those including the average number of card turns in the hot CCT, gain sensitivity,
loss sensitivity, and probability sensitivity. Half of these correlations (most relatively large)
remained similar in size and direction; three (all of them small) changed direction; and one
changed substantially in size, namely the correlation between hot CCT card turns and the
P300 difference wave, which changed from -0.01 to -0.10 and thereby became more in line
with the hypothesis that a smaller P300 difference wave is associated with taking more risk
(see Table S5.1).

A second set of robustness checks examined the effect of participant exclusion (Tables
S5.2 to S5.4, Figures S5.1 to S5.3). The exclusion of individuals with psychiatric or
neurological disorders (n = 5) did not impact the direction of the correlations, nor did it
substantially change correlation size. The same was true for exclusion of individuals with
outlying values (n = 5), except for the correlation of the P300 difference wave with
impulsiveness (which changed direction: from » = -0.03 to » = 0.05) and with the BART
(which turned significant: from » = 0.13 to » = 0.20). Neither exclusion impacted the grand
averaged waveform or the topographical distribution of the ERPs. The largest change in
findings was observed when excluding individuals with reversed difference scores (n = 48).
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This caused a moderate increase in FRN amplitude and in most FRN difference score
correlations, which became more in line with our hypotheses, such as the correlation with
hot CCT card turns (from » = 0.03 to » = 0.20), loss card encounters (from » = 0.05 to r =
0.20), and loss sensitivity (from = 0.14 to » = 0.30). The correlations for the P300 difference
wave, however, changed in a less consistent manner and overall became less in line with our
hypotheses. Since most exclusions resulted from reversed FRN scores, the impact on P300

correlations may indeed have been more equivocal (by also discarding “regular” scores).

The third and final set of robustness checks examined whether the use of difference
scores suppressed the correlations between the absolute ERPs and the risk-related self-
reports and behavioural constructs. The gain and loss FRN ERPs were correlated with each
other (r = 0.31), as were the gain and loss P300 ERPs (r = 0.37). However, few of the gain
and loss ERPs correlated with risk-related constructs in opposite direction (5 out of 11 for
the FRN and 3 out of 11 for the P300), hence indicating no major risk of conflated difference
scores. Examination of the individual correlations (Table S5.5) showed that the majority of
FRN loss and P300 gain correlations were not in line with expectations, and hence did not
outperform the correlations based on difference scores. However, most FRN gain and P300
loss correlations were in line with expectations. A stronger FRN in response to gains was
associated with being male (» = 0.19), higher self-reported and behavioural risk-taking (» =
-0.02 to r=-0.23), and lower focus on loss (»=-0.19) and probability (» =-0.10) information.
A stronger P300 in response to losses was associated with being female (» = 0.05), lower
self-reported and behavioural risk-taking (» = -0.06 to » = -0.13), and a stronger focus on
information on loss (»=-0.10) and probability (» =-0.07). Thus, the FRN gain and P300 loss
correlations provided information beyond that offered by the correlations for the difference

SCOres.

5.4 Discussion

The present study examined ERPs in response to feedback in the hot version of the
CCT (Figner et al., 2009). In line with research on feedback-related ERPs in for example the
IGT and the BART, feedback appraisal in the CCT was accompanied by a clear FRN and
P300, which were stronger in response to losses than to gains. This pattern did not change
after excluding individuals with psychiatric or neurological disorders, individuals with
outlying scores, or individuals with reversed (positive > negative) ERP difference scores.
Hence, the ERPs appeared robust. Despite this, correlations between the ERP difference
waves and risk-related self-reports and behavioural measures were non-significant and

small. Most correlations did show an effect in the expected direction though: for example,
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smaller FRN difference scores were associated with taking more risk in the cold CCT,
decreased sensitivity to information on losses, and higher impulsiveness; smaller P300
difference scores were most strongly associated with higher reward responsiveness. When
correlating absolute instead of difference scores, the FRN gain and P300 loss (but not the
FRN loss and P300 gain) also showed effects in the expected direction. Excluding
individuals with reversed ERP difference waves strengthened most FRN correlations,
thereby bringing the findings more in line with the hypotheses. Several possible explanations
exist why individuals show such a reversed pattern. First, they may respond very weakly to
losses and/or very strongly to gains, resulting in a more potent ERP in response to gains than
to losses. Alternatively, these reversed waves may result from individuals’ expectations.
Especially the FRN has been suggested to represent a reward prediction error, an indicator
of the difference between expected and observed outcomes (Holroyd & Coles, 2002;
Sambrook & Goslin, 2015). Hence, encountering losses may elicit only modest ERPs when
they are expected, compared to cases in which they are not. Given the impact participants
with reversed scores had on the correlations in the robustness analyses, future studies may

want to address this phenomenon and examine its underlying causes.

This study’s results combined with previous findings also illustrate some challenges
that are more specific to the CCT and that would benefit from further investigation. First,
for studies using the CCT in combination with EEG, it will be key to have a more elaborate
understanding of which (task) characteristics influence the ERPs, and whether such
influence is desirable. In addition to the large sample size, one factor possibly influencing
the strength and robustness of the CCT’s potentials concerns the reward structure. Risk tasks
can offer participants different types of incentive, such as monetary rewards (Xu et al.,
2016), social rewards (Op de Macks et al., 2017), or sexual rewards (Lawyer, 2013).
Moreover, tasks differ in how participants are penalised when losing a trial: it may result in
not receiving any reward, or in losing a reward that was acquired before. In the CCT, the
points participants earn are truly at stake since turning a loss card means that the specified
loss amount is subtracted from the points earned. Furthermore, participants in the present
study were offered real (vs. hypothetical) money, which increased the ecological validity of
the task and which has been shown to elicit a stronger FRN for negative feedback (Xu et al.,
2016). This combination of losing points that represent real money may induce a larger
prediction error and therefore stronger ERPs. This contribution to the presently observed
robust ERPs can be deemed desirable as it reflects the constructs presumed to underlie these
ERPs. A second factor that may have influenced the ERPs seems less desirable: the stimulus-
sequence history. In the CCT, most loss-card encounters are preceded by a series of win card
encounters, with losses being roughly 20 times less frequent than wins. Such oddball
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structures have been shown to impact ERPs: FRN amplitudes tend to be larger when
successive encounters with a stimulus are followed by feedback of opposite valence
compared to feedback of the same valence (Holroyd & Coles, 2002), and P300 amplitudes
are larger after presenting a deviant or salient stimulus, especially when this stimulus is
preceded by a series of other stimuli (Nieuwenhuis et al., 2005; K. C. Squires et al., 1976).
The oddball-like structure of the CCT can reasonably have contributed to the strength of the
ERPs (especially the negative-feedback waveform), thereby adding unintended systematic
variance that future studies may want to mitigate.

In addition to this EEG-related concern, the hot version of the CCT poses a more
general challenge: censoring. As briefly discussed in the method section, data from the hot
CCT are inherently censored as people’s observed risk level in trials in which they turn a
loss card does not necessarily reflect their true risk level, since they might have taken more
risk (i.e., turned more cards) if they had had the chance to do so. In the present study, we
accommodated for censoring by running two sets of analyses: the main analyses, using data
from all trials; and robustness analyses, using only data from trials in which participants had
voluntarily stopped turning cards. A similar approach was employed by Kluwe-Schiavon et
al. (2015), who reported no major changes in their final results. In the present study, one of
eight rerun correlations substantially changed in size, demonstrating the effect that censoring
can have on a study’s findings. An alternative solution to censoring is offered by Figner et
al. (2009), who prevented censoring ex ante by rigging the task. In their task set-up, 54
experimental trials are supplemented by nine trick trials. In the experimental trials, the loss
card is programmed to be the last possible card, so that participants never encounter it and
so that all stopping points are voluntary. These uncensored data are used for analysis.
Credibility is upheld by randomly interspersing the nine trick trials, which are programmed
in such a way that participants quickly encounter a loss card. However, Figner et al.’s (2009)
solution to censoring seems problematic, as the rigged percentage of trials in which
participants encounter a loss card seems unrealistically low: 9 + (54 + 9) x 100 ~ 14.29.
In the present unrigged study, participants on average encountered a loss card in 22.21 +
48 x 100 = 46.27 percent of trials, which was shown to be significantly higher using a one
sample #-test: #(125) =20.73, p <0.001. Arguably, presenting people with (too) little negative
feedback could cause them to take more risk. Tentative evidence for this conjecture is found
in the large difference between risk levels found in studies using a rigged CCT (~23 cards
[Figner et al., 2009], 27 cards [Markiewicz & Kubinska, 2015], and 21 cards [Penolazzi et
al., 2012]) and studies in which the cards are truly shuffled (7.25 [8.48 uncensored] in the
present study, and ~12 in Holper and Murphy, 2014).
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A final, easier solution to censoring is omitting the hot CCT altogether and instead
using the warm CCT, which also measures affective risk-taking but delays the feedback, so
that participants first decide how many cards they want to turn and only then observe the
(per-card) outcome of their decision. Although this does solve the issue of censoring, it offers
no solution to the other challenge we discussed with regard to the CCT, that is, its oddball
structure. Notably, the rigged design by Figner et al. (2009) does solve the oddball problem
(at least within the trial). Whereas loss card encounters in an unrigged design are generally
preceded by a series of win cards, loss card encounters in Figner et al.’s (2009) design are
artificially positioned at the start of trials, thereby mitigating the oddball effect. This does
not change the fact that win cards are more frequent than loss cards across the task but does
impact the local probability. Therefore, if the percentage of rigged trials in which participants
encounter a loss card in Figner et al.’s (2009) design were set to a more plausible, naturalistic
value, both challenges observed in the present study would be resolved: the influence of the
hot CCT’s oddball structure on its ERPs and its masking of true values in trials that forcedly
end (censoring). We recommend future studies to keep these two challenges and our
proposed solutions to them in mind when further validating or using the CCT either in a

behavioural study or in combination with a (neuro)biological measure such as EEG.

5.5 Supplementary Materials

Table S5.1

Correlations Using Uncensored Behavioural CCT Data

Correlations
. FRN CCT  P300 CCT
M sb Min. Max. diff. wave  diff. wave
Hot CCT average card turns 8.49 4.40 1.45 27.00 -0.03 -0.10
Hot CCT gain sensitivity 0.21 0.27 -0.61 0.85 -0.11 0.13
Hot CCT loss sensitivity -0.31 0.24 -0.81 0.54 0.17 0.04

Hot CCT probability sensitivity -0.58 0.18 -0.94 -0.07 -0.04 -0.06




85

Table S5.2
Correlations After Excluding n = 5 Participants with a Current Psychiatric or Neurological
Disorder
Correlations
. FRNCCT  P300 CCT
M S Min MAC G wave  diff, wave
Gender (male = 0) 0.53 0.50 0.00 1.00 0.12* -0.03*
Hot CCT average card turns 7.31 2.15 1.65 12.65 0.05 -0.02
Hot CCT loss card encounters 22.39 8.23 6.00 44.00 0.07 -0.06
Hot CCT gain sensitivity 0.16 0.17 -0.22 0.57 -0.12 0.18
Hot CCT loss sensitivity -0.22 0.18 -0.64 0.22 0.14 -0.07
Hot CCT probability sensitivity -0.52 0.13 -0.86 -0.11 <|0.01] -0.05
Cold CCT number of chosen cards 8.56 3.66 1.60 21.81 0.08 0.07
BART number of chosen pumps 58.52 11.89 13.42 85.25 0.09 0.14
Reward Responsiveness 16.60 2.16 9.00 20.00 -0.10 -0.14
Impulsiveness 65.31 8.38 43.00 87.00 0.12 -0.04
Sensation Seeking 25.42 5.64 11.00 37.00 0.07 -0.06

Note. * indicates point-biserial correlations (7).

Table S5.3

Correlations After Excluding n = 5 Participants with Outlying Scores

Correlations

M D Min. Mac. FRN CCT  P300 CCT

diff. wave diff. wave

Gender (male = 0) 0.52 0.50 0.00 1.00 0.09* -0.04*
Hot CCT average card turns 7.31 2.13 2.54 12.65 0.03 -0.06
Hot CCT loss card encounters 22.15 7.90 6.00 44.00 0.06 -0.07
Hot CCT gain sensitivity 0.16 0.18 -0.22 0.57 -0.10 0.16
Hot CCT loss sensitivity -0.21 0.18 -0.64 0.22 0.14 -0.08
Hot CCT probability sensitivity -0.52 0.12 -0.86 -0.19 0.04 -0.04
Cold CCT number of chosen cards 8.48 3.57 1.60 16.94 0.10 0.11
BART number of chosen pumps 58.98 10.93 25.37 85.25 0.12 0.20%*
Reward Responsiveness 16.76 1.94 10.00 20.00 -0.06 -0.15
Impulsiveness 65.46 8.13 46.00 87.00 0.16 0.05
Sensation Seeking 25.66 5.65 11.00 37.00 0.09 -0.06

Note. * indicates point-biserial correlations (r,); * is significant at a 5% level.
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Table S5.4
Correlations After Excluding n = 48 Participants with Reversed FRN and/or P300

Difference Scores

Correlations

FRN CCT  P300 CCT

M Sho Min MaX G wave  diff, wave
Gender (male = 0) 0.47 0.50 0.00 1.00 0.12¢ 0.01*
Hot CCT average card turns 7.33 1.98 2.54 11.63 0.20 0.06
Hot CCT loss card encounters 22.42 8.00 6.00 44.00 0.20 -0.07
Hot CCT gain sensitivity 0.18 0.16 -0.21 0.57 -0.14 0.17
Hot CCT loss sensitivity -0.21 0.18 -0.61 0.14 0.30%** -0.13
Hot CCT probability sensitivity -0.52 0.12 -0.86 -0.11 -0.02 -0.05
Cold CCT number of chosen cards 8.57 3.75 1.60 21.81 0.09 0.03
BART number of chosen pumps 57.63 11.24 13.42 81.95 <]0.01| 0.27*
Reward Responsiveness 16.71 2.13 9.00 20.00 0.04 0.12
Impulsiveness 64.83 8.06 46.00 83.00 0.16 0.13
Sensation Seeking 25.14 5.82 11.00 37.00 0.12 0.04

Note. a indicates point-biserial correlations (rpb); * is significant at a 5% level; ** is significant at a 1% level.

Table S5.5
Correlations Using Absolute ERPs

Correlations

M SD Min. Max. FRN FRN P300 P300

gain loss gain loss

Gender (male = 0) 0.52 0.50 0.00 1.00 0.19%* 0.17% 0.25%* 0.05*
Hot CCT average card turns 7.25 2.18 1.65 12.65 -0.23%* -0.09 -0.18* -0.09
Hot CCT loss card encounters 22.21 8.31 6.00 44.00 -0.22% -0.05 -0.14 -0.11
Hot CCT gain sensitivity 0.16 0.18 -0.22 0.57 0.13 -0.01 0.10 0.21*
Hot CCT loss sensitivity -0.22 0.18 -0.64 0.22 -0.19* 0.07 -0.14 -0.10
Hot CCT probability sensitivity -0.51 0.12 -0.86 -0.11 -0.10 -0.04 -0.08 -0.07
Cold CCT number of chosen cards 8.57 3.71 1.60 21.81 -0.05 0.08 -0.05 0.04
BART number of chosen pumps 58.49 11.72 13.42 85.25 -0.02 0.09 -0.06 0.10
Reward Responsiveness 16.63 2.15 9.00 20.00 -0.06 -0.09 0.01 -0.13
Impulsiveness 65.46 8.32 43.00 87.00 -0.22% 0.03 -0.25%* -0.11
Sensation Seeking 25.48 5.62 11.00 37.00 -0.14 <[0.01] -0.06 -0.06

Note. * indicates point-biserial correlations (r,5); * is significant at a 5% level; ** is significant at a 1% level.
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Figure S5.1
Effect of Exclusions on the ERPs

Original Psych/neuro Qutlier Reversed
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Note. The dash-dotted line (“original” panels) / blue line (other panels) represents the electrophysiological response
to positive feedback; the dashed line (“original” panels) / red line (other panels) represents the electrophysiological
response to negative feedback; and the solid line (“original” panels) / black line (other panels) is the calculated
difference wave.
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Figure S5.2
Effect of Exclusions on the Spatial Distribution of the FRN
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Figure S5.3
Effect of Exclusions on the Spatial Distribution of the P300

Original Psych/neuro Outlier Reversed
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Chapter 6

Birds of a Feather Flock Together: Evidence of Prominent
Correlations Within but not Between Self-Report,
Behavioural, and Electrophysiological Measures of
Impulsivity

Abstract

Despite many studies examining a combination of self-report, behavioural, and
neurophysiological measures, only few address whether these different levels of
measurement indeed reflect one construct. The present study aids in filling this gap by
exploring the association between self-report, behavioural, and electrophysiological
measures of impulsivity and related constructs such as sensation seeking, reward
responsiveness, and ADHD symptoms. Individuals across two large samples (n = 133 and n
= 142) completed questionnaires and performed behavioural tasks (the Eriksen Flanker task,
the Go/No-Go task, the Reward task, and the Balloon Analogue Risk Task) during which
brain activity was measured using electroencephalography (EEG). The resulting data
showed that even though the correlations within each level of measurement were prominent,
there was no evidence of significant correlations across the three measurement levels. These
findings contradict the outcomes of some previous, smaller studies, which did report
significant associations between self-reported impulsivity(-related) measures and behaviour
and/or electrophysiology. Therefore, we suggest using sufficiently large samples when

investigating associations between different levels of measurement.

This chapter has been published as: Bernoster, 1., De Groot, K., Wieser, M. J., Thurik, R., &
Franken, I. H. (2019). Birds of a feather flock together: Evidence of prominent correlations
within but not between self-report, behavioural, and electrophysiological measures of
impulsivity. Biological Psychology, 145, 112-123.
https://doi.org/10.1016/1.biopsycho.2019.04.008
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6.1 Introduction

Impulsivity is defined as “a predisposition toward rapid, unplanned reactions to
internal or external stimuli without regard to the negative consequences of these reactions to
the impulsive individual or to others” (Moeller et al., 2001, p. 1784). It is a normal aspect of
behaviour which is often functional, but can also be dysfunctional. Impulsivity is a
multidimensional construct (Gerbing et al., 1987; Khadka et al., 2017; Meda et al., 2009),
and is closely related to other constructs such as the Behavioural Activation System (BAS).
BAS is in turn associated with reward responsiveness (Carver & White, 1994), which
consists of reward sensitivity and rash impulsiveness (Dawe et al., 2004), of which
particularly the latter is closely associated with impulsivity (Franken & Muris, 2006).
Impulsivity is also closely related to sensation seeking (Whiteside & Lynam, 2001;
Zuckerman & Neeb, 1979), “the seeking of varied, novel, complex, and intense sensations
and experiences, and the willingness to take physical, social, legal, and financial risks for
sake of such experience” (Zuckerman, 1994, p. 27). Both sensation seeking and impulsivity
are related to risk-taking (H. A. Jones & Lejuez, 2005; Lejuez et al., 2002; Romer, 2010;
Steinberg, 2008), although they may differ in timing and neural underpinnings (Steinberg et
al., 2008). Furthermore, impulsivity is a hallmark symptom of several mental disorders
(Chamberlain et al., 2018): various facets of impulsivity such as urgency and a lack of
premeditation and perseverance characterise for example Attention Deficit/Hyperactivity
Disorder (ADHD; Lopez et al., 2015).

Impulsivity and related constructs such as sensation seeking, reward responsiveness,
and ADHD symptoms can be investigated using self-report measures (e.g., Lopez et al.,
2015), behavioural measures (e.g., Sharma et al., 2014), and neurophysiological measures
such as electroencephalography (EEG; e.g., Taylor et al., 2018). However, only few studies
address whether these different levels of measurement (i.e., self-report, behaviour, and
neurophysiology) indeed reflect one construct. Research in other areas has already
demonstrated that this is not necessarily the case by showing that single constructs measured
on different levels are only weakly connected. For instance, Dittmar et al. (2011) investigated
the association between these three levels of measurement for pain-related information
processing. After correcting for multiple testing, they found no significant associations
between the electrophysiological measures (recorded during processing pain-related words)
and the behavioural measures (acquired from the dot-probe task), nor between
electrophysiology and self-reports (obtained from the Pain Catastrophising Scale, Pain
Anxiety Symptoms Scale, and Pain Hypervigilance and Awareness Questionnaire). With
respect to behaviour and self-report, only one (out of nine) associations was significant.
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Another study examining different levels of measurement focused on anxiety and
depression, in specific defensive reactivity and cognitive control in young children (Moser
et al., 2015). Self-report measures consisted of two parental reports: the Child Behaviour
Questionnaire and Child Behaviour Checklist. Further, children performed 15 behavioural
tasks designed to probe defensive reactivity and cognitive control. Neurophysiological
measures included the Fear-Potentiated Startle, resting-state EEG asymmetry, and EEG
Event-Related Potentials (ERPs). The findings showed that only 2 out of the 11 correlations
between different measurement levels were significant: the combined behavioural score
correlated with the ERP, and one of the questionnaire scores correlated with EEG
asymmetry. None of the questionnaire scores was significantly related to the behavioural
measures. These findings again indicate that single constructs measured on different levels
are only weakly related.

The present study contributes to this small body of literature on the associations
between different measurement levels by providing a comprehensive overview of the
associations between self-reports, behaviour, and electrophysiology in the broad domain of
impulsivity. Subsets of these associations have already been examined by previous studies.
For example, self-reported impulsivity has been related to several behavioural outcomes,
such as decreased behavioural inhibition in a Go/No-Go task (Littel, Van den Berg, et al.,
2012), increased uncertain decision-making in the Balloon Analogue Risk Task (BART;
Lauriola et al., 2014; Lejuez et al., 2002), and slower stopping reaction times in a stop-signal
task (Logan et al, 1997). Self-reports have also been related to electrophysiology:
individuals who score high on impulsivity were shown to have reduced Error-Related
Negativity (ERN) amplitudes in response to incorrect trials on the Go/No-Go task (Littel,
Van den Berg, et al., 2012), and on punishment (Potts, George, et al., 2006; Potts, Martin, et
al., 2006) or incorrect (Luijten et al., 2011) trials of the Eriksen Flanker task, all implying
poor error processing. Results concerning other ERPs are more equivocal. For example,
some studies related increased impulsivity to smaller P3 amplitudes on the stop-signal task
(Shen et al., 2014), the continuous performance task (Kam et al., 2012), and a gambling task
(Gao et al., 2016), whereas others reported larger stop P3s for high-impulsive individuals
using again the stop-signal task (Lansbergen et al., 2007). In a similar fashion, some report
a clear relationship between high impulsivity and decreased N2 amplitudes (Gao et al.,
2016), whereas others find no significant association (Z. H. Zhou, Yuan, et al., 2010) or find
that the direction of the association depends on the specific impulsivity domain being
examined (Kam et al., 2012).

In addition to studies examining impulsivity, some studies employed self-report

measures of related constructs, such as sensation seeking, reward responsiveness, and
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ADHD. For example, self-reported sensation seeking has been associated with increased
uncertain decisions in the BART (Lauriola et al., 2014; Lejuez et al., 2003), reduced ERN
amplitudes in the Eriksen Flanker task (Zheng et al., 2014), and reduced P3 amplitudes in a
passive oddball paradigm (W. Wang & Wang, 2001). Furthermore, self-reported reward
responsiveness has been related to shorter reaction times on the Go/No-Go task (De Pascalis
et al., 2010) and to P3 amplitudes, although literature is inconsistent as to whether this latter
relationship is negative (De Pascalis et al., 2010) or positive (Van den Berg et al., 2011).
Finally, ADHD symptoms have been related to more errors on response inhibition tasks such
as the Eriksen Flanker and Go/No-Go task (Geburek et al., 2013; Jonkman et al., 2007; Van
Meel et al., 2007; Wiersema et al., 2005), and to attenuated P3 (Liotti et al., 2005; Shen et
al., 2014; Sutcubasi et al., 2018), Pe (Groen et al., 2008; Herrmann et al., 2009; Jonkman et
al., 2007; Wiersema et al., 2005; Wiersema et al., 2009), and ERN (Geburek et al., 2013;
Groen et al., 2008; Liotti et al., 2005) amplitudes, although several studies were unable to
confirm this latter relationship (Herrmann et al., 2009; Jonkman et al., 2007; Wiersema et
al., 2005; Wiersema et al., 2009).

Although these studies have revealed important insights and are excellent starting
points for further inquiries, they have some limitations with regard to (1) the consistency of
the findings, (2) the number of investigated measurement levels and constructs, and (3)
sample size. The present study is a first attempt to overcome these limitations. First, the
present study adds value to the current body of literature by extending the knowledge on the
role of behavioural and electrophysiological measures of impulsivity. The studies described
above provide much insight but are far from conclusive. Examples of such inconsistent
findings have already been discussed, such as whether the P3 amplitude is larger or smaller
in relation to impulsivity and reward responsiveness, and whether or not the N2 and ERN
are impacted by respectively impulsivity and ADHD. These and other inconsistencies
throughout the impulsivity literature confirm that the field has not (yet) reached consensus,
especially when it comes to associations between measures originating from multiple levels.

Second, the present study deals with multiple constructs (i.e., impulsivity, sensation
seeking, reward responsiveness, and ADHD) and multiple levels of measurement (i.e., self-
report, behaviour, and electrophysiology). Most studies investigate the association between
a single self-reported construct and either behavioural or electrophysiological measures
(e.g., Logan et al., 1997; Potts, George, et al., 2006). This fits with the primary aim of these
studies, but makes that they do not fully take into account the complexity of associations
between multiple constructs and multiple levels of measurement. A small number of studies
examines multiple constructs on multiple levels, but limit their examination to two
measurement levels (Meda et al., 2009; Reynolds et al., 2006).
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Third, we use two relatively large samples. Most papers cited in the present study that
involve electrophysiology use relatively small samples consisting of 20-40 participants. This
is consistent with the broader field of EEG research: the average size of the 81 samples
discussed in a recent systematic review on ERPs in relation to risk-taking (Chandrakumar et
al., 2018) was a mere 29.01 (SD = 18.54). The key problem regarding small samples is that
they lead to low statistical power and thus have a lower chance that discovered effects are
genuinely true (Button et al., 2013; Forstmeier et al., 2017; Ioannidis, 2005). Moser et al.
(2015) also recommend the use of larger samples, specifically in EEG research, to establish
reliability. Therefore, the present study explores two large non-clinical samples, with sample
sizes of 133 and 142 participants.

In sum, the present study aims to investigate the associations between self-report
measures, behavioural measures, and electrophysiological measures for impulsivity and
related constructs. As discussed, the associations between these three different levels of
measurement have already been examined for pain-related information processing (Dittmar
et al., 2011) and defensive reactivity and cognitive control (Moser et al., 2015). For
impulsivity, however, no such large-scale study exists, despite the construct being central to
the field of (neuro)psychology. Not only does impulsivity impact daily life (ranging from
recreational activities to education and employment), aberrant displays of it are present in
several major diseases, such as dementia (Arvanitakis, 2010), Huntington’s chorea
(Kalkhoven et al., 2014), and Parkinson’s disease (Chaudhuri et al., 2011), as well as in
addiction and pathological gambling (Limbrick-Oldfield et al., 2013). Furthermore,
impulsivity is a rather well-suited construct for examining the associations between self-
reports, behaviour, and electrophysiology for the simple reason that many well-validated

measures for the construct exist on all three levels.

For the present study, the following such measures were selected: self-report measures
included the ImpSS-8 scale (Webster & Crysel, 2012), the Brief Sensation Seeking Scale
(BSSS; Hoyle et al., 2002), the Reward Responsiveness (RR) scale (Van den Berg et al.,
2010), and the ADHD Self-Report Scale (ASRS-6; R. C. Kessler et al., 2005). To obtain
behavioural and electrophysiological measures, participants performed the Eriksen Flanker
task (Eriksen & Eriksen, 1974; Marhe et al., 2013), the Go/No-Go task (Donders, 1869/1969;
Littel, Van den Berg, et al., 2012), the Reward task (Franken, Van den Berg, & Van Strien,
2010; Potts, George, et al., 2006; Potts, Martin, et al., 2006), and the BART (Euser et al.,
2011; Lejuez et al., 2002; Pleskac et al., 2008). These measures all reflect constructs often
associated with impulsivity, and indeed roughly match those used in previous studies
examining associations between different levels of measurement. Since measures can focus

on several different aspects of impulsivity, a broad range was included: measures originating
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from different contexts, such as non-clinical (reward responsiveness) vs. clinical (ADHD
symptoms); measures using different kinds of feedback stimuli, such as financial tokens
(Reward task, BART) vs. abstract ones (Eriksen Flanker, Go/No-Go); and measures tapping
different domains (Bechara et al., 2000), such as the motor domain (Eriksen Flanker, Go/No-
Go) vs. cognition (BART).

In the present study these particular measures as well as the impulsivity construct in
general are subservient to the overarching aim of examining the associations between
different levels of measurement, namely self-reports, behavioural measures, and
electrophysiology. Our focus is therefore not on any individual association but on the overall
pattern of associations present in the data. However, since most previous studies do focus on
individual associations, our hypotheses are based on these findings, which mostly show
significant relationships. Taking into account the fact that our impulsivity-related constructs
do not fully overlap, we expect our self-report measures, behavioural measures, and
electrophysiological measures to show only small (but significant) correlations.

6.2 Data and Method

The present section describes the two samples (Sample 1 and Sample 2) and the
methods used to analyse these samples. The available data and the exact methods used differ
between the two samples because both were collected and processed by different researchers
at different times. These differences in fact support the ecological validity of the present
study by showing that the found results do not depend on the idiosyncrasies of data collection
and processing.

6.2.1 Sample 1

6.2.1.1 Participants. The first sample consists of third- and fourth-year university
students (n=169) and was collected between September 2013 and May 2014. Incomplete
observations were excluded* resulting in a final sample of n = 133 (average age of 22.23
(SD =2.46) and 39% women).

4None of the participants reported head surgeries, pregnancy, or any history of psychiatric illness (these exclusion
criteria were checked the day before data recording). Nine participants were excluded because of errors during data
recording, and one participant was excluded for reporting an age of 0. A number of 12 participants were removed
due to too many artefacts (e.g., movement, noise) or too few (< 20) correct No-Go trials on the Go/No-Go task. A
number of 16 participants were removed due to too many artefacts (e.g., movement, noise) or too few (< 5) error
trials on the Eriksen Flanker task. Two participants fit two exclusion criteria, resulting in a total sample of 133 (169
-9-1-12-16+2).
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6.2.1.2 Procedure. At least two days before the lab session, participants received an
email asking them to not drink coffee or smoke cigarettes 90 minutes prior to the session to
prevent acute caffeine/nicotine effects. This email also contained a link to the web-based
questionnaire including the self-report measures. Further, it was communicated that the six
best-performing (highest accuracy in both tasks) participants would receive a reward of 100
euros. Upon arrival in the lab, the participant was informed about the procedure and provided
written informed consent. Then, the participant was seated in a comfortable chair in a light-
and sound-attenuated room. Participants were wired to the EEG and performed two tasks: a
Go/No-Go (Donders, 1869/1969; Littel, Van den Berg, et al., 2012) and an Eriksen Flanker
task (Eriksen & Eriksen, 1974; Marhe et al., 2013), during which EEG was recorded. The
full session lasted two hours. All tasks were programmed in E-Prime software. Session
design was approved by the institutional review board. Part of the data is reported in a
previous study (Rietdijk et al., 2014) on the internal consistency of the EEG measures.

6.2.1.3 Self-Report Measures. The questionnaire included measures on Impulsivity,
Sensation Seeking, and ADHD symptoms, as well as two control variables: age and gender
(1 = female). Impulsivity and Sensation Seeking were measured using the ImpSS-8 scale
(Webster & Crysel, 2012), which incorporates the best items from the larger ImpSS-19 scale
(Zuckerman et al., 1993). Impulsivity was measured by four items (“I usually think about
what I am doing before doing it” (reverse-scored), “I often do things on impulse”, “I very
seldom spend much time on the details of planning ahead”, “I often get so carried away by
new and exciting things and ideas that I never think of possible complications”). Sensation
Seeking by another four (“I enjoy getting into new situations where you cannot predict how
things will turn out”, “I like doing things just for the thrill of it”, “I sometimes do ‘crazy’
things just of fun”, “I like to explore a strange city or section of town by myself, even if it
means getting lost”). Items were rated on a 7-point scale ranging from completely disagree
to completely agree. Cronbach’s alpha was .50 for Impulsivity and .71 for Sensation Seeking.

ADHD symptoms were measured using the ASRS-6 (R. C. Kessler et al., 2005), which
includes the following items: “How often do you have trouble wrapping up the fine details
of a project, once the challenging parts have been done?”, “How often do you have difficulty
getting things in order when you have to do a task that requires organisation?”, “When you
have a task that requires a lot of thought, how often do you avoid or delay getting started?”,
“How often do you have problems remembering appointments or obligations?”, “How often
do you fidget or squirm with your hands or your feet when you have to sit down for a long
time?”, and “How often do you feel overly active and compelled to do things, like you were

driven by a motor?”. Response options included “never”, “rarely”, “sometimes”, “often”,

and “very often”. Cronbach’s alpha equalled .52.
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6.2.1.4 Behavioural Measures. Participants completed two behavioural tasks: the
Go/No-Go task and the Eriksen Flanker task. The Go/No-Go task (Donders, 1869/1969;
Littel, Van den Berg, et al., 2012) consisted of 500 trials (of which 125 were No-Go trials),
including 30 practice trials. In each trial, a vowel (A, E, I, O, or U) was shown. When the
vowel differed from the previously shown vowel, participants had to indicate a “Go” by
pressing a button with their right index finger as fast as possible. In case of the vowel being
equal, participants had to indicate a “No-Go” by withholding a response. Vowels were visible
for 700 ms, and between consecutive vowels a fixation cue (“+) was shown for 300 ms.
Both the vowels and fixation cues were presented in white on a black background. Four
behavioural measures were obtained from the Go/No-Go task: (1) the number of incorrect
No-Go trials (GNG Number Incorrect No Go), indicating impulsive pressing; (2) the number
of incorrect Go trials (GNG Number Incorrect Go), which can be used as a benchmark
measure; (3) the number of times individuals had two incorrect trials in a row (GNG Number
Post-Incorrect Incorrect), which is an indicator of extreme impulsiveness; and (4) the
average response time on the correct Go trials and incorrect No-Go trials (GNG Average
Response Time), for which lower response times indicate impulsivity (note that response
times for incorrect Go trials and correct No-Go trials do not exist since by definition

participants do not press in these instances).

The Eriksen Flanker Task (Eriksen & Eriksen, 1974; Marhe et al., 2013) consisted of
400 trials, including eight practice trials. In each trial, participants saw one out of four letter
strings (“SSSSS”, “SSHSS”, “HHSHH”, or “HHHHH”). Letter strings appeared 100 times
each in a completely random order. Participants were instructed to press a predefined button
with their right index finger if the central letter was an “H” and another button with their left
index finger if the central letter was an “S”. Half of the trials were congruent (i.e., “SSSSS”
or “HHHHH”) and the other half were incongruent (i.e., “SSHSS” or “HHSHH”). Trials
started with a 250 ms cue (“*”) pointing at the location of the central letter in the letter string.
Then, the string appeared for 52 ms followed by a black screen for 648 ms, so that the total
response time was 700 ms. Finally, a feedback symbol appeared for 500 ms indicating

ey

whether a response was correct (“000”), incorrect (“xxx”), or too late (“!”’). Between trials
there was a 500 ms break. Three behavioural measures were obtained from the Eriksen
Flanker task: (1) the number of incorrect trials (EF' Number Incorrect), indicating quick and
imprecise responding; (2) the average response time for incongruent trials (EF Average
Response Time Incongruent), which might indicate impulsivity as these trials require
participants to “take a step back” before responding; and (3) the difference between the
average response time after incorrect trials and the average response time after correct trials

(EF Difference Average Response Time Post-Incorrect - Post-Correct).



99

6.2.1.5 Electrophysiological Measures. EEG was recorded during the Go/No-Go task
and Eriksen Flanker task using a Biosemi Active-Two amplifier system. A total of 32 active
Ag/AgCl electrodes mounted in an elastic cap were placed on the scalp according to the 10-
20 International System, with two extra electrodes at FCz and CPz. Additional electrodes
were attached to the left and right mastoids (for referencing), the outer canthi of both eyes
(for recording a horizontal electro-oculogram), and the infraorbital and supraorbital region
of the left eye (for recording a vertical electro-oculogram). Signals were digitalised with a
sample rate of 512 Hz and a 24-bit A/D conversion with a band pass of 0-134 Hz.

The recorded raw EEG signals were transformed offline using Brain Vision Analyzer.
Data were re-referenced to the computed mastoids. In addition, all signals were filtered with
a band pass of 0.10-30 Hz (phase shift free Butterworth filters; 24 dB/octave slope). Ocular
corrections were performed using the Gratton et al. (1983) algorithm. Topographical
interpolation (Soong et al., 1993) was employed to calculate new values for bad channels,
with a maximum of three channels per participant (data were excluded if more than three
bad channels had to be interpolated). The data from the Go/No-Go task were segmented into
epochs of 1000 ms (200 ms before to 800 ms after stimulus presentation); data from the
Eriksen Flanker task were segmented into epochs of 700 ms (100 ms before to 600 ms after
response). The pre-stimulus period (respectively 200 ms and 100 ms) served as a baseline.
Epochs including a signal that exceeded + 100 pV were excluded. Ultimately, the average
number of artefact-free segments on the Go/No-Go task was 70.95 for No-Go and 298.16
for Go trials. The average number of artefact-free segments on the Eriksen Flanker task was
22.17 for incorrect and 315.92 for correct trials.

The electrophysiological measures of interest in the Go/No-Go task are the N2
(representing mismatch detection) and the P3 (representing more elaborate appraisal of the
stimuli). We opted for analysing difference waves, which has the advantage of eradicating
exogenous components, that is, elements that are elicited in response to all stimuli and hence
across all conditions (Miltner et al., 1997). Furthermore, difference waves correct for
individual differences in general wave amplitude, which is particularly useful for
correlational studies since absolute waves may reflect a general tendency for smaller or
larger amplitudes (instead of the underlying construct such as impulsivity). The N2
difference wave for the Go/No-Go task (GNG N2) was defined as the difference between the
mean amplitude on No-Go trials vs. Go trials within the 175-250 ms time interval, averaged
across midline electrodes (Fz, FCz, Cz, CPz, Pz) given that we were not interested in
laterality effects. The P3 difference wave for the Go/No-Go task (GNG P3) was defined as
the difference between the mean amplitude on No-Go trials vs. Go trials within the 300-

500 ms time interval, again averaged across midline electrodes.
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The electrophysiological measures of interest in the Eriksen Flanker task are the ERN
(representing early error processing) and the Pe (representing conscious error processing).
Again, the analyses focused on difference scores and used the averaged activity across the
midline electrodes. The ERN difference wave for the Eriksen Flanker task (EF ERN) was
defined as the difference between the mean amplitude on incorrect vs. correct trials within
the 25-75 ms time interval. The Pe difference wave for the Eriksen Flanker task (EF Pe) was
defined as the difference between the mean amplitude on incorrect vs. correct trials within
the 200-400 ms time interval.

For both tasks the selection of the ERPs and the time windows chosen for calculating
the average amplitudes were similar to those examined in previous studies (Littel, Van den
Berg, et al., 2012; Marhe et al., 2013; Rietdijk et al., 2014), and were compatible with visual

inspection of the present grand averaged waveforms (see Figures 6.1 and 6.2).

Figure 6.1
Grand Averaged Difference and Absolute Waveforms for the Go/No-Go task
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Note. Average taken across midline electrodes. The difference waveform is similar to Rietdijk et al. (2014), where
the data are used for a different purpose.
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Figure 6.2
Grand Averaged Difference and Absolute Waveforms for the Eriksen Flanker task
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Note. Average taken across midline electrodes. The difference waveform is similar to Rietdijk et al. (2014), where
the data are used for a different purpose.

6.2.2 Sample 2

6.2.2.1 Participants. The second sample again consists of university students
(n=181) and was collected between May 2015 and April 2016. Incomplete observations
were excluded? resulting in a final sample of n = 142 (average age of 20.63 (SD = 2.04) and
54% women).

6.2.2.2 Procedure. After signing up for the study, participants received an e-mail
asking them to not drink coffee and/or energy drinks on the day of the experiment. The email
also contained a link to the web-based questionnaire including the self-report measures, and

explained the procedure and the reward system: participants received a show-up fee of five

5 Incomplete observations included 16 no-shows for the lab session, six participants with incorrect
electrophysiological measurements on only the BART, 10 participants with incorrect electrophysiological
measurements on only the Reward task, and seven participants who had incorrect electrophysiological
measurements on both the BART and the Reward task. Here, incorrect refers to not having enough trials to obtain
a reliable electrophysiological measurement. These exclusions resulted in a final sample of 142 (181 — 16— 6 — 10
-7.
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euros and could earn an additional 7.5 euros by performing well on the tasks.® One day
before the lab session, participants received a reminder e-mail with a summary of the most
important information. Upon arrival in the lab, the participant was informed about the
procedure and provided written informed consent. Then, the participant was seated in a
comfortable chair in a light- and sound-attenuated EEG room. Participants were wired to the
EEG and performed two behavioural tasks, a Reward task (Franken, Van den Berg, & Van
Strien, 2010; Potts, Martin, et al., 2006) and an automatic BART (Euser et al., 2011; Lejuez
et al., 2002; Pleskac et al., 2008), during which EEG was recorded. The total lab session
lasted approximately two hours. All tasks were programmed using E-Prime software.
Session design was approved by the local institutional review board.

6.2.2.3 Self-Report Measures. The questionnaire included measures on Sensation
Seeking, Reward Responsiveness, and ADHD symptoms, as well as two control variables:
age and gender (1 = female). Sensation Seeking was measured using the Brief Sensation
Seeking Scale (BSSS; Hoyle et al., 2002), which consists of eight items: “I would like to
explore strange places”, “I get restless when I spend too much time at home”, “I like to do
frightening things”, “I like wild parties”, “I would like to take off on a trip with no pre-
planned routes or timetables”, “I prefer friends who are excitingly unpredictable”, “I would
like to try bungee jumping”, and “I would love to have new and exciting experiences, even
if they are illegal”. The items were rated on a 5-point scale ranging from “strongly disagree”
to “strongly agree”. Cronbach’s alpha was .78.

Reward Responsiveness was measured using the 8-item RR scale (Van den Berg et al.,
2010). Four items of this scale are original: “I am someone who goes all-out”, “If I discover
something new I like, I usually continue doing it for a while”, “I would do anything to
achieve my goals”, and “When I am successful at something, I continue doing it”. The
remaining four items are revised BAS scale (Carver & White, 1994) items: “When I go after
something I use a ‘no holds barred” approach”, “When I see an opportunity of something I
like, I get excited right away”, “When I’'m doing well at something, I love to keep at it”, and
“If I see a chance of something I want, I move on it right away”. Items were rated on a 4-

point scale. Response options included “strong disagreement”, “mild disagreement”, “mild
agreement”, and “strong agreement”. Cronbach’s alpha equalled .78.

ADHD symptoms were measured using the ASRS-6 (R. C. Kessler et al., 2005), which
is explained in more detail in the description of Sample 1. For Sample 2, Cronbach’s alpha
was .50.

6 Psychology students received a start-up fee of two participant hours (i.e., hours contributing to the mandatory
number of hours they need to fulfil as a research participant).
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6.2.2.4 Behavioural Measures. Participants completed two behavioural tasks: the
passive Reward task and the automatic BART. The Reward task (Franken, Van den Berg, &
Van Strien, 2010; Potts, Martin, et al., 2006) consisted of 240 trials and eight additional
practice trials. On each trial, participants were shown two consecutive stimuli that could be
apicture of a lemon or a picture of a golden bar. Stimulus one predicted similarity of stimulus
two in 80 percent of the trials. For example, if the first picture of a given trial was a lemon,
there was an 80 percent chance that the second picture was a lemon as well and a 20 percent
chance that the second picture was a golden bar. The second picture indicated a gain or a no-
gain. The task started with a white fixation cross (“+”) on a black screen for 300 ms. Then,
the first stimulus was shown for a period of 500 ms, after which the black screen with a
fixation cross appeared again (300 ms) followed by the second stimulus (500 ms). A final
black screen with a fixation mark (300 ms) was shown before the score screen (600 ms),
which indicated a gain (“+1”°) or a no-gain (“+0”). For counter-balancing purposes, half of
the participants were shown the golden bar as gain picture, whereas for the other half the
lemon was indicative of a gain.” In case of a gain, the total number of points increased, which
translated linearly to receiving more money. Since the Reward task is passive, no

behavioural measures were obtained.

The automatic BART (Euser et al., 2011; Lejuez et al., 2002; Pleskac et al., 2008)
consisted of 60 trials. On each trial, a picture of a balloon was shown. Participants had to
inflate the balloon by selecting a number of pumps (between 1 and 128) and then clicking a
predefined button labelled “P” to start pumping. If the number of pumps was too high, the
balloon could burst after pumping, which was indicated by a picture of a burst balloon
accompanied by a red cross. In these cases, participants did not earn points. If the balloon
did not burst, participants were shown a green dollar sign, and received points equal to the
number of pumps. For each trial, the balloon had a predefined bursting point, determined by
a random draw of 60 (trials) from an interval distribution between 1 and 128. The bursting
points were the same for each participant, but unknown to them. Hence, decisions were made
under conditions of uncertainty (De Groot & Thurik, 2018). As for the Reward task, earned
points were linearly translated to the amount of money participants received. Two
behavioural measures were obtained from the BART: (1) the average number of pumps
(BART Average Pumps), indicating a riskier choice; and (2) the average response time (BART
Average Response Time), that is, the time it took participants to choose a number between 1
and 128 and to press the “P”.

7 It was examined whether condition influenced our results. Although average brain potentials differed between
conditions, the findings for the correlations and associations remained similar.
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6.2.2.5 Electrophysiological Measures. EEG was recorded using the same settings as
reported for Sample 1. The recorded raw EEG signals were transformed offline using Brain
Vision Analyzer. Data were re-referenced to the computed mastoids. In addition, all signals
were filtered with a band pass of 0.10-30 Hz for the N2, P2, and P3 of the Reward task and
for the P3 of the BART, and 2-12 Hz for the Feedback-Related Negativity (FRN) of the
BART (phase shift free Butterworth filters; 24 dB/octave slope). Topographical interpolation
(Soong et al., 1993) was employed to calculate new values for bad channels, with a
maximum of three channels per participant (data were excluded if more than three bad
channels had to be interpolated). Data were segmented into epochs of 1000 ms (200 ms
before to 800 ms after stimulus presentation for the Reward task; and 200 ms before to
800 ms after feedback, i.e., the actual burst or gain, in the BART). Then, ocular corrections
were performed using the Gratton et al. (1983) algorithm. The pre-stimulus period (200 ms
for both tasks) served as a baseline. Epochs including a signal that exceeded + 75 pV were
excluded. Ultimately, the average number of artefact-free segments on the Reward task was
22.56 for unexpected gain and 22.43 for unexpected loss trials. The average number of
artefact-free segments on the BART was, with regard to the FRN, 27.71 for loss and 32.15
for gain trails, and, with regard to the P3, 25.70 for loss and 29.41 for gain trials.

The electrophysiological measures of interest in the Reward task are the N2
(representing mismatch detection), the P2 (representing attention to (deviating) stimuli), and
the P3 (representing elaborate stimulus appraisal). The analyses employed difference scores
obtained from midline electrodes. Justifications for these choices can be found in the
description of Sample 1. The Reward task difference scores were defined as the difference
between the mean amplitude on the unexpected gain trials vs. unexpected loss trials within
the 200-300 ms time interval (for the N2; REWARD N2), the 150-230 ms time interval (for
the P2; REWARD P2), and the 300-400 ms time interval (for the P3; REWARD P3).

The electrophysiological measures of interest in the BART are the FRN (representing
error processing), and the P3 (representing elaborate stimulus appraisal). The BART
difference scores were defined as the difference between the mean amplitude on the loss
trials vs. gain trails within the 200-275 ms time interval (for the FRN; BART FRN) and within
the 250-400 ms time interval (for the P3; BART P3).

As for Sample 1, the selection of the ERPs and the time windows chosen for calculating
the average amplitudes were similar to those examined in previous studies (Euser et al.,
2011; Salim et al., 2015; Warren & Holroyd, 2012), and were compatible with visual
inspection of the present grand averaged waveforms (see Figures 6.3 and 6.4).
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Figure 6.3
Grand Averaged Difference and Absolute Waveforms for the Reward Task
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Figure 6.4
Grand Averaged Difference and Absolute Waveforms for the BART
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6.2.3 Analyses

First, we performed psychometric checks relevant to our planned analyses: (1) a check
for common method bias to examine whether variance in the data could be attributed to the
employed measurement method and thus alter correlations; and (2) a check on the variance
inflation factors (VIFs), which indicate the level of multicollinearity®, high correlations in

independent variables which can lead to inaccurate estimates for the regression coefficients.

Second, we calculated the mean, standard deviation (SD), minimum (Min), maximum
(Max), Cronbach’s alpha, and correlations. Detailed analyses on the correlations then
examined the number of correlations within each measurement level, and the number of

correlations between measurement levels.

8 A VIF of, for instance, 4 indicates that in a regression including all variables of the analysis the standard error of
the coefficient of this specific variable is two times (the square root of 4 is 2) as large as it would be if the variable
was uncorrelated with the other variables. If the VIF is smaller than the suggested threshold of 10 (Diamantopoulos
et al., 2008; Hair et al., 2010), there is no indication of multicollinearity.



107

Third, we used linear regression models to further investigate whether behavioural and
electrophysiological measures jointly contribute to the understanding of impulsivity(-
related) constructs, given that the combined predictive value of these measures may be more
salient compared to when they are related to self-reports individually. For each self-reported
construct, we analysed three multiple regression models: the first model only included
behavioural predictors, the second only included electrophysiological predictors, and the
third included both behaviour and electrophysiology. The coefficients of the regression
models were estimated using Ordinary Least Squares (OLS). To allow for comparison

between the models, coefficients were standardised.

Finally, we used bootstrapping to obtain an overview of the number of significant
correlations and associations we would have found if we had used smaller samples. By using
large samples, the present study reduced the chance of identified effects being false.
However, many studies investigating electrophysiology employ smaller samples of 20 to 40
participants. Therefore, we used the present data to bootstrap smaller samples (sized 20, 30,
and 40) from our full sample (1000 iterations) to obtain the results we would have found if

we had used a sample size more equal to that used in previous studies.

6.3 Results

6.3.1 Psychometric Checks

Our data could be at risk of common method bias, which could lead to inflated or
deflated correlations and hence to type I or II errors (Podsakoff et al., 2003). Therefore, we
examined the possible common method bias using Harman’s single factor test. The first
principal component explained 11.94% of the variance in Sample 1, and 14.76% in Sample
2. Since this is below the threshold of 50%, the risk of common method bias in our data is
small. The VIFs are reported in Tables 6.1 and 6.2 for respectively Samples 1 and 2. The
highest VIF in Table 6.1 is 3.34 (for GNG Number Post-Incorrect Incorrect), and that in
Table 6.2 is 4.55 (for REWARD N2). Hence, there is no indication of multicollinearity.

6.3.2 Correlation Analyses

Tables 6.1 and 6.2 show the descriptive statistics for the variables in Sample 1 and
Sample 2, respectively. For Sample 1, 100% of the correlations within the impulsivity(-
related) self-report measures, 57.14% of the correlations within behavioural measures, and

50% of the correlations within the electrophysiological measures was significant. However,
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only 19.05% of correlations between behavioural and self-reported measures, 8.33% of
correlations between electrophysiological and self-reported measures, and 17.86% of
correlations between behavioural and electrophysiological measures reached significance.

With respect to the correlations of Sample 2, 66.67% of the correlations within
impulsivity(-related) self-report measures, 100.00% of the correlations within behavioural
measures, and 30.00% of the correlations within the electrophysiological measures was
significant. However, none of the correlations between behavioural and self-reported
measures, only 6.67% of correlations between electrophysiological and self-reported
measures, and 10.00% of correlations between behavioural and electrophysiological

measures reached significance.

6.3.3 Regression Analyses

Tables 6.3 and 6.4 show the results of the OLS regressions investigating whether the
joint behavioural measures, the joint electrophysiological measures, or all behavioural and
electrophysiological measures combined contribute to the prediction of self-reported
impulsivity(-related) constructs in respectively Sample 1| and Sample 2. For these
regressions, relevant associations are those including behavioural and electrophysiological
measures, that is, excluding those with age and gender. For Sample 1, the models including
only behaviour (Models 1) and the models including only electrophysiology (Models 2)
together have a total of 33 relevant associations. As we allow a 5% chance at a Type I error,
we may expect 1.65 of the associations to be wrongly marked as “significant”. Hence, the
one significant association (between GNG P3 and Impulsivity) that we find cannot be
interpreted. Furthermore, the F-values for Models 3, in which both behaviour and
electrophysiology are included, are not significant. This means that all variables together do
not significantly explain the variance in the self-reported constructs Impulsivity, Sensation
Seeking, and ADHD symptoms better than just the intercept does.

For Sample 2, Models 1 and 2 have 21 relevant associations, meaning that we can
expect 1.05 significant associations as a result of Type I error. In fact, none of the
associations in our data is significant, and hence none of the F-values of Models 3 reaches
significance. Therefore, neither the models in Sample 1 nor Sample 2 provide evidence for
an association between self-reported Impulsivity, Sensation Seeking, Reward
Responsiveness, and ADHD symptoms on the one hand, and behavioural and

electrophysiological measures on the other.
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Table 6.3
Coefficients of the Regression Analyses (Standard Errors in Brackets) for Sample 1

Impulsivity Sensation Seeking ADHD Symptoms
(self-report) (self-report) (self-report)

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

Age -0.03 -0.10 -0.09 0.06 0.08 0.06 0.02 0.05 0.06
(0.09) (0.09) (0.09) (0.09) (0.09) (0.09) (0.09) (0.09) (0.09)
Gender 0.04 0.06 0.05 -0.08 -0.09 -0.09 -0.15 -0.19* -0.16
(0.09) (0.09) (0.09) (0.09) (0.09) (0.09) (0.09) (0.09) (0.09)
GNG Number Incorrect No-Go 0.07 0.12 -0.01 0.00 0.02 -0.02
(behaviour) 0.11) 0.11) (0.10) 0.11) (0.10) 0.11)
GNG Number Incorrect Go -0.19 -0.21 -0.01 -0.01 -0.26 -0.28
(behaviour) (0.14) 0.14) 0.14) (0.14) (0.14) (0.14)
GNG Number Post-Incorrect -0.02 0.01 -0.15 -0.14 0.08 0.12
Incorrect (behaviour) (0.16) (0.16) (0.15) (0.16) (0.15) (0.16)
. -0.02 0.02 -0.15 -0.12 -0.05 -0.00
GNG Average RT (behaviour) (0.10) 0.11) (0.10) (0.11) (0.10) (0.11)
. 0.12 0.07 0.01 0.04 -0.06 -0.07
EF Number Incorrect (behaviour) (0.10) ©.11) (0.10) ©.11) (0.10) ©.11)
EF Average RT Incongruent -0.08 -0.07 0.02 0.04 -0.14 -0.16
(behaviour) (0.10) (0.10) (0.10) (0.10) (0.10) (0.10)
EF Difference Average RT Post- 0.16 0.15 0.16 0.14 0.14 0.14
Incorrect - Post-Correct (behaviour) (0.10) (0.10) (0.10) (0.10) (0.10) (0.10)
. 0.07 0.14 -0.01 0.03 -0.13 -0.10
a
GNG N2 (electrophysiology) (0.10) (0.11) (0.10) 0.11) (0.10) (0.11)
. 0.20* 0.14 0.13 0.04 0.15 0.12
GNG P3 (electrophysiology)* (0.10) (0.12) (0.10) (0.12) (0.10) (0.12)
. -0.07 -0.08 -0.13 -0.11 0.06 0.11
a
EF ERN (electrophysiology) (0.09) (0.10) (0.09) (0.10 (0.09) (0.10)
) . -0.17 -0.14 0.06 0.04 0.06 0.03
EF Pe (electrophysiology) (0.10) (0.10) (0.10) (0.11) (0.10) (0.10)
F value 0.96 1.70 1.34 1.38 1.27 1.08 1.70 1.55 1.40
p value 0.47 0.13 0.20 0.20 0.28 0.38 0.10 0.17 0.17
R-squared (adj.) -0.00 0.03 0.03 0.03 0.01 0.01 0.05 0.03 0.04
n 133 133 133 133 133 133 133 133 133

Note. *: p <.05; GNG = Go/No-Go task; EF = Eriksen Flanker task; RT = response time in ms; : difference score.
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Table 6.4
Coefficients of the Regression Analyses (Standard Errors in Brackets) for Sample 2

Reward Responsiveness Sensation Seeking ADHD Symptoms
(self-report) (self-report) (self-report)

Model 1 Model 2 Model 3 Model 1 Model 2 Model 3 Model 1 Model 2 Model 3

Ace 0.11 0.10 0.11 0.20% 0.18% 0.18% 0.23%F  026%%  0.24%
€ (0.09) (0.08) (0.08) (0.08) (0.08) (0.09) (0.08) (0.08) (0.08)
Gender 0.1 0.13 0.1 -0.07 -0.05 -0.05 0.12 0.08 0.1
(0.09) (0.08) (0.09) (0.09) (0.09) (0.09) (0.08) (0.08) (0.09)
) -0.04 -0.06 -0.03 -0.04 0.10 0.10
BART Average Pumps (behaviour) —; 9 (0.09) (0.09) (0.09) (0.09) (0.09)
) 0.10 0.09 -0.07 -0.08 -0.10 -0.09
BART Average RT (behaviour) (0.09) (0.09) (0.09) (0.09) (0.09) (0.09)
) 0.28 0.29 0.01 -0.01 0.05 0.04
.
REWARD N2 (electrophysiology) 0.17) (0.18) (0.18) (0.18) 0.17) (0.17)
) -0.04 -0.06 0.15 0.17 -0.15 0.13
o
REWARD P2 (electrophysiology) (0.15) (0.16) (0.15) (0.16) (0.15) (0.15)
) 0.12 -0.12 -0.16 0.17 0.02 0.02
.
REWARD P3 (electrophysiology) (0.14) (0.14) (0.14) (0.14) (0.14) (0.14)
) -0.03 -0.03 0.13 0.13 -0.01 -0.01
.
BART FRN (clectrophysiology) (0.08) (0.08) (0.08) (0.09) (0.08) (0.08)
i ) 0.15 0.16 -0.02 -0.03 -0.00 0.01
BART P3 (clectrophysiology) (0.08) (0.09) (0.09) (0.09) (0.08) (0.09)
F value 1.40 1.73 1.60 1.74 1.48 1.22 3.63 1.69 1.69
p value 0.24 0.1 0.12 0.15 0.18 0.29 0.01 0.12 0.10
R-squared (adj.) 0.01 0.04 0.04 0.02 0.02 0.01 0.07 0.03 0.04
n 142 142 142 142 142 142 142 142 142

Note. **: p <.01; *: p <.05; BART = Balloon Analogue Risk Task; REWARD = Reward task; RT = response time
in ms; *: difference score.

Table 6.5

Bootstrapped Mean % of Significant Correlations/Associations (Based on 1000 Iterations)

Sample 1 Sample 2
Subsample Size 20 30 40 20 30 40
Behaviour vs. Self-Report 7.94 8.49 9.00 5.30 4.72 4.63
Correlations  Electrophysiology vs. Self-Report 6.19 6.38 6.70 5.82 5.39 5.07
Behaviour vs. Electrophysiology 8.42 9.98 11.87 5.06 4.68 4.69
Behaviour/Electrophysiology vs. 548 586 6.13 488 442 411

Associations Self-Report (Models 1 and 2)
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6.3.4 Bootstrapping

The reported correlations and associations are based on two relatively large samples.
However, many studies employ smaller samples, which reduces the chance that discovered
effects are genuinely true. Therefore, we used bootstrapping (1000 iterations) to randomly
select subsamples sized 20, 30 and 40 from our full sample to create an overview of the
percentage of significant correlations and associations (based on a 5% significance level) we
would have found if we had used such small samples. The results of this bootstrapping
analysis are summarised in Table 6.5. With respect to the correlations, we cannot provide
clear evidence that using smaller samples would have led to a higher percentage of
significant values. However, compared to analysing the full sample, analysing smaller
subsets (sized 20, 30 and 40) does increase the percentage of significant associations as
found in the regression analyses for both Sample 1 (from 3.03 to 5.48-6.13) and Sample 2
(from 0.00 to 4.11-4.88). Hence, had our sample been smaller, we would have found more

significant associations (using the same 5% significance level).

6.4 Discussion

The present paper examined the association between self-report measures, behavioural
measures, and electrophysiological measures for the construct of impulsivity and related
constructs such as sensation seeking, reward responsiveness, and ADHD symptoms.
Although some previous studies report significant associations between self-reports,
behaviour, and electrophysiology, the present data were unable to confirm this. Using two
large independent samples, we showed a high number of significant correlations within
measurement levels, but only few significant correlations between different measurement
levels. Regression analyses supported our correlational findings and showed no evidence of
(joint) associations between behaviour or electrophysiology, and self-reports. The few
significant associations found between these measurement levels could not be interpreted as
we adopted a five percent significance level. Bootstrap analyses showed that if we had used
smaller sample sizes, like the ones used in many previous studies, the number of significant
associations in our regression analyses would have been higher.

Our present null results deviate from the majority of previous studies as discussed in
the introduction that in fact did find significant associations between self-reported
impulsivity(-related) constructs and behaviour/electrophysiology. The discrepancy between
our current null-findings and previous research possibly results from the limitations that
characterise our study. First, some self-report measures showed low reliability. This lower
consistency could have arisen from study design; participants were asked to fill out the
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questionnaires at home instead of in a lab, which can have provoked careless responding.
Therefore, future studies may consider extending the lab session to also incorporate filling
out the questionnaires. Second, although our samples are large, they are limited with regard
to participant type and geographical distribution. Both samples consisted of students, who
were recruited using participant databases of the same university. We therefore recommend
replicating the present study in other research labs and with a broader range of participants.
Third, the measures ought to represent impulsivity, but are not entirely similar to impulsivity,
which possibly led to less consistent results. For example, we adopted reward responsiveness
as an impulsivity-related construct, even though Franken and Muris (2006) showed that the
original reward responsiveness dimension (J. A. Gray, 1987) consists of two separate
dimensions of which especially one (rash impulsiveness) is related to impulsivity. Therefore,
future studies examining impulsivity could benefit from using well-defined models to
operationalise the construct. An example of such a model is UPPS (Whiteside & Lynam,
2001), which proposes that impulsivity is composed of four dimensions: urgency, sensation
seeking, lack of perseverance, and lack of premeditation. Finally, we analysed EEG with the
use of difference waves because this method eliminates the influence of exogenous
components (Miltner et al., 1997) and corrects for individual differences in general wave
amplitude. However, the use of difference waves is also associated with interpretation issues
and lower between-subject variance (Meyer et al., 2017), which possibly influenced our
results. Re-running the main analyses using absolute instead of difference waves indicated
that this was the case for one electrophysiological measure, the GNG P3 in response to no-
go trials, which showed more significant associations with self-reports and behavioural
measures than did the difference wave. However, no notable discrepancies were observed
for the other ERPs.

In addition to the limitations of our study, there are several more general explanations
of why we did not find significant correlations/associations between the measurement levels.
First, the time frames of behavioural/electrophysiological measures on the one hand and
self-report measures on the other hand differ. Typically, behavioural and
electrophysiological measures are in the range of (hundreds of) milliseconds, whereas self-
report measures are commonly measured as a trait, hence over several years. In other words,
behavioural and electrophysiological measures probe state impulsivity, whereas self-reports
probe trait impulsivity. However, for the present data the correlations between the two state
impulsivity measures (behaviour and electrophysiology) did not outperform the correlations
between the trait impulsivity measure (self-report) and either state impulsivity measure,
indicating that this argument is (at least in itself) not sufficient to explain the lack of

correlation between different measurement levels as found in the present study.
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A second factor that may have contributed to the present results also focuses on the
nature of the measurements. Behaviour and electrophysiology are implicit measures because
they largely operate outside of one’s awareness, whereas self-reports represent the more
conscious processes and are therefore explicit measures (Dittmar et al., 2011; M. W.
Eysenck, 1992). However, this discrepancy between implicit and explicit measures does not
appear to be sufficient to explain the current findings because again our correlations between
behaviour and electrophysiology (both implicit) did not clearly outperform the correlations
between either of these measures and the (explicit) self-reports.

A third possible explanation for our lack of associations across measurement levels is
that cognitive paradigms such as the ones used here may be unable to predict individual
differences. Hedge et al. (2017) state that cognitive paradigms have become well-established
as a result of the low between-subject variability of their outcomes (e.g. reaction time,
performance), but that this low between-subject variability causes low reliability for
individual differences, making it difficult for tasks to consistently predict brain activity or
self-report. Hedge et al. (2017) support their premise by showing that the intraclass
correlations (ICCs) of seven classic tasks are relatively low. Other studies (focused on the
dot-probe task) have supported the premise as well by showing that whereas ERPs in the
task are internally reliable, reaction time differences are not (Kappenman et al., 2014;
Reutter et al., 2017). However, of the low ICCs reported by Hedge et al. (2017), the ones
related to our tasks (i.e., the Eriksen Flanker task and the Go/No-Go task) were relatively
favourable, ranging from moderate to excellent. Furthermore, the issue raised by Hedge et
al. (2017) is limited to explaining the lack of correlations/associations between behaviour
and self-reports or electrophysiology, but cannot explain why self-reports and
electrophysiology do not correlate with each other.

A final explanation for our present null-findings concerns a premise that we discussed
in the introduction and that was partly supported by our own data: many previous studies
employ small sample sizes, leading to low statistical power and a lower chance that findings
are true. This explanation does not discard the other explanations we discussed, but can,
contrary to these other explanations, explain both the current null-findings and the
significant results reported in previous studies. The fact that most studies employing
neurophysiology have a limited number of participants is understandable given that
collecting such data requires a high investment of time and money. However, small samples
can be considered “unsafe” as they lead to low power (1 — ), the chance that effects are
genuinely true (Button et al., 2013; Forstmeier et al., 2017; Ioannidis, 2005). Low-powered
studies in turn have an increased chance at a Type II error (false negative: ), and have a

lower positive predictive value (PPV), the probability that a positive finding is a true
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positive. Sample size does not directly impact the chance at a Type I error (false positive: o)
since this is a fixed value chosen by the researcher. However, this chance can increase as a
result of flexibility in methodological choices (Simmons et al., 2011), which is particularly

powerful when using small samples.

The problems related to low sample size are augmented by the file drawer problem
(Rosenthal, 1979), the observation that null-findings (such as the present ones) are often not
distributed (Song et al., 2009) because journals are reluctant to publish null-findings and
because scholars are hesitant to submit them in the first place (Ferguson & Heene, 2012).
Together, small sample sizes and a bias towards publishing significant findings could explain
the discrepancy between our current null-findings and the significant results reported in
previous literature. To address these issues, it is important for future research to replicate
small n studies. Replicating these studies in larger samples will not suddenly eradicate all
positive findings. In fact, some studies examining multiple measurement levels for
impulsivity did find significant associations using large samples. For example, Ait
Oumeziane and Foti (2016) showed that lack of premeditation (a facet of impulsivity) is
associated with decreased P3 amplitudes in individuals with low depression scores, but
increased amplitudes in individuals who score high on depression. Furthermore, Hill et al.
(2016) reported that negative urgency, another facet of impulsivity, is associated with an
increased Eriksen Flanker ERN in people who report low conscientiousness, whereas no
association was observed for high conscientious people. The sample size of these studies
was respectively n =260 and n = 208. Carrying out such large-scale studies is imperative to
provide results that are safe to interpret and that are hence truly informative regarding the
relationship between different measurement levels. Unmistakably, this message is not
confined to impulsivity research but applies to all constructs that can be measured on
multiple levels.



117

Chapter 7

Quantifying Evidential Value for Event-Related Potentials
as Biomarkers of Substance Use Disorders: A Literature
Review and P-Curve Analysis

Abstract

Empirical research has put forward multiple Event-Related Potentials (ERPs) as possible
biomarkers of Substance Use Disorders (SUDs). However, it is unclear whether the reported
relations between these ERPs and SUDs reflect genuine effects or can be explained by
selective reporting of statistically significant findings. To determine which ERPs have
potential as biomarkers of SUDs, the present study reviewed the existing literature for 14
ERPs, and used p-curve analysis to investigate whether these literatures had “evidential
value” (i.e., cannot solely be accounted for by selective reporting). In addition, the selective-
reporting-corrected statistical power of the literatures was estimated. Following PRISMA
guidelines, we identified 65 studies that examined one or more of the reviewed ERPs. P-
curve analysis was done on literatures for which five or more studies were available: the No-
Go N2b and P3, the oddball P3b, the Error-Related Negativity (ERN), the P3 and LPP in
response to drug-related stimuli, and the Feedback-Related Negativity (FRN) / Reward
Positivity (RewP). All literatures demonstrated evidential value, meaning that the
statistically significant findings that were reported could not be explained by selective
reporting. However, the majority of the literatures was underpowered, with especially the
FRN / RewP (23% estimated power) and No-Go P3 (39%) literatures performing poorly.
These ERPs also scored poorly on a sensitivity analysis, showing that evidential value
disappeared when the lowest included p value was removed from their analyses. In
conclusion, strongest support for true neurobiological differences between persons with and
without addiction was found for the No-Go N2b, the oddball P3b, the ERN, and the drug-
P3 and drug-LPP.

Joint work with Dr. Eric Slob, Dr. Oliver Lindemann, and Prof.dr. Jan van Strien (manuscript

in preparation).
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7.1 Introduction

Over the past few decades, interest in the neurobiological correlates of addiction has
risen, in part brought on by major advancements in genetics research and neuroscience
(Volkow & Boyle, 2018). While diagnosis of substance use disorders (SUDs) is still based
on reported or observed behaviour, like the continued use of a substance despite adverse
consequences, research is increasingly trying to identify the neurobiological processes that
underlie these behavioural manifestations. In fact, various research frameworks have
advocated focusing solely on such processes, arguing that since diagnostic categories have
failed to align with findings emerging from neuroscience and genetics, and have failed to
address the large within-diagnosis clinical heterogeneity that exists, research should move
towards a dimensional approach in which mental illnesses are not studied via symptoms but

via the constructs that underlie them (Insel et al., 2010).

For addiction research, such constructs have been proposed by the Addiction
Neuroclinical Assessment (ANA) framework, which states that substance use disorders
comprise disruptions in three domains: Executive Function, Incentive Salience, and Negative
Emotionality (Kwako et al., 2016). Importantly, by examining these underlying disruptions,
the framework allows and accommodates the search for biomarkers: quantifiable biological
indicators of healthy or pathological processes. One way to examine biomarkers is through
electroencephalography (EEG) Event-Related Potentials (ERPs), as their high temporal
resolution is well suited for measuring the rapid fluctuations in neural activity that
characterise the proposed dysfunctional processes (Houston & Schlienz, 2018). Indeed,
research has shown that various ERPs related to the processes implicated in the ANA
dimensions present differently in persons with SUDs than in those without.

In the present study, we provide an integrated, updated overview of this research,
structured along the ANA dimensions, and systematically examine, using p-curve analysis,
whether the research contains evidential value and sufficient statistical power. This way, we
attempt to determine which ERPs have potential as biomarkers for SUDs and which do not
at this moment.

7.1.1 Executive Function

The largest body of ERP addiction studies is on the proposed impairments in Executive
Function: the cognitive processes responsible for the execution of goal-directed and self-
regulatory behaviour, which are associated with hypoactivity of lateral prefrontal areas,

including the dorso- and ventrolateral prefrontal cortex, and the dorsal anterior cingulate
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cortex (Goldstein & Volkow, 2011), and which are crucial in countering the pulling force of

addictive agents (i.e., their incentive salience).

7.1.1.1 Inhibitory Control. One component of Executive Function that is thought to
be affected in individuals with substance use disorders is inhibitory control: the ability to
suppress prepotent but unwarranted responses. This ability and its electrophysiological
correlates are assessed using cognitive paradigms in which one class of stimuli requires a
behavioural response, whereas another requires one to refrain from responding. Of such
tasks, the most commonly used is the Go/No-Go task (Donders, 1869/1969), which instructs
participants to respond as quickly as possible to frequently occurring “Go” stimuli (generally
by pressing a button), but to not respond to the (often less frequently occurring) “No-Go”
signals. The degree to which a person succeeds at the latter, represents their ability to

suppress what becomes the prepotent motor response (i.e., pressing the button).

The main electrophysiological markers observed in the Go/No-Go task and related
tasks are the N2b and P3 components. The negative-going N2b appears approximately 200
ms after presentation of a No-Go stimulus, at fronto-central sites, and while earlier believed
to reflect response inhibition (Pfefferbaum et al., 1985; Van Boxtel et al., 2001), is now
thought to represent an earlier cognitive process necessary to control the preparation of
incorrect responses: conflict monitoring (Donkers & Van Boxtel, 2004; Kopp et al., 1996;
Nieuwenhuis et al., 2003). The actual inhibition of the motor response is thought to be
reflected by the positive-going, more centrally located P3 wave that follows the N2b 300-
500 ms after the No-Go stimulus is presented (Randall & Smith, 2011). This view is
supported by research on their neural origins: while the N2b is shown to originate in the
anterior cingulate cortex and inferior prefrontal areas (Bekker et al., 2005; Nieuwenhuis et
al., 2003), the No-Go P3 is in addition generated in areas associated with (pre-)motor
function (Huster et al., 2010; Kiefer et al., 1998).

With regard to substance use disorders, various studies have found attenuated No-Go
N2b and P3 amplitudes in those with SUDs compared to controls (e.g., Morie et al., 2014;
Sokhadze et al., 2008), which attests to these ERPs’ possible role as a biomarker of inhibitory
control dysfunction. However, others have found increased No-Go P3’s in SUDs (e.g., Y.
Chen et al., 2022; Fathi et al., 2022), and a systematic review (Luijten et al., 2014) and recent
meta-analysis (Y. Zhang et al., 2021) only reported support for reduced N2b amplitudes,
while finding inconsistent effects for the P3, suggesting that conflict detection but not
necessarily later inhibition may be impaired in SUDs.
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7.1.1.2 Attention Allocation. A second component of Executive Function that has
been studied in relation to substance abuse is attentional resource allocation, or attentional
control, for which electrophysiological correlates have mostly been examined using an
oddball paradigm (N. K. Squires et al., 1975). In a typical oddball task, participants are
presented with a rapid sequence of repetitive audio or visual stimuli in which rare target
stimuli (“oddballs”) are interspersed. Participants must respond to these oddballs, generally
by pressing a button or by mentally counting them, which requires continuous attention to
be paid to the stimuli.

In these tasks, circa 300 ms after the target (the oddball) is presented, a P3 with a
centro-parietal distribution is elicited, activity that is believed to reflect the top-down
deployment of attentional resources to the stimulus and the subsequent updating of the
mental model of the stimulus environment (Donchin, 1981; but see Verleger, 2020). This
component is called the P3b. A second P3 that can be elicited within an oddball paradigm is
the P3a (or novelty P3), which presents slightly earlier, has a fronto-central distribution, and
habituates rapidly (Courchesne et al., 1975; N. K. Squires et al., 1975). This component can
develop when a subject is not actively paying attention to the target stimuli, or in response
to distracter stimuli that may be included in the task and that participants are instructed not
to attend to (R. T. Knight, 1984; Simons et al., 2001; Snyder & Hillyard, 1976). The P3a
therefore reflects stimulus-driven, automatic attention allocation, related to the orienting
response. In line with this, the generators of the P3a have been localised primarily within the
frontal cortex and the anterior cingulate cortex, while P3b sources additionally include
temporoparietal regions that play a role in memory operations (Volpe et al., 2007; Wronka
etal., 2012).

Regarding addiction, several studies have reported reduced P3a amplitudes in
individuals with substance use disorders compared to healthy control subjects (e.g., Hada et
al., 2000; X. Liu et al., 2020), although the majority of SUDs research is concerned with the
P3b. Here, reduced amplitudes in response to target stimuli have been widely observed for
various dependencies, including that to alcohol (e.g., H. L. Cohen et al., 2002), tobacco (e.g.,
Anokhin et al., 2000), and cocaine and opioids (e.g., Bauer, 2001), as well as in persons with
behavioural addictions like that to gaming (e.g., Park et al., 2017). These individual findings
have been further supported by a large meta-analysis, suggesting that an attenuated oddball-

P3b may be a promising biomarker for SUDs (Euser et al., 2012).

7.1.1.3 Error Processing. A third component of Executive Function that has received
considerable attention in addiction research concerns performance monitoring, or more

specifically, error processing: the ability to adequately detect and process the mistakes that
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one makes in order to adjust subsequent behaviour. This can be examined using any task in
which motor response errors occur frequently (like the Go/No-Go, Stroop, or Simon task),
but is mostly studied using the Eriksen Flanker task (Eriksen & Eriksen, 1974). Here,
participants are shown a centrally positioned stimulus (often a letter) flanked by either
congruent or incongruent stimuli (e.g., “HHHHH” or “HHSHH”), and are asked to press a
button with one hand if the target is an “H” and with the other hand if it is an “S”. When
target and flankers are congruent, participants generally respond swiftly and accurately, but
when they are incongruent, performance is slower and error-prone.

Whenever participants err in these tasks, two ERPs can be observed: the Error-Related
Negativity (ERN, Gehring et al., 1993; or Ne, Falkenstein et al., 1991), which peaks between
25 and 100 ms after the commission of an error at fronto-central sites; and the subsequent
error positivity (Pe; Falkenstein et al., 1991), which has a centro-parietal distribution and
develops between 200 and 400 ms after an incorrect response. Although their precise
functional significance is still debated (Olvet & Hajcak, 2008; Overbeek et al., 2005), the
ERN is thought to reflect early error processing activity of the caudal ACC (O’Connell et
al.,, 2007; Van Boxtel et al., 2005), and develops regardless of whether subjects are
consciously aware of committing the error (Nieuwenhuis et al., 2001). Like the No-Go N2,
which has a similar scalp topography and neural origin (Van Veen & Carter, 2002), it has
been proposed to reflect conflict monitoring (C. S. Carter et al., 1998; Yeung et al., 2004) —
with the N2 appearing prior to high-conflict correct responses, and the ERN following errors,
when conflict arises between the erroneous and the correct response. The Pe is thought to
reflect later, more conscious processing of the error (Nieuwenhuis et al., 2001; Overbeek et
al., 2005), and originates from more rostral ACC sites (O’Connell et al., 2007; Van Boxtel
et al., 2005).

ERP studies on error processing in addiction have reported both reduced ERN (e.g.,
Sokhadze et al., 2008) and Pe (e.g., Franken et al., 2007) amplitudes on error trials in those
with SUDs compared to control subjects. These findings were corroborated by two meta-
analyses on ERN and Pe amplitudes in persons with externalising disorders, including
addiction (Lutz et al., 2021; Pasion & Barbosa, 2019), and by a systematic review (Luijten
et al., 2014) and meta-regression (Y. Liu et al., 2023) specifically on SUDs, indicating that
decreased sensitivity to erring as measured by these ERPs may constitute a biomarker.
However, two further meta-analyses on SUDs reported non-significant effects for the ERN,
while not examining the Pe (Webber et al., 2024; Y. Zhang et al., 2021).
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7.1.2 Incentive Salience

Next to research on executive dysfunction, ERP addiction studies have extensively
examined another dimension proposed by the ANA to be disrupted in individuals with
substance use disorders: Incentive Salience, the attribution of motivational value to stimuli,
mediated by mesocorticolimbic dopamine structures among which the (ventral) striatum and
the orbitofrontal and ventromedial prefrontal cortices (Goldstein & Volkow, 2011). Although
originally believed to encode the hedonic value of rewarding stimuli, this neuronal circuit
has in fact been shown to encode how much something is physiologically “wanted” and not
how much it is “liked” (Berridge & Robinson, 2016).

7.1.2.1 Drug Cue Salience. One aspect of Incentive Salience that is studied within the
context of substance use disorders is the salience attributed to substance-related stimuli. All
major substances of abuse, irrespective of their precise pharmacological properties, are
acutely rewarding through triggering a release of dopamine. These dopamine bursts that
follow drug-taking also strengthen conditioned associations, such that, with repeated use,
not only the drug itself but also cues related to drug delivery (like drug paraphernalia)
acquire incentive value (T. E. Robinson & Berridge, 1993). EEG research on this increased
valuation of drug cues is often done within cue-reactivity paradigms, which involve passive
viewing of neutral and SUDs-related stimuli. In addition, to demonstrate that observed
effects arise from involuntary bias toward substance-related stimuli, rather than from
intentional viewing strategies (e.g., consciously focussing on drug cues), paradigms in which
attention is manipulated have also been applied. These include oddball and Go/No-Go tasks

that use substance-related stimuli.

In response to these substance-related stimuli, two ERPs are observed, either when the
stimuli are explicitly or implicitly attended to: a P3 that is maximal at parietal sites (Keil et
al., 2002); and a later, likewise positive component referred to as the Late Positive Potential
(LPP) or Slow Potential (SP). This component is often defined as starting between 600 and
800 ms, can last for several seconds, and while starting off strongest at posterior sites
(Cuthbert et al., 2000; Keil et al., 2002), is equally strong at anterior sites after about one
second (Hajcak et al., 2007). Both the P3 and LPP are enhanced in response to affectively
arousing (pleasant and unpleasant) stimuli relative to neutral stimuli, and are thought to
represent increased attention to and processing of stimuli that are motivationally relevant
(Hajcak et al., 2010). In addition, given its sustained duration and diffuse topography
(Sabatinelli et al., 2007), the LPP is thought to reflect memory encoding and storage
processes, rather than merely reflecting a continuation of the P3 (Foti et al., 2009; Koenig
& Mecklinger, 2008).
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With regard to substance abuse, numerous studies have shown that in individuals with
SUDs, more than in healthy controls, substance-related stimuli produce higher P3 and LPP
amplitudes than neutral stimuli. This has been demonstrated in both cue-reactivity (e.g.,
Cheng et al., 2016) and active paradigms (e.g., Lubman et al., 2007), for a large variety of
addictions including behavioural ones, and has been corroborated by various meta-analyses
(Littel, Euser, et al., 2012; Norberg et al., 2016; Webber et al., 2022; Y. Zhang et al., 2021),
all showing medium to large effects. Taken together, this indicates strong potential for these

two ERPs as biomarkers of increased motivated attention to drug cues.

7.1.2.2 Reward Responsiveness. Next to sensitivity to substance-related stimuli, a
second component of Incentive Salience that has been studied in relation to substance use is
sensitivity to non-drug rewards, mostly monetary ones. One way through which this is
studied in EEG research are two-choice gambling tasks, like the Doors Task (Dunning &
Hajcak, 2007). Here, two options are provided from which participants must choose, after
which they are presented with the rewards or losses associated with that choice. In addition,
it is examined with more complex tasks in which outcomes depend on participants’
performance, like in the Balloon Analogue Risk Task (BART; Lejuez et al., 2002).

When the outcomes of their decisions are presented to participants, two ERPs are
observed. First, the Feedback-Related Negativity (FRN), which occurs at fronto-central sites
200-300 ms after outcomes are presented and was originally thought to elicit stronger
negativity after losses than gains (Gehring & Willoughby, 2002; Miltner et al., 1997).
However, recent findings suggest that it is not driven by loss-related negativity but rather by
reward-related positivity that is suppressed following non-reward (Holroyd et al., 2008).
Therefore, the component is also referred to as the Reward Positivity (RewP; Hajcak
Proudfit, 2015). It originates from changes in midbrain dopamine impacting the ACC,
reflecting prediction error signals (i.e., differences between received and predicted
outcomes), which index reward learning (Holroyd & Coles, 2002) and reward
responsiveness (Bress & Hajcak, 2013). Indeed, the RewP is related to activity in reward-
related areas like the ventral striatum (Becker et al., 2014). A second ERP implicated in
reward processing is the Feedback-P3: a centro-parietal positivity peaking 300-600 ms after
outcome presentation (Sutton et al., 1965). Contrary to the RewP, the Feedback-P3 is
modulated not by valence but by the value of an outcome, being stronger for larger outcomes
(Yeung & Sanfey, 2004; but see San Martin, 2012). It is also larger when outcomes are
unexpected (Pfabigan et al., 2011), which is consistent with the Feedback-P3 reflecting top-
down coding of motivationally significant information, much like what the P3b observed in
oddball tasks represents (Nieuwenhuis et al., 2005; Yeung & Sanfey, 2004).
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As for substance use disorders, neural hyposensitivity to feedback represented by
diminished RewP and Feedback-P3 potentials has been reported by various studies (e.g.,
Kamarajan et al., 2010; Morie et al., 2016; Yau et al., 2015), and is in line with theories
stating that persons with SUDs have reduced reward responsiveness as a result of genetic
vulnerability causing deficient dopamine function (Blum et al., 1996); and/or because of
increased reward thresholds caused by long-term abuse (allostatic adaptation; Koob & Le
Moal, 2001). Nonetheless, neural hypersensitivity to rewards has also been reported (e.g., J.
Li & Yao, 2023; Wei et al., 2018), and in a recent meta-analysis, the RewP did not
significantly differ between those with SUDs and healthy controls (Webber et al., 2024).

7.1.3 Negative Emotionality

The third and final dimension the ANA proposes to be disrupted in substance use
disorders is Negative Emotionality: the propensity to experience negative feelings, and
reduced ability to experience positive ones. This has been put forward as a possible driver
for the use of addictive agents (Kwako et al., 2016), with addiction itself further progressing
from positive to negative reinforcement: taking substances not to induce a pleasant
sensation, but to alleviate the negative emotions inherent to withdrawal, which are brought
on by activation of the brain’s sensitised stress and anti-reward systems, including
corticotropin-releasing factor in the extended amygdala, and dynorphin in the ventral

striatum; and downregulation of the brain’s anti-stress systems (Koob et al., 2014).

7.1.3.1 Affective Image Processing. One component of Negative Emotionality that
has been studied with the use of EEG is the processing of affective content, generally
examined within passive viewing or active response (like the Stroop task) paradigms in
which participants are presented with neutral, pleasant, and unpleasant stimuli — sometimes
in addition to being presented with drug cues. Pleasant images often come in the form of
stimuli that are considered intrinsically appeasing, like erotic images (Cassidy et al., 2014;
Lubman et al., 2008) or images of food (Lubman et al,, 2009; Minnix et al., 2013).
Unpleasant images include scenes that are naturally appalling, like scenes of violence,
accidents, and mutilation (Minnix et al., 2013; L. Yang et al., 2015) or dangerous animals
(Cassidy et al., 2014; L. Yang et al., 2015).

The electrophysiological responses to these pleasant and unpleasant stimuli are similar
to those discussed in relation to the incentive salience of drug cues: a parietal P3 emerging
about 300 ms after stimulus presentation, representing increased attention to and facilitated
processing of the stimulus, and a subsequent LPP that in addition reflects memory formation
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processes, both of which are enhanced for affectively arousing (thus pleasant and

unpleasant) stimuli relative to neutral ones (Hajcak et al., 2010).

Mixed findings have been reported as to whether these electrophysiological responses
to affective images differ between persons with and without SUDs. Some studies have found
the P3 and LPP to emotion-laden images to be reduced in individuals with SUDs compared
to healthy controls (e.g., Dunning et al., 2011; Lubman et al., 2008), though this effect is
mainly found for pleasant stimuli (e.g., Parvaz et al., 2017; J. Wang & Li, 2023), suggesting
that diminished P3 and LPP amplitudes may have potential as biomarkers of hyposensitivity
to positive affective content. However, some studies have reported opposite effects, for
example showing a larger LPP to pleasant stimuli in smokers than non-smokers (Minnix et
al., 2013; J. D. Robinson et al., 2015), and various studies have found no significant
differences for either pleasant or unpleasant stimuli (e.g., Asmaro et al., 2014; Cassidy et al.,
2014; Deweese et al., 2018; L. Yang et al., 2015). In line with this, a recent meta-analysis
found no significant differences between persons with SUDs and healthy controls in their
electrophysiological responses to pleasant and unpleasant images, granted that for pleasant
images the P3 and LPP were smaller in substance users, but that this effect did not reach
significance (Webber et al., 2022).

7.1.3.2 Emotional Facial Expression Processing. A second body of EEG literature
that relates to Negative Emotionality concerns individuals’ response to one specific type of
affective stimuli: faces. While some studies on affective processing do incorporate facial
stimuli (e.g., Dunning et al., 2011), a separate set of studies focusses exclusively on so-called
Emotional Facial Expression (EFE) processing, as faces are highly salient and recurrent
carriers of affective information. The electrophysiological correlates of EFE are often
examined with tasks that require participants to discriminate which of two emotions a facial
stimulus is depicting (e.g., angry vs. sad) by as quickly and as accurately as possible pressing
the button corresponding to that emotion. Often, emotions are presented at different
intensities, accomplished by morphing the stimuli (Hoffman et al., 2019). In addition, tasks
in which attention is manipulated are used, like oddball (Maurage et al., 2007) and Stroop
(Opitz et al., 2024) tasks that involve faces.

The main ERPs observed in response to these stimuli are the N170 and P3. The former
is a negative wave peaking 170 ms after stimulus onset, showing a larger amplitude for faces
and face-related information than for other objects (Bentin et al., 1996). In addition, it is
sensitive to expression, with particularly angry, fearful, and to a lesser extent happy faces
eliciting large N170s (Hinojosa et al., 2015; Schindler & Bublatzky, 2020). The component

is strongest at (right) temporo-occipital sites, which is consistent with its neural source being
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located at the superior temporal sulcus and fusiform gyrus (Rossion et al., 2003; Sadeh et
al., 2010), and is associated with the structural encoding — not identification — of faces
(Bentin et al., 1996) and other objects of visual expertise (Rossion et al., 2002). At fronto-
central sites a positive counterpart called the Vertex Positive Potential (VPP; Botzel &
Griisser, 1989; Jeffreys, 1989) is observed, which is thought to represent the same neural
processes (Joyce & Rossion, 2005). The subsequent parietal P3 observed in response to faces
reflects their higher-order processing and affective labelling (Schupp et al., 2006), and
although not face-specific, is enhanced for affectively arousing stimuli and therefore for
EFEs (Schindler & Bublatzky, 2020).

Regarding substance abuse, studies have reported smaller N170s (e.g., Criado &
Ehlers, 2007; Maurage et al., 2007; Maurage, Philippot, et al., 2008) and P3s (e.g., Bohan et
al., 2020; Maurage et al., 2007) to EFE stimuli in persons with SUDs compared to healthy
control subjects, although for the P3 similar effects were found when people were tasked to
discriminate the sex of (neutral) faces, suggesting that the impairment may not be specific
to emotion (Hoffman et al., 2019; Maurage, Campanella, et al., 2008). Furthermore,
especially for the N170, several studies have reported null results (e.g., Bohan et al., 2020;
Hoffman et al., 2019). A systematic review on the N170 in psychiatric disorders concluded
that findings regarding alcohol use disorder and various other disorders were inconsistent,
though reported group differences generally showed smaller amplitudes to EFE in diagnosed
versus healthy people, offering some support for the N170 being a biomarker of deficient

facial affect processing (Feuerriegel et al., 2015).

7.1.4 Strength of the Evidence and Challenges Within the Field

The above review of existing literature shows that for each dimension proposed by the
ANA to be involved in the development and perpetuation of substance use disorders —
Executive Function, Incentive Salience, and Negative Emotionality — differences in
electrophysiological signals have been observed between individuals with and without
SUDs. However, the level of support for these observed differences, and thus the potential
these ERPs have as biomarkers of substance use disorders, varies across the domains and
individual signals. For example, while research on the N170 in response to emotional faces
is somewhat limited and has produced mixed findings, the cue-P3 indexing motivated
attention to drug cues has been studied extensively, and has consistently — also in meta-

analyses — shown to differ between persons with and persons without SUDs.
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Yet, even when robustly supported by large numbers of papers, determining the
potential that ERPs have as biomarkers of SUDs is not straightforward, as what is reported
in the literature is not necessarily representative of reality. Due to researchers and journals
having a preference for statistical significance, employing an arbitrary p value of .05 to
decide whether something is interesting enough to be shared, published literature is riddled
with studies reporting significant findings, while studies reporting non-significant ones are
much less likely to get published — a phenomenon reported as early as 1959 by Sterling and
later coined the file-drawer problem by Rosenthal (1979). A consequence of this bias against
non-significant findings is that it can impact researchers’ behaviour (Simonsohn et al.,
2014a). Throughout the process of designing a study and collecting, analysing, and reporting
the data, researchers are faced with many decisions that have no objective “right” answer.
For instance, they need to determine if their » is sufficient or if more data needs to be
collected; what values of each measure constitute an outlier and whether these need to be
removed; and which control variables or covariates need to be considered (Simmons et al.,
2011). Decision points like these are called Researcher Degrees of Freedom (RDF), referring
to the flexibility and ambiguity inherent to the scientific process. This flexibility and
ambiguity, however, combined with a desire for statistical significance, can lead to the
selective reporting of analyses that “worked” — not disclosing the alternative analysis routes
one explored that did not render significant outcomes. As an example, one may fail to
disclose that effects were only significant after including more participants, or after
excluding specific outliers. These practices, called p-hacking® (Simonsohn et al., 2014a), are
not necessarily deliberate or come from ill intent. As Simmons et al. (2011) point out, in
contexts where choices are arbitrary — and thus all options equally reasonable — it is easy for
researchers to come up with plausible (to themselves and others) post-hoc justifications for
why specific choices were “right”. The problem that arises from these behaviours, however,
is that the chance of a type I error — a false-positive outcome — increases. This can even occur
when researchers follow only one analysis path: whenever choices are not prespecified, each
one (like removing certain outliers) is contingent on the data. Because the data determine
the decision tree, the probability of finding a bogus effect is larger than the assumed 5%
(Gelman & Loken, 2013).

In the field of EEG and other neurophysiological research, this risk of researcher
flexibility causing an increased probability of false-positive findings is amplified by the need

for extensive pre-processing of the data. Even simple EEG studies generate enormous

9 Other terms have also been employed, but p-hacking is arguably the most familiar one. We refer to Gelman and
Loken (2013) for an overview of terms and an argument as to why other terms may be preferred.
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amounts of raw data, requiring researchers to make a large number of decisions for which
various reasonable choices exist. For example, an ERN observed in a Flanker task could be
measured as the average amplitude recorded at electrode FCz in the 25-100 ms time window,
after removing signals larger than 100 pnV. However, taking the ERN as a peak measure from
electrode Cz would be equally reasonable, as would be shortening the time window to 50-
100 ms, and removing signals larger than 70 pV. Likewise, either an average or mastoid
reference could be used, a baseline correction of 50 ms or 100 ms or anything in between,
and frequencies above 30 Hz but also those above 40 or 50 Hz may be filtered out. These
combined choices amount to thousands — if not more — ways to pre-process the same data,
with different pathways leading to different results (Clayson et al., 2021; Nikolin et al., 2022;
Soski¢ et al., 2024), thus creating many opportunities to obtain statistically significant
findings that reflect random variation rather than true effects (Luck & Gaspelin, 2017). The
odds of this happening are further increased by two analytical practices common in EEG
research: selecting time windows and electrode sites not a priori but based on visual
inspection of the grand-averaged waveforms, essentially making multiple implicit
comparisons before selecting the “definitive” statistical comparison; and conducting
ANOVAs that in addition to group or condition include factors for which no hypothesis is
presented (like electrode site), without correcting the familywise error rate, thereby
wrongfully treating all main and interaction effects that arise as planned comparisons.
Indeed, these practices lead to higher Type I error rates, with simulations showing that the
probability of obtaining a false-positive outcome can rise to over 50% (Kilner, 2013; Luck
& Gaspelin, 2017). Taken together, it is possible that ERP effects, like the deviations reported
in persons with addiction, are not genuine but due to the selective reporting of significant
results. If this were the case, advocating these ERPs as biomarkers would be misguided, or
at least premature. As such, it is critical to evaluate whether findings can be accounted for
by selective reporting, before any claims as to the suitability of the ERPs as biomarkers of
SUDs are made.

7.1.5 Testing for Selective Reporting

Various methods exist to evaluate the bias that may be present in the published
literature.'® The most popular ones are funnel-plot-based, most prominently Egger’s test of
the asymmetry of the funnel (Egger et al., 1997), which examines whether the effect sizes

10 We refer to Marks-Anglin and Chen (2020) for an extensive overview of bias evaluation methods. Here we
summarise the methods commonly used in this subfield, and thus those used by the meta-analyses referenced in
our literature review.



129

of studies are associated with their precision; and the trim-and-fill method, which removes
(trims) real studies and adds (fills) fictitious ones to force the funnel plot to symmetry, using
the new funnel to estimate a bias-corrected effect size (Duval and Tweedie, 2000). A problem
with these methods, however, is that funnel plots can be asymmetric for a variety of reasons
aside from bias (Egger et al., 1997; Sterne et al., 2005). Moreover, these methods rest on the
unlikely assumption that selective reporting is driven by effect size rather than statistical
significance (Simonsohn et al., 2014b). A second popular method is the fail-safe N: the
number of unpublished or new studies averaging null results that would be required to make
the overall effect statistically non-significant, as indicated by a p value above .05 (Rosenthal,
1979), or practically unimportant, as denoted by a low effect size (Orwin, 1983). The higher
this number, the more confident one can be that the effect truly exists. However, this logic
is invalidated by p-hacking, as by doing so large sets of false-positives can be attained
without file-drawers full of non-significant studies (Simonsohn et al., 2014a). Furthermore,
since the fail-safe method does not employ a statistical model, little can be learnt from it
regarding the size or impact of the bias (Marks-Anglin & Chen, 2020). Finally, a more
general problem that the fail-safe method and Egger’s test share is that the question they ask
(“Are there null-findings we are not observing in this literature?”) is not actually the question
we are interested in, nor is it a meaningful one. Since we know that most published studies
report significant findings (Scheel et al., 2021; Sterling, 1959) and that the majority of
research is underpowered (Button et al., 2013), it must be so that a substantial number of
unpublished null results exist (Simonsohn, 2012). Hence, it makes little sense to test for this,
as the answer should always be “Yes” — unless a field consists solely of registered reports,
in which the case the question is still meaningless, but the answer will always be “No”. What
we want to test for, is whether the effects that we study are true. In other words: after taking

into account selective reporting, is there still evidence of a genuine effect?

One method that answers this question is p-curve (Simonsohn et al., 2014a), a p value
based selection model (Hedges, 1984) that makes use of predictable trends in the distribution
of statistically significant p values. P values indicate how likely one is to observe an effect
equal to or more extreme than the one observed if the null hypothesis were true. By
definition, then, when there is no true effect, a set of independent p values should be
distributed uniformly: each p value is equally likely to occur. Instead, when an effect does
exist, the distribution should be right-skewed: we would expect to find more small (e.g., .01)
than large (e.g., .04) significant p values, indicating that, overall, there is more strong than
weak support for the hypothesis. In fact, for a true effect with sufficient statistical power, the
majority of significant p values will be below .01, and only a few will be between .04 and
.05 (Lakens & Evers, 2014; Sellke et al., 2001). The stronger the effect and the larger the
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sample, the more right-skewed the distribution will be, though studies with lower power
investigating a true effect should still demonstrate a right skew. The skew is undermined by
selective reporting: when selectively reporting findings that “worked”, or when analysis
routes depend on the data, the resulting significant p values are likely due to chance, and are
more often close to .05 than 0, reducing the right skew of the curve and potentially forming
a left skew (Simonsohn et al., 2014a; Simmons & Simonsohn, 2017). The p-curve method
tests for the presence of a right skew in the observed distribution of statically significant p
values for a set of studies examining a specific effect. While it is not unlikely for an
individual high-powered study of a true effect to yield a p value between .01 and .05, or for
an individual study that employed selective reporting when the underlying effect was not
true to yield one below .01, it is highly implausible these things occur across a series of
studies. Therefore, the p-curve method asserts that when the observed p-curve for a set of
studies is right-skewed, the set contains “evidential value”, meaning that we can rule out
selective reporting as the sole explanation for this set of findings being statistically
significant, and that there is thus a genuine effect (Simonsohn et al., 2014a). Within the
context of the present research, it would mean that taken as a whole, the statistically
significant findings reported by existing studies reflect a true neurobiological difference
between individuals with and those without addiction.

7.1.6 Previous P-Curves and the Present Study

Since its development, p-curve has been applied in various fields of research: mostly
psychology and other social sciences, but also in neuroscience and neuropsychology (e.g.,
Burns et al., 2019; Hosseini-Kamkar et al., 2021). Within the field of psychophysiology
specifically, Carbine et al. (2019) applied p-curve to studies published recently versus a
decade prior, finding evidential value for both points in time. However, acknowledging the
high RDF in psychophysiological research, they recommended using p-curve within specific
sub-disciplines, stating that “hot topics” — which includes the search for biomarkers — may
be more susceptible to selective reporting than the set of diverse studies they examined.
Indeed, findings from two studies applying p-curve to narrower and more “trending” fields
of research have been less compelling. In a study examining ERN and Pe amplitudes in
relation to externalising problems, Lutz et al. (2021) reported a significant right skew for the
ERN, demonstrating evidential value, but found an inconclusive result for the Pe, indicating
a need for more data. In another study, examining the ERN and RewP in relation to
depression, evidential value was found for both ERPs, but with the caveat that the effects
depended on extreme findings reported by a small subset of studies (Clayson et al., 2020).



131

Specifically, evidential value for the ERN disappeared after dropping 1 of the 20 included p
values, and that for the RewP after dropping 1 of 27. Hence, the evidence for these ERPs’
evidential value was not robust. In addition, both Lutz et al. and Clayson et al. employed p-
curve to estimate the (selective-reporting-corrected) average power present in the included
studies, finding percentages far below what is considered adequate. Whilst this is not an
unexpected finding (Clayson et al., 2019), it is cause for concern. When power is low, the
probability of a false-negative finding is larger (Button et al., 2013). Since researchers will
obtain fewer initially significant outcomes, this may trigger opportunistic RDF use (Stanley
et al., 2018), which in turn can increase the chances of false-positive findings as well.

In line with Carbine et al.’s call for applying p-curve in specific areas of
psychophysiology, and following the two studies that have already done so, the present meta-
analysis examines, for each of the ERPs reviewed in relation to the ANA framework,
whether evidential value can be found as to their relationship with substance use disorders.
In other words, we examine whether selective reporting can be ruled out as sole explanation
for the statistically significant ERP differences reported between individuals with and
without SUDs. In addition, given Lutz et al. (2021) and Clayson et al.’s (2020) findings
regarding low power, we use p-curve to estimate the selective-reporting-corrected average
statistical power of each of the literatures. An overview of the ERPs included in the analyses,
along with the ANA dimension they relate to and the paradigms in which they are studied,
is presented in Table 7.1. Taken together, the current meta-analysis has two important
contributions: (1) it is the first to synthesise empirical findings in the field of addiction
research with the use of p-curve, and (2) offers the most extensive overview of ERP-
addiction research to date, comprising 6 ERPs reflecting Executive Function, 4 reflecting
Incentive Salience, and another 4 reflecting Negative Emotionality. With this, we provide a
strong foundation for further research into electrophysiological biomarkers of addiction.
Specifically, for literatures that show evidential value and high power, one can be confident
that existing research provides genuine support for what is being studied: here, the
relationship between an ERP and SUDs. Hence, one may use that ERP to study subgroups
or moderators of substance use disorders, and even go as far as to explore the ERP’s use in
treatment settings (Houston & Schlienz, 2018). Instead, for literatures that do not show
evidential value, are inconclusive, or are underpowered, advocating or using the ERP as
biomarker is ill-advised. For these ERPs, more research is needed, which the outcomes from

the p-curve analysis can help decide on.
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7.2 Method

7.2.1 Literature Search and Manuscript Selection Criteria

We conducted a literature search in three databases: Scopus, PubMed, and PsycInfo.
Search terms relating to SUDs (Drug dependence, Substance abuse, Gambling, ...) were
crossed with search terms relating to electroencephalography (EEG, Event-related potential,
P3b, ...), and with search terms relating to the ANA (sub)dimensions and research paradigms
(Inhibitory control, Cue reactivity, Stroop task, ...). In addition, the searches were limited to
human subjects and to articles written in English. The full search queries for each database
are found in Table S7.1 in the Supplementary Materials. The searches were performed
September 5, 2024. Identified records were exported to RefWorks. Duplicates were located
with RefWorks’ Find Duplicates function (set to similarity, comparing entries’ titles and
authors) and were inspected manually in order to correct any false-positives before removal.
Article selection took place according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA; Page et al., 2021) guidelines. The PRISMA flow
diagram of the article selection process is shown in Figure 7.1. Studies were included in the
p-curve analysis if they satisfied the following criteria:

1. Empirical, single papers (i.e., no reviews, no dissertations). Dissertations were not
included given that their individual chapters were commonly — after revisions —
published in journals as well.

2. Participants met DSM or ICD diagnostic criteria for addiction and/or were recruited
from treatment facilities. Two exceptions were specified. First, for addictions not
or only recently included in the DSM and ICD (in particular gambling disorder and
internet (gaming) disorder), a score indicative of addiction as measured with a
validated instrument also sufficed. This same exception was set for tobacco use
disorder, which, despite long-term DSM and ICD inclusion, is rarely formally
diagnosed. Furthermore, the use frequency of tobacco was considered, with studies
also being included when the SUDs sample was reported to, on average, consume
5 cigarettes a day or more (which corresponds to a 75% chance of meeting DSM
criteria, Oliver & Foulds, 2021). Studies were not excluded for polydrug use or for
(part of) the sample using opioid substitution substances (like methadone) provided
in treatment. Furthermore, studies were not excluded based on participants having
comorbid disorders, except when samples solely consisted of persons with a
specific, non-SUDs comorbidity (such as research into alcoholism in persons with

PTSD). No distinction was made between current and lifetime diagnoses.
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10.

Reported effects in persons with SUDs were relative to those in healthy controls
(HCs). Individuals were considered healthy when no psychiatric or neurological
diagnosis was reported, and/or when the validated instrument used for defining the
SUDs group was not indicative of addiction for HCs. Due to the frequent
occurrence of tobacco use among both individuals with SUDs and controls, an
exception was made for smoking: healthy controls in studies not focussing on
tobacco addiction could smoke as long as their use did not exceed that of the SUDs
group. For studies on addiction to tobacco, HCs had to be non-smokers.

Both the SUDs and HC sample were adults. Studies were not included when the
average age of the sample(s) was lower than 18 years, and/or when participants
below the age of 18 were reported to be present, as many ERPs change with
maturation (e.g., Davies et al., 2004; Wetzel et al., 2006) and as diagnosis of SUDs
is often given in adulthood.

The study examined one or more ERPs of interest, measured with a typical ERP
amplitude method (such as mean or peak amplitude), in a relevant location, at a
relevant time, and within a relevant paradigm (as specified in columns 4, 5, and 6
of Table 7.1). As ERPs are defined by their scalp location, timing, and by the
specific event that gave rise to the neural activity, these are not necessarily
interchangeable and were therefore bound by requirements.

ERPs were recorded under “neutral” conditions: participants could not be under the
acute influence of substances (i.e., acute administration studies were not included),
receive neuromodulation (such as transcranial direct current stimulation), be
instructed to adapt their behaviour or feelings (for example by practising
mindfulness during stimulus presentation), or be deliberately put into a certain
mindset (for example by having stress induced directly before measuring the EEG).
Data from pre-intervention tests could be included.

The finding of interest (see section 7.2.2) was statistically analysed. If our finding
of interest was not analysed by the original author(s), the study was not included.
The data necessary for computing an exact p value (the df and test statistic) for the
finding of interest were available from the published report or were provided by the
authors upon request.

The exact p value of the finding of interest, as recomputed using the relevant df and
test statistic, was < .05.

The sample was independent from other samples. If the same sample was used in
more than one study that met the inclusion criteria, the report that was first
published was included.
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7.2.2 Data Extraction

The p values to be included in the analyses were extracted according to the guidelines
presented in Simonsohn et al. (2014a) to ensure that they a) tested the finding of interest, b)
were uniformly distributed under the null, and c) were statistically independent from each
other. To help satisfy these requirements and to offer transparency on the p value selection
process, p-curve disclosure tables were composed, which can be found in Tables S7.2 to
S7.13 of the Supplementary Materials.

For each study, first the hypothesis and thus the finding of interest was identified. We
focussed on studies examining the difference in ERP-amplitude between persons with SUDs
en healthy controls on trials relevant to the processes reflected by that ERP (and, if
applicable, relative to neutral trials). Specifically, for the N2 and P3 reflecting inhibitory
control, this was the difference on trials requiring inhibition. For the P3s indexing attention
allocation, it was the difference observed on non-target trials for the P3a (automatic
attention) and on target trials for the P3b (deliberate attention). For the ERN and Pe, it was
the difference on trials where participants made errors; for the cue-P3 and LPP, the difference
on trials presenting substance-related or affective stimuli; for the FRN / RewP and feedback-
P3, the difference on trials conveying (non-)rewarding feedback; and finally, for the N170
and P3 reflecting emotional face processing, it concerned the difference observed on trials

presenting emotional faces.

Second, the study design was identified and used to determine the statistical result that
should be included in the p-curve. For example, for a 2x2 interaction testing a reversed
effect, the p-curve had to include the results of the simple effects, while for a 2x2 interaction
testing an attenuated effect, the interaction result had to be included, as in that case the p
values for simple effects are not uniformly distributed under the null. When multiple p values
were reported for a finding of interest (for instance tests at different electrode sites), all p
values were included in the disclosure table. Then, to satisfy p-curve’s independence
criterion, only one was selected for inclusion in the p-curve. The others were considered in
the robustness analyses (see section 7.2.3.4). As a rule, unless the study’s hypothesis was
specific to a topographic region or timeframe, we selected the first significant p value that
tested the finding of interest and that did not involve location or timing, or else the first
significant p value testing the finding of interest at a relevant electrode site and time (see
columns 4 and 5 in Table 7.1). When multiple hypotheses were tested, only the first was
considered.

Next to p values, we extracted the experimental characteristics of the included studies.

Specifically, we recorded included studies’ sample size, mean participant age, percentage of
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women, type of addiction, medical and psychiatric comorbidity, participants’ use status, and
the research paradigm used (see Tables S7.14 to S7.25 of the Supplementary Materials).
Although this information is not used in the present meta-analysis, it may be of value to
future studies wanting to compute narrower p-curves, for example only including studies on
a specific SUDs or using a specific paradigm.

7.2.3 Data Analysis

7.2.3.1 Primary P-Curve Analysis. The p-curve analyses were performed using
version 4.10 of the online app (Simonsohn, 2024). For each included result, the test statistic
and degrees of freedom were entered (e.g., F(1, 47) = 5.35). Based on this information, the
exact p value was computed. This was required as p values are often reported as “smaller
than” (e.g., <.05) and are not always reported correctly (Bakker & Wicherts, 2011). Separate
p-curves were performed for each ERP included in Table 7.1. To allow for robust conclusions
about the observed effects, the analyses were conducted on p values of outcomes of the same
direction, for example, all showing lower ERN amplitudes in individuals with SUDs
compared to healthy controls, and none showing higher amplitudes. This way, we could
conclude that evidential value existed for poorer error processing in SUDs, and not merely
for a difference between persons with SUDs and healthy controls. When not all significant
p values extracted for a particular p-curve comprised an effect of the same signage, two
separate p-curves were conducted, one for each directionality.

To determine whether an ERP literature contained evidential value, the extracted p
values were treated as test statistics themselves. For each significant p value, the probability
of observing a p value at least as extreme if the null hypothesis were true, was computed.
This is the p value of the p value: the pp value. These pp values were aggregated using
Stouffer’s Method (Simonsohn et al., 2015), yielding an overall y* test for skew, which
determines if the right skew of the p-curve is significant (vs. the HO of a uniform
distribution). In addition, to address “ambitious” p-hacking where researchers may have
aimed at reporting the lowest p value as opposed to any p value below .05, a second test of
the right skew was performed using only p values < .025 (i.e., the “half” p-curve). Because
the half p-curve does not include barely significant findings, it is less likely to mistake
ambitious p-hacking for evidential value. As proposed by Simonsohn et al. (2015), we
concluded that a set of studies contained evidential value for the effect of interest either if
the half p-curve was significantly right-skewed at the 5% level, or if both the full and half
p-curves were significantly right-skewed at the 10% level.
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When the tests for right skew were not significant, we further examined whether this
null result was due to the set of studies lacking evidential value. To this end, it was examined
whether the p-curve was flat (i.e., not right-skewed). As statistical inference cannot establish
that a distribution is exactly flat, p-curve instead tests whether the observed distribution is
significantly flatter (i.e., less right-skewed) than would be expected if the studies were
powered at only 33%. In other words, it tests the null of a small effect (33% power) against
the alternative of an even smaller effect (Simonsohn et al., 2014a). As proposed by
Simonsohn et al. (2015), we concluded that a set of studies lacked evidential value either if
the full p-curve was significantly flatter than that expected with 33% power, at the 5% level;
or if both the half p-curve and a binomial test (high (p > .025) vs. low (p <.025) p values)
of the flatness were significant at the 10% level. In these cases, either the effect of interest
does not exist, or is too small to be reliably observed from the included studies. Finally, when
a p-curve was neither significantly right-skewed nor significantly flat, the analysis was

deemed inconclusive, that is, too noisy and/or underpowered to allow for inferences.

7.2.3.2 Sensitivity Analysis. To assess the extent to which the p-curves results’ relied
on a small number of included studies, we examined the impact of excluding the lowest p
values from the original p-curve analyses. Specifically, for each analysis that showed
evidential value, we first excluded the lowest included p value, then the second lowest, and
so on, until we had excluded half of the originally included p values. Note that instead of
simply rerunning the analyses with a smaller subset of p values, we followed Simonsohn et
al. (2015) and tested whether the pp values were uniform in the range of possible values that
remained (since excluding values evidently changes the distribution). The number of p
values that could be dropped without the analysis’ conclusion changing, was reported for

each analysis.

7.2.3.3 Power Estimation. For each set of studies, the average, underlying selective-
reporting-corrected statistical power was estimated. This was achieved by comparing the
actual, observed p-curve to modelled p-curves for each possible value of statistical power
between 5% and 99%, and identifying the closest resemblance. The modelled p-curves were
created by computing pp values for the null that all included studies are powered at a given
level (5%, 6%, ... up to 99%), and aggregating those pp values using Stouffer’s method. The
best-fitting level of power was that which led to an overall Stouffer Z= 0, p =.5 (Simonsohn
et al., 2014b; Simonsohn et al., 2015). This was considered the average statistical power of
the set of studies. In addition, a 90% confidence interval (CI) for the power estimate was
computed. Here, instead of determining which level of power led to a Stouffer test outcome
of p = .5, it was examined which level of power gave p = .05 and p = .95, forming

respectively the lower and upper bound of the CI.
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7.2.3.4 Robustness Analysis. To examine whether the findings of the main analyses
depended on the p value selection rules we set (see section 7.2.2), robustness p-curve
analyses were computed, in which the p values that were originally selected were replaced
— if applicable — by the /ast significant p value that was reported for the finding of interest.
For example, if a significant difference between persons with SUDs and HCs on the cue-P3
in response to substance-related stimuli was reported for electrodes Cz, CPz, and Pz, all
outcomes were noted down in the p-curve disclosure table (Tables S7.2 to S7.13), but only
the first (as per our selection rules) was used in the main p-curve analysis. In the robustness
analysis, we then replaced the result for Cz with the one for Pz. This served as a test of the
robustness of the results to the selection rules: if the data supporting an ERP-amplitude
difference between persons with SUDs and healthy controls were robust, then changing the
selected p value in this manner should have limited impact on the overall result of the p-

curve analysis.

7.3 Results

7.3.1 Search Results

As illustrated in Figure 7.1, the search of the three databases yielded a total of 6460
records, of which 4529 were retained after de-duplication using RefWorks’ Find Duplicates
function. The titles and abstracts of these records were screened, using the criteria set out in
Section 7.2.1. When there was doubt regarding the inclusion of a record, for example
because it was unclear from the title and abstract whether a control group was involved, the
record was retained. From the original 4529 records, 711 remained, for which full texts were
sought. These were retrieved for 515 records, with the remaining 196 records being
duplicates which had not been detected by RefWorks’ Find Duplicates function (among
others due to incorrect author order, or unrecognised Greek letters). The 515 full texts were
read and subsequently classified as “included” or “excluded”, with the reason for exclusion
being documented as well. Reports could frequently be excluded on the basis of multiple
criteria, however, only the first criterium they failed to meet was recorded in order to prevent
double counts. The largest number of exclusions was due to lack of a healthy control group
(n = 114), either because one was not part of the study or because psychiatric or neurological
disorders were reported to be present among members of the control group. After screening,
n = 65 studies remained, published between 1990 and 2024. The most commonly studied
addictions in this final dataset were alcohol use disorder (n = 21), internet gaming disorder
(n=12), and opioid use disorder (n = 9). About one-fourth of the included studies contained
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findings on more than one ERP. The ERP most reported on was the P3b (n = 18), followed
by the N2b and cue-P3 to drug cues (both n = 9). No studies on the affective image
processing cue-P3 and LPP could be included, and for several other subdimensions (see
Table 7.1) only few studies were available after exclusion. As a rule, we only computed p-
curves for literatures (i.e., subdimensions) consisting of five or more studies to ensure a
sufficient number of data points for aggregation and for plotting the curve. Still, details of
all studies are provided in the p-curve disclosure tables (S7.2 to S7.13) and in the

Experimental Characteristics tables (S7.14 to S7.25) in the Supplementary Materials.

Figure 7.1

PRISMA Flow Diagram of the Identification of Studies via Databases
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7.3.2 P-Curves

Table 7.2 provides a summary of the p-curve analyses outcomes, with Figure 7.2
providing a visual overview of all computed p-curves. Out of the 14 subdimensions reviewed
in the Introduction Section, p-curves were computed for seven (i.e., seven subdimensions
had five or more studies available): the N2b and No-Go P3 indicating Inhibitory Control;
the P3b indicating Attention Allocation; the ERN indicating Error Processing; the Cue-P3
and LPP in response to drug-related stimuli indicating Drug Cue Salience; and the FRN /
RewP indicating Reward Responsiveness. An overview of the input for all analyses can be
found in Table S7.26 in the Supplementary Materials.

7.3.2.1 Inhibitory Control: N2b and No-Go P3. For the N2b, nine studies were
available, of which eight reported attenuated and one reported stronger N2b amplitudes in
individuals with SUDs compared to healthy controls. Therefore, a p-curve analysis was
computed using the eight values indicating attenuated N2b’s in SUDs. As detailed in Section
7.2.3.1, we concluded that a set of studies contained evidential value either if the half p-
curve was significantly right-skewed at the 5% level, or if both the full and half p-curves
were significantly right-skewed at the 10% level. Here, the half p-curve (based on six p
values) was significantly right-skewed at 5% (p < .001), demonstrating evidential value for
this literature. This conclusion was dependent on two very small p values, with the sensitivity
analysis showing that only one p value could be removed before the set of studies did not
show evidential value anymore. The underlying selective-reporting-corrected statistical
power of the set of studies was good: 88%, 90% CI [63%, 97%]. Robustness analyses were

not performed as no secondary values were extracted for the N2b analyses.

For the No-Go P3, eight studies were found that fulfilled the selection criteria, of which
three reported stronger No-Go P3’s and five reported attenuated No-Go P3’s in persons with
SUDs vs. healthy controls. Therefore, a p-curve analysis was computed using the five values
showing an attenuated effect. Observed values were very spread out, resulting in a flat curve.
Still, evidential value was present, as the full p-curve and the half p-curve (based on three p
values) were both significantly right-skewed at the 10% level (p = .072 and p = .058). As
was expected based on the observed distribution of p values, removal of the smallest value
resulted in loss of evidential value. In other words, the significant right-skew was fully
dependent on the inclusion of one study. Furthermore, the corrected average statistical power
of the studies was low, 39%, 90% CI [5%, 86%], indicating a low probability to detect true
effects. For the robustness analysis, one value was replaced, which did not change the

conclusions.
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7.3.2.2 Attention Allocation: P3a and P3b. For the P3a, only two studies were found
that fulfilled the selection criteria, both reporting an attenuated P3a in persons with SUDs
compared to controls. Since we only analysed literatures consisting of at least five studies,

no p-curve analysis was done.

For the P3b, on the other hand, 18 studies were available, again all reporting attenuated
amplitudes in SUDs compared to control groups. More small (e.g., .01) than large (e.g., .04)
significant p values were observed, and the half p-curve (based on 14 p values) was
significantly right-skewed at the 5% level (p < .001), demonstrating evidential value. The
sensitivity analysis showed this conclusion to be robust against the exclusion of extremely
low p values, as six values could be removed before the curve was not significantly right-
skewed anymore. However, the corrected average statistical power of the studies was low:
53%, 90% CI [26%, 76%]. For the robustness analysis, five p values were replaced and one
p value was excluded. This had no impact on the conclusions of either the main or sensitivity

analysis, although power improved slightly to 60%.

7.3.2.3 Error Processing: ERN and Pe. For the ERN, eight studies were available, of
which one reported stronger amplitudes and seven reported attenuated amplitudes in
individuals with SUDs compared to healthy controls. Therefore, a p-curve analysis was
performed using the seven available values that indicated an attenuated effect. The half p-
curve (based on six p values) was significantly right-skewed at the 5% level (p = .006), thus
demonstrating evidential value. Sensitivity analysis showed that one study could be dropped
without loss of this evidential value. The underlying corrected statistical power of the set of
studies was reasonable: 71%, 90% CI [30%, 92%]. For the robustness analysis, one value
was replaced, which did not change any of the conclusions.

For the Pe, three studies were available, all reporting attenuated Pe amplitudes in
persons with SUDs compared with healthy controls. Since we only analysed literatures
consisting of at least five studies, no p-curve analysis was done.

7.3.2.4 Drug Cue Salience: Cue-P3 and LPP. For the P3 in response to SUDs-related
stimuli, nine studies were found that fulfilled the selection criteria, all reporting stronger
amplitudes in persons with SUDs compared to healthy controls. More small (e.g., .01) than
large (e.g., .04) significant p values were observed, and the half p-curve (based on eight p
values) was significantly right-skewed at the 5% level (p = .006), demonstrating evidential
value. However, sensitivity analysis showed that this conclusion was fully dependent on the
smallest p value that was included. Corrected average power of the studies was reasonable:
69%, 90% CI [30%, 91%]. For the robustness analysis, two p values were replaced, which
did not change the main conclusions but did result in a considerable drop in power (to 56%).
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For the LPP in response to SUDs-related stimuli, eight studies were available that all
reported stronger amplitudes in individuals with SUDs compared to healthy controls. All
included p values were < .025, and the half p-curve, which was thus based on all eight
studies, was significantly right-skewed at the 5% level (p <.001), demonstrating evidential
value. Sensitivity analysis showed this conclusion to be very robust against extreme values,
as half of the included studies could be dropped without the literature losing evidential value
(i.e., the p-curve was still significantly right-skewed after excluding the four lowest p
values). Power was also very good: 92%, 90% CI [73%, 98%]. For the robustness analysis,
six of the original eight values were replaced. This did not impact the evidential value, but
did have a notable effect on the results of the sensitivity analysis and on the corrected average
power: instead of four studies, now only one could be dropped without the literature losing
evidential value; and instead of 92%, power was now estimated at 82%.

7.3.2.5 Reward Responsiveness: FRN and Feedback-P3. For the FRN/RewP, eight
studies were found that fulfilled the selection criteria, of which two reported stronger FRN
amplitudes in individuals with SUDs vs. health control subjects, and six reported attenuated
amplitudes. Therefore, a p-curve analysis was done using the six values indicating an
attenuated effect. Observed values formed two peaks, one clustering around .01, and one
around .04. Evidential value was present based on the half p-curve (based on three p values)
being significantly right-skewed at the 5% level (p = .036). However, sensitivity analysis
showed that no studies could be dropped without resulting in loss of this evidential value,
and the power estimate was extremely low: 23%, 90% CI [5%, 72%]. For the robustness

analysis, one value was replaced, which did not change any of these conclusions.

For the Feedback-P3, four studies were found that fulfilled the selection criteria, of
which one reported stronger Feedback-P3 amplitudes in individuals with SUDs vs. healthy
controls, and the other three reported attenuated amplitudes. Since we only analysed

literatures consisting of at least five studies, no p-curve analysis was done.

7.3.2.6 EFE Processing: N170 and EFE-P3. For the N170 and P3 in response to
emotional facial expressions, respectively one and three studies fulfilled the inclusion
criteria, all reporting attenuated amplitudes for persons with SUDs compared to healthy
controls. Again, as we only analysed literatures consisting of at least five studies, no p-curve
analyses were performed on these ERPs.
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Figure 7.2

Overview of the Computed P-Curves
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7.4 Discussion

The present study reviewed the literature on a large number of ERPs that have been
proposed as biomarkers of addiction and performed p-curve analyses to examine whether
these literatures have evidential value (i.e., represent genuine effects vs. selective reporting)
and to estimate their selective-reporting-corrected statistical power. Both the review and p-
curve analysis were structured along the dimensions that the Addiction Neuroclinical
Assessment (ANA) framework proposes as central to the development and perpetuation of
addiction: Executive Function, Incentive Salience, and Negative Emotionality.

The first ERPs we examined were those reflecting Executive Functions, beginning
with the N2b and No-Go P3 reflecting Inhibitory Control. Here, existing literature showed
lower N2b amplitudes in persons with addiction than in control subjects, but reported
inconsistent findings for the No-Go P3 (Luijten et al., 2014; Y. Zhang et al., 2021). The p-
curve analysis confirmed this: while eight out of the nine N2b studies identified for analysis
showed attenuated amplitudes in persons with SUDs, this was only five out of eight for the
No-Go P3, with the remaining three showing increased amplitudes in individuals with
addiction. Furthermore, while we found evidential value for both ERPs, this was more robust
for the N2b. Likewise, estimated power was higher for the N2b than for the No-Go P3.
Regarding the ERPs reflecting Attention Allocation, we identified only a few studies for the
P3a but a large number for the P3b. The P3a studies showed attenuated amplitudes in persons
with SUDs compared to healthy controls, but no p-curve analysis was done due to the low
number of studies. For the P3b, the review showed that studies consistently reported
attenuated amplitudes in SUDs, which was supported by a meta-analysis (Euser et al., 2012).
A p-curve analysis demonstrated that these findings could not be attributed to selective
reporting, which was a robust finding. Surprisingly, however, corrected power for the P3b
literature was low at around 50-60%. Finally, the ERN and Pe were considered, reflecting
Error Processing. The review showed that previous studies reported attenuated amplitudes
for both these ERPs in persons with addiction compared to control subjects, although meta-
analyses differed in their conclusions (Y. Liu et al., 2023; Webber et al., 2024; Y. Zhang et
al., 2021). The Pe was examined less than the ERN, which led to only the ERN being p-
curved. This analysis demonstrated robust evidential value and reasonable power — thus
indicating the existence of a genuine effect. Overall, across all six Executive Function ERPs
we examined, the strongest evidence that the statistically significant findings reported by
existing research reflect true neurobiological differences between persons with and persons
without addiction was found for the N2b, the P3b, and the ERN.
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The second series of ERPs we reviewed and applied p-curve analysis to were those
concerned with Incentive Salience. First, we examined the motivational value of stimuli
associated with addiction, like beer glasses or poker chips, as measured with the P3 and LPP.
Existing literature showed that studies reported these to be higher in persons with addiction
compared to healthy controls, which was corroborated by meta-analyses (Littel, Euser, et al.,
2012; Norberg et al., 2016; Webber et al., 2022; Y. Zhang et al., 2021). The p-curve analysis
demonstrated evidential value for both the P3 and LPP literature, although the robustness of
this conclusion and the statistical power were more favourable for the LPP than for the P3.
As a second aspect of Incentive Salience, we examined the motivational value of non-drug
rewards as reflected by the FRN / RewP and the Feedback-P3. The majority of existing
research showed these ERPs to be reduced in persons with SUDs compared to healthy
control subjects, although the review also identified studies reporting the opposite effect, as
well as a recent meta-analysis that found no effect for the FRN (Webber et al., 2024). For
the Feedback-P3 too few studies were available for a p-curve analysis, and thus only the
FRN literature was p-curved. While this analysis did find evidential value, this finding was
not robust, and the average statistical power of this set of studies was poor. Overall,
therefore, with regard to Incentive Salience, the strongest evidence of true neurobiological
differences between persons with versus without addiction was found for the substance-
related LPP followed by the substance-related P3.

Finally, we examined ERPs related to the third dimension of the ANA: Negative
Emotionality. Here, we looked at the P3 and LPP when people processed affective images,
and at the N170 and P3 when they processed affective faces. What stood out from the
literature review on these ERPs was the inconsistency of the reported findings, plus the low
number of studies investigating them in general (Feuerriegel et al., 2015; Webber et al.,
2022). Consequently, no p-curve analysis was done for any of these ERPs, and contrary to
the ERPs related to the other ANA dimensions, we cannot conclude which ones are and
which ones are not likely to reflect genuine differences between persons with and without
addiction. Rather, based on the available research, it seems most fitting to take an agnostic
stance — not rejecting the notion that these ERPs differ based on addiction status, but not
advocating this notion either. Moreover, we join the plea by Hoffman et al. (2019), who
argue that impairments in social-emotional processing in people with SUDs have been
underappreciated and under-researched, and recommend a push towards more empirical
research on these constructs. By providing an overview of ERPs relevant to social-emotional
processing and the paradigms in which they are studied, the present study offers a starting

point for such an increase in research efforts.
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The findings from the present study provide guidance for other future research
directions too. Foremost, for ERPs which literatures show robust evidential value and high
statistical power — the No-Go N2b and the drug-LPP — research should explore how they can
be used in clinical practice. One of the key premises of the ANA framework and related
approaches like the Research Domain Criteria (RDoC) project is that patients diagnosed with
the same disorder, like SUDs, are highly heterogeneous, and that failure to take into account
this heterogeneity contributes significantly to the low success rate of treatment (Insel et al.,
2010; Kwako et al., 2016). For that reason, these frameworks argue that SUDs and other
mental illnesses should be studied and treated based on the exact (neurobiological) processes
that are disrupted in a person. As an example, two persons diagnosed with alcohol use
disorder may have distinct profiles of dysfunction, regardless of having received the same
DSM or ICD diagnostic label. The first person (“A”) may have a strong salience for drug-
related cues, but have only slightly compromised executive function and no negative affect
bias; the second (“B”) may likewise have a strong salience for alcohol cues but in addition
have severe impairments in executive function (Kwako et al., 2018). When treating these
two individuals based on their overall diagnosis, treatment will be generic as no distinction
can be made. Instead, when looking at the neurobiological processes that are disrupted in
each person, treatment can be fargeted, for example by focussing on improving inhibitory
control for person “B”. ERPs are one way through which these disruptions can be identified
(and possibly monitored) during treatment, provided that the research that informs the

validity of an ERP for measuring these constructs reflects genuine effects.

Relatedly, in order to know which ERPs can be used to safely measure these constructs,
the findings from the present study demonstrate that continued efforts are required to
improve the statistical power of studies. For many of the literatures included in the present
study, corrected power was insufficient: only for the N2b and drug-LPP did power surpass
80%. Across all reviewed literatures, samples on average consisted of 30 participants per
group, which is only adequate for detecting large effects (Clayson et al., 2019; Kissel &
Friedman, 2023) and which limits the ability of research to identify replicable biomarkers,
as low power decreases the informational value of both significant and non-significant
findings (Lakens & Evers, 2014). Thus, if any biomarkers of SUDs, other mental illnesses,
or the processes that underlie them are to be identified, higher powered studies are essential.
Inherently linked to this is the current lack of (a priori) power analyses in the EEG literature,
which bars readers from judging the replicability of studies themselves (Larson & Carbine,
2017).
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The present research has shortcomings of its own too. Primarily, despite attempting to
run p-curve analyses on all reviewed ERPs, thus assessing evidential value and power for
ERPs across all ANA dimensions, we only succeeded in doing so for seven: half of the
initially intended effects. This can be attributed to various factors. First, we applied relatively
stringent inclusion criteria. For example, we required the control group to be free of any
psychiatric or neurological disorders, meaning that studies were excluded as soon as one
member of the control group was diagnosed with such a disorder. Likewise, we required
those with addiction to be formally diagnosed or identified through validated measures,
among others resulting in the exclusion of several studies focussing on heavy cannabis use
(e.g., Henry et al., 2014). Notably, these stringent criteria served a critical purpose: keeping
heterogeneity low, as p-curve, like other meta-analytic approaches, decreases in performance
when effect sizes are heterogeneous (Brunner & Schimmack, 2020; E. C. Carter et al., 2019;
McShane et al., 2016), leading to the general recommendation to “select homogeneous
subsets of studies on the basis of methodological or substantive characteristics” and meta-
analyse studies only when they “are reasonably expected to have one underlying population
effect” (Van Assen et al., 2015, p. 298 and p. 306). This also makes sense from a theoretical
point of view: when the studies included in a meta-analysis differ widely in populations,
measures, dependent variables or even research questions, one can wonder what is actually
being estimated and hence what the outcome of the meta-analysis actually represents
(Simonsohn et al., 2022). Thus, our more selective analyses, on specific ERPs elicited in
specific tasks and in specific populations, are more straightforward to interpret and more
informative compared to if we had employed a more lenient inclusion.

A second reason why many potential studies were excluded is related to limitations in
reporting. In non-p value based meta-analyses, the key statistics (effect sizes) can be
computed in various ways and hence few studies are excluded due to the required statistics
being unavailable. On the other hand, for p-curve analysis and associated methods, the
options are much more limited: one needs to recompute the p value, which can only be
achieved by using the ¢ or F statistic and the degrees of freedom. Unfortunately, these were
not always available from the published report, and — as we experienced when emailing
authors — are not always stored carefully either, resulting in a relatively large number of
exclusions based on the relevant statistics not being available. We see this not so much as a
limitation of the p-curve methodology, but more so as a limitation of our field. In many
cases, full statistics were only provided for the omnibus test, regardless of whether that tested
the hypothesis. As an example, studies on the ERN and Pe virtually always hypothesised a
group difference on error trials. However, when researchers then performed a2 x 2 ANOVA

with group (addiction, healthy) and trial (error, correct) as factors, they often only provided
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the F and df for the main effects and interactions. For the follow-up test to see if groups
differed on the error trials only — the actual hypothesis — many times only the p value, or an
approximation of this (e.g., <.05), was reported, which was insufficient for inclusion in the

p-curve analysis.

Finally, not all intended p-curve analyses were performed due to choices made to
protect against low precision of our analyses. Specifically, we decided against running p-
curve analyses on the P3a, Pe, Feedback-P3, N170, and EFE-P3, as we believed these
analyses would not result in informative outcomes due to the low number of studies available
(one to three). How often p-curve is wrong depends on the statistical power of the included
studies, on the degree of selective reporting in the set, and on the number of studies being p-
curved (Simonsohn et al., 2014a). Simonsohn et al. (2014a) present simulations where, when
studies are powered well (80%), p-curve almost never falsely concludes that the set lacks
evidential value, even when as few as ten studies are included. However, as evidenced, EEG
studies are frequently not well-powered, and therefore also the No-Go P3 p-curve (based on
five studies) and the FRN / RewP p-curve (based on six) should be interpreted with caution.
This is particularly true for the former, which (just about) showed evidential value despite
an almost flat curve. Here it is important to update the analysis when new findings are
published to see if the evidential value remains. More generally speaking, it is important to
recognise that meta-analyses do not provide definitive conclusions (E. C. Carter et al., 2019):
the present p-curve analyses should be treated as a beginning rather than an end of the
examination into the evidential value of SUDs-related ERPs, with newer data and different

methodologies incrementally contributing to answering this question.
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7.5 Supplementary Materials

Table S7.1

Search Queries for Scopus, PubMed, and Psyclnfo

Database

Full Query

Scopus

( ( TITLE-ABS-KEY ( "Substance abuse" ) OR TITLE-ABS-KEY ( "Substance use" ) OR TITLE-ABS-KEY
( "Substance dependence" ) OR TITLE-ABS-KEY ( "Drug abuse" ) OR TITLE-ABS-KEY ( "Drug use" ) OR
TITLE-ABS-KEY ( "Drug dependence" ) OR TITLE-ABS-KEY (addict* ) OR TITLE-ABS-KEY ( alcohol*
) OR TITLE-ABS-KEY ( cocaine ) OR TITLE-ABS-KEY ( crack ) OR TITLE-ABS-KEY ( ghb ) OR TITLE-
ABS-KEY ( heroin ) OR TITLE-ABS-KEY ( Isd ) OR TITLE-ABS-KEY ( methamphetamine ) OR TITLE-
ABS-KEY ( opiate* ) OR TITLE-ABS-KEY ( opioid* ) OR TITLE-ABS-KEY ( mdma ) OR TITLE-ABS-
KEY ( ecstasy ) OR TITLE-ABS-KEY ( cannabis ) OR TITLE-ABS-KEY ( marijuana ) OR TITLE-ABS-
KEY ( nicotine ) OR TITLE-ABS-KEY ( cigarette ) OR TITLE-ABS-KEY ( tobacco ) OR TITLE-ABS-KEY
( smoking ) OR TITLE-ABS-KEY ( smoker* ) OR TITLE-ABS-KEY ( gambling ) OR TITLE-ABS-KEY (
gambler* ) OR TITLE-ABS-KEY ( "Gaming disorder" ) OR TITLE-ABS-KEY ( "Computer gam*" ) OR
TITLE-ABS-KEY ( "Problematic internet" ) OR TITLE-ABS-KEY ( "Problematic smartphone" ) OR TITLE-
ABS-KEY ( "Problematic porn*" ) OR TITLE-ABS-KEY ( "Problematic social" ) ) ) AND ( ( TITLE-ABS-
KEY ( electroencephalogra* ) OR TITLE-ABS-KEY ( eeg ) OR TITLE-ABS-KEY ( "Event-related
potential*" ) OR TITLE-ABS-KEY ( erp ) OR TITLE-ABS-KEY ( n2 ) OR TITLE-ABS-KEY ( n200 ) OR
TITLE-ABS-KEY (n2b ) OR TITLE-ABS-KEY (p3 ) OR TITLE-ABS-KEY ( p300 ) OR TITLE-ABS-KEY
(p3a) OR TITLE-ABS-KEY ( p3b ) OR TITLE-ABS-KEY ( "Novelty P3" ) OR TITLE-ABS-KEY ( "Error-
related negativity" ) OR TITLE-ABS-KEY ( ern ) OR TITLE-ABS-KEY ( "Error negativity" ) OR TITLE-
ABS-KEY ( "Error positivity" ) OR TITLE-ABS-KEY ( "Late positive potential" ) OR TITLE-ABS-KEY (
Ipp ) OR TITLE-ABS-KEY ( "Late positive comp*" ) OR TITLE-ABS-KEY ( Ipc ) OR TITLE-ABS-KEY (
"Slow wave" ) OR TITLE-ABS-KEY ( "Slow potential" ) OR TITLE-ABS-KEY ( "Slow positive wave*" )
OR TITLE-ABS-KEY ( "Feedback-related negativity" ) OR TITLE-ABS-KEY ( frn ) OR TITLE-ABS-KEY
( "Feedback negativity" ) OR TITLE-ABS-KEY ( "Reward positivity" ) OR TITLE-ABS-KEY ( rewp ) OR
TITLE-ABS-KEY (10170 ) OR TITLE-ABS-KEY ( p150 ) OR TITLE-ABS-KEY ( p160 ) OR TITLE-ABS-
KEY ( "Vertex Positive Potential" ) OR TITLE-ABS-KEY (vpp ) ) ) AND ( ( TITLE-ABS-KEY ( "Executive
function”" ) OR TITLE-ABS-KEY ( "Executive control" ) OR TITLE-ABS-KEY ( "Cognitive control" ) OR
TITLE-ABS-KEY ( "Information processing”" ) OR TITLE-ABS-KEY ( "Inhibitory control" ) OR TITLE-
ABS-KEY ( inhibit* ) OR TITLE-ABS-KEY (no-go ) OR TITLE-ABS-KEY ( stop-signal ) OR TITLE-ABS-
KEY ( "Attention allocation" ) OR TITLE-ABS-KEY ( "Resource allocation" ) OR TITLE-ABS-KEY (
"Attentional control" ) OR TITLE-ABS-KEY ( "Selective attention" ) OR TITLE-ABS-KEY ( oddball ) OR
TITLE-ABS-KEY ( non-target ) OR TITLE-ABS-KEY ( "Continuous performance t*" ) OR TITLE-ABS-
KEY ( cpt ) OR TITLE-ABS-KEY ( "Rotated-heads" ) OR TITLE-ABS-KEY ( rht ) OR TITLE-ABS-KEY (
"discrimination task" ) OR TITLE-ABS-KEY ( "Error processing" ) OR TITLE-ABS-KEY ( "Error
monitoring" ) OR TITLE-ABS-KEY ( "Performance monitoring" ) OR TITLE-ABS-KEY ( "Conflict
monitoring" ) OR TITLE-ABS-KEY ( flanker ) OR TITLE-ABS-KEY ( "Stroop task" ) OR TITLE-ABS-KEY
( "Simon task" ) OR TITLE-ABS-KEY ( "Incentive salience" ) OR TITLE-ABS-KEY ( cue-reactivity ) OR
TITLE-ABS-KEY ( "Attention* bias*" ) OR TITLE-ABS-KEY ( "Processing bias*" ) OR TITLE-ABS-KEY
( "Motivational bias*" ) OR TITLE-ABS-KEY ( "Motivated attention" ) OR TITLE-ABS-KEY (
"Motivational signific*" ) OR TITLE-ABS-KEY ( craving ) OR TITLE-ABS-KEY ( dot-probe ) OR TITLE-
ABS-KEY ( "Reward respons*" ) OR TITLE-ABS-KEY ( "Reward process*" ) OR TITLE-ABS-KEY (
"Reward sensit*" ) OR TITLE-ABS-KEY ( reward-related ) OR TITLE-ABS-KEY ( "Feedback processing" )
OR TITLE-ABS-KEY ( "Gambling task" ) OR TITLE-ABS-KEY ( "Doors task" ) OR TITLE-ABS-KEY (
"Balloon Analogue Risk Task" ) OR TITLE-ABS-KEY ( bart ) OR TITLE-ABS-KEY ( "lowa Gambling Task"
) OR TITLE-ABS-KEY (igt ) OR TITLE-ABS-KEY ( "Monetary Incentive Delay Task" ) OR TITLE-ABS-
KEY (midt ) OR TITLE-ABS-KEY ( "Negative emotionality" ) OR TITLE-ABS-KEY ( "Emotional salience"
) OR TITLE-ABS-KEY ( "Pleasant image*" ) OR TITLE-ABS-KEY ( "Unpleasant image*" ) OR TITLE-
ABS-KEY ( "Neutral image*" ) OR TITLE-ABS-KEY ( "Affective stimul*" ) OR TITLE-ABS-KEY (
"Emotion* stimul*" ) OR TITLE-ABS-KEY ( "Emotion* process*" ) OR TITLE-ABS-KEY ( "Emotional
Facial Expression*" ) OR TITLE-ABS-KEY ( "Facial expression*" ) OR TITLE-ABS-KEY ( "Facial
process*" ) OR TITLE-ABS-KEY ( "Face-process*" ) ) ) AND ( LIMIT-TO ( LANGUAGE , "English" ) )
AND ( LIMIT-TO ( EXACTKEYWORD , "Human" ) OR LIMIT-TO ( EXACTKEYWORD , "Humans" ) )
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Table S7.1 (continued)

Search Queries for Scopus, PubMed, and Psyclnfo

Database

Full Query

PubMed

("Substance abuse"[tw] OR "Substance use"[tw] OR "Substance dependence"[tw] OR "Drug abuse"[tw] OR
"Drug use"[tw] OR "Drug dependence"[tw] OR addict*[tw] OR alcohol*[tw] OR cocaine[tw] OR crack[tw]
OR ghb[tw] OR heroin[tw] OR Isd[tw] OR methamphetamine[tw] OR opiate*[tw] OR opioid*[tw] OR
mdma[tw] OR ecstasy[tw] OR cannabis[tw] OR marijuana[tw] OR nicotine[tw] OR cigarette[tw] OR
tobacco[tw] OR smoking[tw] OR smoker*[tw] OR gambling[tw] OR gambler*[tw] OR "Gaming
disorder"[tw] OR "Computer gam*"[tw] OR "Problematic internet"[tw] OR "Problematic smartphone"[tw]
OR "Problematic porn*"[tw] OR "Problematic social"[tw]) AND (electroencephalogra*[tw] OR eeg[tw] OR
"Event-related potential*"[tw] OR erp[tw] OR n2[tw] OR n200[tw] OR n2b[tw] OR p3[tw] OR p300[tw] OR
p3a[tw] OR p3b[tw] OR "Novelty P3"[tw] OR "Error-related negativity"[tw] OR ern[tw] OR "Error
negativity"[tw] OR "Error positivity"[tw] OR "Late positive potential”[tw] OR Ipp[tw] OR "Late positive
comp*"[tw] OR Ipc[tw] OR "Slow wave"[tw] OR "Slow potential"[tw] OR "Slow positive wave*"[tw] OR
"Feedback-related negativity"[tw] OR frn[tw] OR "Feedback negativity"[tw] OR "Reward positivity"[tw] OR
rewp[tw] OR n170[tw] OR p150[tw] OR p160[tw] OR "Vertex Positive Potential"[tw] OR vpp[tw]) AND
("Executive function"[tw] OR "Executive control"[tw] OR "Cognitive control"[tw] OR "Information
processing"[tw] OR "Inhibitory control"[tw] OR inhibit*[tw] OR no-go[tw] OR stop-signal[tw] OR "Attention
allocation"[tw] OR "Resource allocation"[tw] OR "Attentional control"[tw] OR "Selective attention"[tw] OR
oddball[tw] OR non-target[tw] OR "Continuous performance t*"[tw] OR cpt[tw] OR "Rotated-heads"[tw] OR
rht[tw] OR "discrimination task"[tw] OR "Error processing"[tw] OR "Error monitoring"[tw] OR "Performance
monitoring"[tw] OR "Conflict monitoring"[tw] OR flanker[tw] OR "Stroop task"[tw] OR "Simon task"[tw]
OR "Incentive salience"[tw] OR cue-reactivity[tw] OR "Attention* bias*"[tw] OR "Processing bias*"[tw] OR
"Motivational bias*"[tw] OR "Motivated attention"[tw] OR "Motivational signific*"[tw] OR craving[tw] OR
dot-probe[tw] OR "Reward respons*"[tw] OR "Reward process*"[tw] OR "Reward sensit*"[tw] OR reward-
related[tw] OR "Feedback processing"[tw] OR "Gambling task"[tw] OR "Doors task"[tw] OR "Balloon
Analogue Risk Task"[tw] OR bart[tw] OR "lowa Gambling Task"[tw] OR igt[tw] OR "Monetary Incentive
Delay Task"[tw] OR midt[tw] OR "Negative emotionality"[tw] OR "Emotional salience"[tw] OR "Pleasant
image*"[tw] OR "Unpleasant image*"[tw] OR "Neutral image*"[tw] OR "Affective stimul*"[tw] OR
"Emotion* stimul*"[tw] OR "Emotion* process*"[tw] OR "Emotional Facial Expression*"[tw] OR "Facial
expression*"[tw] OR "Facial process*"[tw] OR "Face-process*"[tw]) AND "english"[la] AND humans[mh]

PsychINFO

(("Substance abuse" or "Substance use" or "Substance dependence" or "Drug abuse" or "Drug use" or "Drug
dependence" or addict* or alcohol* or cocaine or crack or ghb or heroin or Isd or methamphetamine or opiate*
or opioid* or mdma or ecstasy or cannabis or marijuana or nicotine or cigarette or tobacco or smoking or
smoker* or gambling or gambler* or "Gaming disorder" or "Computer gam*" or "Problematic internet" or
"Problematic smartphone" or "Problematic porn*" or "Problematic social") and (electroencephalogra* or eeg
or "Event-related potential*" or erp or n2 or n200 or n2b or p3 or p300 or p3a or p3b or "Novelty P3" or "Error-
related negativity" or ern or "Error negativity" or "Error positivity" or "Late positive potential" or lpp or "Late
positive comp*" or Ipc or "Slow wave" or "Slow potential" or "Slow positive wave*" or "Feedback-related
negativity" or frn or "Feedback negativity" or "Reward positivity" or rewp or n170 or p150 or p160 or "Vertex
Positive Potential" or vpp) and ("Executive function" or "Executive control" or "Cognitive control" or
"Information processing" or "Inhibitory control" or inhibit* or no-go or stop-signal or "Attention allocation”
or "Resource allocation" or "Attentional control" or "Selective attention" or oddball or non-target or
"Continuous performance t*" or cpt or "Rotated-heads" or rht or "discrimination task" or "Error processing"
or "Error monitoring" or "Performance monitoring" or "Conflict monitoring" or flanker or "Stroop task" or
"Simon task" or "Incentive salience" or cue-reactivity or "Attention* bias*" or "Processing bias*" or
"Motivational bias*" or "Motivated attention" or "Motivational signific*" or craving or dot-probe or "Reward
respons*" or "Reward process*" or "Reward sensit*" or reward-related or "Feedback processing" or
"Gambling task" or "Doors task" or "Balloon Analogue Risk Task" or bart or "lowa Gambling Task" or igt or
"Monetary Incentive Delay Task" or midt or "Negative emotionality" or "Emotional salience" or "Pleasant
image*" or "Unpleasant image*" or "Neutral image*" or "Affective stimul*" or "Emotion* stimul*" or
"Emotion* process*" or "Emotional Facial Expression*" or "Facial expression*" or "Facial process*" or "Face-
process*")).mp. and english.lg. and human.po.
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Table S7.26

Inputted Values for the P-Curve Analyses

P-curve Main Analysis Robustness Analysis
F(1,47) =535 -
F(1,22)=6.92
F(1, 60) = 11.324
F(1, 46) = 6.133
N2b 1(49)=5.8
t(134) =-7.21
F(1,32) =4.90
F(1, 126) = 7.81
F(1,30)=4.73 F(1,30)=4.73
t(121) =2.298 t(121) =2.298
No-Go P3 t(106) = 2.48 t(106) = 2.54
(49)=62 (49)=62
F(1,32)=4.36 F(1,32)=4.36
t(18) =3.028 F(10, 124)=3.17
F(14, 120) = 2.99 F(1, 135)=3.914
F(1, 135)=3.914 F(1,73) =5.00
F(1,73) =5.00 1(27) = 4.04
1(27) = 4.04 1(62) = -3.202
1(62) = -3.202 F(1, 196)=9.6
F(1, 196)=9.6 z=-334
z=-334 F(1,58)=8.817
b F(1,58) =8.817 F(1,26)=11.6
F(1,26)=11.6 F(1,36) = 13.83
F(1,36) = 13.83 1(28.352) = 2.4386
1(28.352) = 2.4386 F(1, 47) =8.02
F(1, 47) = 8.02 F(1, 40) = 5.681
F(1, 40) = 5.458 F(1,43) =5.823
F(1,43) =5.242 F(1,89) = 5.88
F(1, 196) = 4.45 F(1, 76) = 14.06
F(1,76) = 8.01 F(1,36)=10.31
F(1,36) =10.31
t(30)=2.73 t(30) = 2.62
£(59) = 2.163866 £(59) = 2.163866
£(50) = 4.225626 £(50) = 4.225626
ERN F(1,70) = 10.03 F(1,70) = 10.03
(49)=42 (49)=42
F(1, 65) = 6.993 F(1, 65) = 6.993
F(l, 11)=7.42 F(l, 11)=7.42
F(1,34) = 6.69 F(1,34) = 6.69
F(1, 18) = 56.26 F(1, 18) = 13.67
F(1, 40) =25.73 F(1, 40) =25.73
t(57) =2.5125938 t(57) =2.9311073
Drug-P3 F(1,59) = 6.57 F(1,59) = 6.57
F(1,23)=4.39 F(1,23)=4.39
F(1,26) = 6.37 F(1,26) = 6.37
F(1,36)=7.73 F(1,36)=7.73
F(1,28) =7.84 F(1,28) =7.84
F(1, 34) = 26.02 F(1, 34) =26.02
F(1, 30) = 8.87 F(1, 30) = 8.87
F(1, 18) =21.64 F(1, 18)=6.11
F(1,77)=6.30 F(1,77) =4.80
Drug-LPP 1(654) = 3.05 1(1962) = 2.35
t(35)=2.92 t(35)=2.73
F(1,28) =17.33 F(1,28) =24.19
F(1,28) = 17.23 F(1,28) =22.08
t(78) = 4.073 t(78)=3.914
F(1,34)=4.89 F(1,34) = 4.89
F(1,72) =6.90 F(1,72) =6.90
FRN/RewP F(1, 53) = 4.58 F(1, 53)=4.58
F(1,55)=7.20 F(1,55)=7.20
F(1, 56) = 4.56 F(1, 56) =4.56
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Chapter 8

General Discussion
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8.1 Summary of the Research Findings and Conclusions

The use of behavioural and (neuro)physiological measures for operationalising risk-
taking propensity (RTP) and related concepts like reward responsiveness and impulsivity
has increased in recent years. In part, this seems to be due to the assumption that behavioural
and (neuro)physiological measures provide more accurate operationalisations than self-
reports. However, critical evaluation of these measures is in short supply. For this reason,
the present dissertation posed the following question: to what extent are behaviour and brain
activity recorded during computer tasks in a laboratory setting successful in operationalising

concepts such as risk-taking propensity?

8.1.1 Part I: Behavioural Tasks

The suitability of behavioural tasks for measuring risk-taking propensity was
examined in Chapters 2, 3, and 4. First, we focused our attention on the Balloon Analogue
Risk Task (BART; Lejuez et al., 2002). This is the most popular instrument for measuring
RTP in psychology (C. Wang et al., 2025), and is also often used as a benchmark against
which new risk-taking tasks are evaluated. As such, the BART has had a profound impact
on the field. At face value, the BART seems suited as an operationalisation of risk-taking
propensity: participants engage in an intuitive risk-taking activity where their decisions have
tangible consequences. However, Chapters 2 and 3 of this dissertation demonstrated that the
BART suffers from methodological shortcomings. First, it is unclear in the BART which
decisions are made under uncertainty and which under risk. In addition, the ratio between
the two types of decision differs between participants based on their learning abilities.
Second, a subset of observations in the BART is censored, with participants who take more
risk having a larger number of censored trials. Third, the risk of decisions taken in the BART
is confounded with their expected value, which cannot be decomposed. Finally, participants
take relatively little risk in the BART, regardless of whether they are risk-seeking or risk-
averse, which makes it hard to measure individual differences and distinguish adaptive from
maladaptive behaviour. Taken together, these problems make the BART — in its current form
— an unfit measure for operationalising risk-taking propensity. Therefore, researchers who
have used the BART should critically reflect on its limitations when interpreting their
findings; and researchers intending to measure RTP are advised to use a different instrument,
such as the Columbia Card Task (CCT; Figner et al., 2009).

In this dissertation, the Columbia Card Task was presented as an alternative to the
Balloon Analogue Risk Task. Like the BART, the CCT is a sequential risk-taking task in
which participants’ decisions have tangible (monetary) consequences — they can win or they
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can lose. However, its design gets around the methodological problems that the BART
suffers from. Specifically, in the CCT, participants make decisions under clear conditions of
risk — although conditions of uncertainty can also easily be constructed. This risk condition
is not confounded by expected value, and it is easy in the CCT to distinguish adaptive from
maladaptive risk-taking. Various versions of the CCT exist, with the “warm” version that
was applied in Chapter 4 of the dissertation being free from statistical censoring. As a bonus,
the design of the CCT allows researchers to extract data on participants’ information use,
that is, the impact that information on gains, losses, and the probability of losing has on how
much risk they take. This makes the CCT not only interesting to researchers from the field
of psychology, but to those from economics as well, as these parameters relate to the main
components of cumulative prospect theory. The benefits of the characteristics of the CCT
were illustrated in Chapter 4, where the task was used to study students’ RTP in relation to
their entrepreneurial orientation. In addition, this Chapter demonstrated how methodological
problems specific to the CCT can readily be solved with statistical modelling. Specifically,
because the CCT presents participants with a grid of four by eight cards that they can turn,
the likelihood of participants selecting multiples of four cards (4, 8, 12, ...) is increased. The
Censored Mixture Model (Dijkstra et al., 2022) used in Chapter 4 therefore assigns extra
probability mass to such outcomes. This model, which was designed specifically for the
CCT, can also address censoring — both in versions of the CCT that suffer from this, as well
as in the BART. To sum up, while the findings from Part I of the dissertation show that the
BART is unsuitable for operationalising risk-taking propensity, they also demonstrate that
the CCT has great potential for doing so. However, it is important to be attentive to the
idiosyncrasies of behavioural tasks, including the CCT, and to make well-informed and well-
motivated decisions about which task to use and in what way.

8.1.2 Part II: Brain Activity

Having evaluated the BART and the CCT, Chapters 5, 6, and 7 focused on the
possibilities of operationalising RTP with the use of electroencephalography (EEG). Here,
findings were mixed. First, Chapter 5 measured Event-Related Potentials (ERPs) in the EEG
signal in response to participants winning or losing in the CCT, as such ERPs are often taken
to reflect people’s risk-taking propensity and related constructs, such as reward
responsiveness. Although the ERPs were clearly identified, correlations between these ERPs
on the one hand and self-reports and behavioural measures of similar constructs on the other
were non-significant and small. Thus, convergent validity was low, indicating that these

ERPs may not be suitable for operationalising risk-taking propensity and related constructs.
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Chapter 6 followed up on the findings from Chapter 5 by examining the correlations
between self-reported, behavioural, and EEG operationalisations of impulsivity and related
concepts (Study 1) and reward responsiveness and related concepts (Study 2). Here, once
more, few significant correlations between the EEG measurements and the behavioural and
self-report measurements were found. However, two additional findings stood out. First,
self-reports and behavioural measures did not correlate well with each other either. Second,
self-reports tended to correlate well with other self-reports that were designed to measure
comparable constructs, while accounting for common method bias. The same was found for
behavioural and EEG measures. Together, these findings provide an alternative explanation
for the low convergent validity observed in Chapter 5. Specifically, it opens up the possibility
that EEG can measure RTP and related constructs, but that it measures a different dimension
or aspect of it than do self-report measurements or behavioural ones. Support for this
conjecture that different (types of) instruments capture different dimensions of a construct
is already provided within the existing RTP literature (e.g., Frey et al., 2017), albeit with the
important caveat that this research is limited to self-reports and behaviour.

Finally, the findings from Chapter 7 suggest yet another reason why EEG is suitable
for operationalising RTP and related constructs. Here, we examined if the statistically
significant differences in ERPs between persons with and without addiction, as reported in
the existing literature, reflect genuine differences or if they could be explained by selective
reporting. Despite most of the examined literature being underpowered, the findings pointed
towards genuine effects. In other words, ERPs do differ between clinical and non-clinical
populations. This could mean that EEG is suitable for operationalising the constructs
examined in Chapter 7, including reward responsiveness and impulsivity, but only when
differentiating between groups of people on the more extreme ends of a spectrum. It may
not be sensitive enough to detect individual differences among healthy persons, especially
when benchmarked against self-reports and behavioural measures like in Chapters 5 and 6.
Taken together, the findings from Part II cannot unequivocally establish whether EEG is
suitable for operationalising RTP, but they do provide pointers as to what it may or may not

measure.

8.2 Strengths and Limitations of the Dissertation

Across the dissertation, the strengths and limitations specific to each chapter were

discussed. The present section highlights two general strengths and two general limitations.
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A primary strength of this dissertation is the fact that it takes a step back from empirical
enquiries and looks at the broader picture of measurement. Too often, when planning a study
and deciding on the operationalisation and (type of) measurement, researchers rely on
convenience and conventions. From a personal perspective, back when I was planning data
collection for this dissertation, I did so as well. The BART was readily available in the task
repository of our lab, and was widely used both by other researchers at the lab and by the
broader research community, giving it a legitimacy that I initially did not question. Only
through using the task (Chapters 5 and 6) did I recognise its shortcomings, driving me to
investigate alternatives like the “warm” (Chapter 4) and “hot” (Chapter 5) versions of the
CCT. In the end, this resulted in a dissertation that not only thoroughly reflects on
methodological choices, but also provides applications in which the relevant trade-offs
between different operationalisations have been carefully taken into account. Likewise
focusing both on theory and practice, the second strength of the dissertation is that it
provides a critical perspective on the importance of sample size (Chapters 6 and 7) and that
it “practices what it preaches” by consistently using well-powered samples of at least n =
120. Especially in EEG research, where data collection is time-consuming and expensive
compared to research based on self-reports or behavioural tasks, samples are typically 20-
40 participants per group, which is insufficient for detecting anything other than large effects
(Clayson et al., 2019; Kissel & Friedman, 2023). Because of the large samples, one can be
more confident in the estimates provided across the present dissertation.

As for general limitations, first, it is important to note the scope of the dissertation.
Specifically, while various ERPs were examined to determine their suitability for
operationalising RTP and associated constructs, with regard to behavioural tasks the
dissertation was heavily concentrated around the BART and CCT. This choice was
deliberate: the BART is the most popular instrument for measuring RTP and related
constructs in psychology (C. Wang et al., 2025) and is often used as a benchmark for
evaluating new tasks. The CCT is in many ways similar to the BART, but circumvents its
limitations, and has rapidly gained popularity since its publication 15 years ago.
Nonetheless, other risk-taking propensity tasks would also have been worth evaluating,
including the Cambridge Gambling Task (Rogers et al., 1999) and the Game of Dice Task
(Brand et al., 2005) that were mentioned in Chapter 2. Likewise related to scope, a second
drawback of the dissertation is that it is mainly concerned with validity, and does not address
reliability. This lack of attention to reliability is a shortcoming of the existing empirical
literature as well: in studies using self-report scales, estimates of reliability are frequently
reported, whereas this is much less so the case for scores obtained with behavioural tasks
(Green et al., 2016) and EEG or other (neuro)physiological measures, arguably because
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estimating reliability for such scores is complicated (Ellis et al., 2024; Green et al., 2016).
The impact of low reliability, however, is large, as it determines the upper limit of the
validity: if a measurement is not reliable, by definition it cannot correlate strongly with a
criterion due to the high measurement error. According to Hedge et al. (2018), this is
precisely why data from behavioural tasks correlates poorly with that from other measures,
such as self-reports, although these authors do not examine tasks that measure risk-taking
propensity. Research on RTP specifically, however, shows moderate to good reliabilities
both for behavioural (Buelow & Barnhart, 2018; White et al., 2008) and EEG measures (Jin
et al., 2025; Marco-Pallares et al., 2011), making low reliability an unlikely cause of the
small between-measure correlations observed in this dissertation. Further supporting this
conjecture, reliabilities of the here presented behavioural and EEG data were computed,
showing (Guttman split-half, or in case of unequal numbers of observations theorem 2 by
Ellis et al., 2024) reliabilities in the >.80 range for the behavioural data, and reliabilities in
the >.50 range for the EEG data.

8.3 Moving Forward: What Should the Next Decade Bring?

In addition to the recommendations for future research made in each individual
chapter, the findings from the studies and the general trends that were identified together

point to three ambitions that should receive priority in the upcoming years.

First, it is critical that the field of psychology attains a (renewed) appreciation of basic
research. Over the past decade, especially in the social sciences, a clear shift towards
emphasising the societal impact of research has been observed (Dotti & Walczyk, 2022).
Increasingly, policymakers, funding agencies, and universities expect or demand that
researchers’ academic output has clear positive implications for societal challenges like the
UN Sustainable Development Goals (no poverty, reduced inequality, ...). In part, this shift
represents progress: historically, emphasis was placed solely on the quality and intellectual
significance of research, while the broader societal implications of science were neglected.
Acknowledging the impact research has outside of academia is therefore justified (Lauronen,
2022). However, the importance that is now placed on societal impact comes at the risk of
devaluing basic research (Laing et al., 2017; Penfield et al., 2014). Therefore, it is vital to
recognise the importance of basic research for applied research. After all, the value of the
conclusions drawn in any empirical study depends on by how well the constructs central to
that study are measured. In other words, thorough basic research is a prerequisite for
impactful applied research. To give an example: if your measure of risk-taking propensity is
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not valid, then your conclusion as to whether persons with ADHD have a lot of it cannot be

valid either, and neither can the intervention that you develop based on this conclusion.

Second, basic research on operationalisation and on the characteristics of measurement
instruments should be conducted with the user in mind. That is, applied researchers in search
of information about the validity and reliability of behavioural or (neuro)physiological
measures should be able to interpret this research without specialist knowledge of
psychometrics — just like information on the validity and reliability of self-reports is usually
straightforward to interpret. This user-friendliness is especially important for studies
presenting solutions to problems, which should be supported by working examples and code
packages to bridge the gap between method and application. Relatedly, basic researchers
should consider publishing (some of) their work in applied journals, rather than focusing
purely on specialised method or psychometric journals (like Behaviour Research Methods
and Psychometrika), to more effectively reach their intended users. Frequently, basic
research on behavioural or (neuro)physiological measures fails to gain momentum among
the users of these instruments. For example, the study by Young and McCoy (2019) that was
referred to in Chapter 3 makes excellent points on the limitations of the BART and provides
solutions, but citations show that only a handful of studies implement them. Similarly,
Huizenga et al. (2002) proposes an elegant method to reduce standard errors in EEG data,
yet is only cited by other statistic papers. Hence, for basic research to benefit applied
research, stronger links between them are needed.

Finally, it is key that applied researchers in the social sciences actively seek out
information about the instruments they intend to use. This is standard practice when using
self-reports, but is less common for behavioural and (neuro)physiological measures. The
findings presented in this dissertation show the risks this brings: if what you measure is not
what you intended to measure, the research question cannot be answered and you may arrive
at incorrect conclusions. Hence, when planning a study, one should consider different
operationalisations, and carefully evaluate the characteristics, qualities, and fit of possible
instruments. Importantly, researchers should not rely on conventions, nor on which
instrument is most cited. What worked in one study is not necessarily suitable for another
that aims to answer a different question. Furthermore, new research may have been
published in the meantime, offering new insights. Thus, each individual study requires a
well-informed and well-motivated decision about which measurement to use. Chapter 1
quoted Landis and Cortina (2015, p. 15): “the fact that we must define and measure
unobservable constructs adds an element of difficulty to our sciences that does not exist in
others”. Unfortunately, we sometimes seem to forget this difficulty exists. It is therefore time

we renew our appreciation of this challenge.
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Summary in English

Risk-taking propensity (RTP) is a core concept in several fields of research, including
psychology, economics, and management. Consequently, an important question is how to
best measure RTP. Recent years have seen an increase in the use of behavioural and
(neuro)physiological measures for operationalising RTP and related concepts like reward
responsiveness and impulsivity. In part, this increase seems to originate from the assumption
that behavioural and (neuro)physiological measures provide more accurate
operationalisations of these constructs than do self-reports, due to the latter being influenced
by social desirability bias and limits on participants’ introspective abilities. However, the
suitability of behavioural and (neuro)physiological measures for operationalising RTP and
related concepts has been examined only sparsely. The present dissertation addresses this
gap.

Chapters 2, 3, and 4 evaluate behavioural measures of risk-taking propensity. In
particular, they look at the Balloon Analogue Risk Task (BART) and the Columbia Card
Task (CCT), which are both frequently used in the psychological literature to measure RTP.
The chapters demonstrate that the BART suffers from various methodological shortcomings.
For example, it cannot distinguish properly between adaptive and maladaptive risk-taking.
Also, a subset of observations in the BART is censored, because trials can finish while
participants may have wanted to take more risk. Together, the problems discussed in
Chapters 2 and 3 show that the BART is an unfit measure for operationalising risk-taking
propensity. The CCT, on the other hand, receives positive acclaim. While in some ways the
task is similar to the BART — both are sequential risk-taking tasks in which participants can
win and lose money — the CCT circumvents the methodological problems that make the
BART unsuited for measuring RTP. In addition, the design of the CCT makes it possible for
researchers to examine the impact that information on gains, losses, and the probability of
losing has on the amount of risk participants take. This makes the CCT relevant not only to
researchers from psychology, but to researchers from other fields like economics and
management as well. This relevance is illustrated in Chapter 4, which uses the CCT to
measure risk-taking propensity in relation to persons’ entrepreneurial orientation.

Chapters 5, 6, and 7 subsequently assess the suitability of operationalising RTP with
the use of electroencephalography (EEG), which measures changes in the brain’s electrical
activity. To this end, Chapters 5 and 6 record EEG at relevant moments in the decision-
making process, such as when participants lose money in the CCT. Across several large and
well-powered samples, strong EEG signals are found. Unfortunately, these show poor
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convergent validity as they correlate only weakly with self-reported and behavioural
measures of RTP, reward responsiveness, and impulsivity. At the outset, these correlations
therefore indicate that EEG may not be a suitable operationalisation for these constructs.
However, it is further found that self-reports and behavioural measures gauging these
constructs also do not correlate strongly, and that measures of the same type (such as two
EEG measures) do correlate well. This could mean that EEG is suitable for operationalising
RTP and related constructs, but that it measures a different dimension or aspect of it than for
example self-reports do. Furthermore, Chapter 7 finds support for the existence of EEG
differences between healthy persons and persons with addiction, indicating that EEG is a
suitable operationalisation when differentiating between groups of people on the more
extreme ends of a spectrum. In all, EEG may be appropriate to operationalise RTP and
related constructs, but only under specific conditions.

By examining the suitability of behavioural and EEG measures for operationalising
RTP and related constructs, the present dissertation contributes to the fundamental literature
on the measurement of RTP as well as to applied research that uses the measurement
instruments that are evaluated. The findings emphasise how choosing an operationalisation
is a complicated decision that should involve careful consideration of the options, as the
conclusions that can be drawn from empirical analyses depend on accurate measurement of

the concepts of interest.
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Summary in Dutch

Risicobereidheid (de neiging van een individu om risico te nemen) speelt een
prominente rol in diverse onderzoeksgebieden, waaronder in de psychologie, economie, en
in management. Een belangrijke vraag is dan ook hoe risicobereidheid het best kan worden
gemeten. De laatste jaren worden risicobereidheid en gerelateerde constructen zoals
beloningsgevoeligheid en impulsiviteit steeds vaker geoperationaliseerd door middel van
gedragstaken en (neuro)fysiologische metingen. Deze toename lijkt deels gedreven door het
idee dat gedragstaken en (neuro)fysiologische metingen een nauwkeurigere
operationalisering van deze constructen bieden dan zelf-rapportages, welke onderhevig zijn
aan sociale wenselijkheid bias en beperkingen in de introspectieve kennis van
proefpersonen. Echter, tot op heden is slechts beperkt onderzocht hoe geschikt gedragstaken
en (neuro)fysiologische metingen eigenlijk zijn voor het operationaliseren van
risicobereidheid en gerelateerde constructen. Het huidige proefschrift gaat in op deze vraag.

Hoofdstuk 2, 3, en 4 onderzoeken gedragstaken die risicobereidheid beogen te meten.
De focus ligt hierbij op de Balloon Analogue Risk Task (BART) en de Columbia Card Task
(CCT), die beide in de psychologie veelvuldig worden gebruikt voor dit doel. De
hoofdstukken laten zien dat dat de BART verschillende methodologische tekortkomingen
heeft. Zo kan de taak adaptief en maladaptief risicogedrag niet goed van elkaar
onderscheiden. Een ander probleem is dat een deel van de observaties in de BART slechts
beperkt informatief is, omdat #rials kunnen eindigen terwijl proefpersonen mogelijk meer
risico hadden willen nemen. Op basis van de problemen die in Hoofdstukken 2 en 3 naar
voren komen, kan worden geconcludeerd dat de BART geen geschikt instrument is voor het
operationaliseren van risicobereidheid. De CCT wordt daarentegen juist wel goed
beoordeeld. Hoewel deze gedragstaak in meerdere opzichten op de BART lijkt — beide zijn
sequentiéle risicotaken waarbij proefpersonen geld kunnen winnen en verliezen — omzeilt
de CCT de methodologische problemen die de BART ongeschikt maken voor het meten van
risicobereidheid. Bovendien biedt het ontwerp van de CCT de mogelijkheid om te
onderzoeken wat de invloed is van informatie over winst, verlies, en de verlieskans op de
hoeveelheid risico die proefpersonen nemen. Dit maakt de CCT niet alleen relevant voor
onderzoekers in de psychologie, maar ook voor onderzoekers in andere vakgebieden, zoals
economie en management. Dit wordt geillustreerd in Hoofdstuk 4, waarin de CCT wordt
gebruikt om risicobereidheid te meten in relatie tot de ondernemerschapsoriéntatie van

mensen.
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Hoofdstuk 5, 6, en 7 onderzoeken vervolgens de mogelijkheid om risicobereidheid te
operationaliseren met behulp van elektro-encefalografie (EEG). Deze technologie meet
veranderingen in de elektrische activiteit van het brein. Hoofdstuk 5 en 6 meten EEG-
signalen op relevante momenten tijdens het beslisproces, bijvoorbeeld wanneer
proefpersonen geld verliezen in de CCT. In drie grote steekproeven met goede statistische
power worden sterke EEG-signalen gevonden. Deze vertonen echter slechte convergente
validiteit aangezien ze zwak correleren met risicobereidheid en gerelateerde constructen
zoals gemeten met zelf-rapportages en gedragsmetingen. Dit wijst er in eerste instantie op
dat EEG mogelijk ongeschikt is om deze constructen te operationaliseren. Echter, verder
blijkt dat zelfrapportages en gedragsmetingen van deze constructen ook niet sterk correleren,
en dat metingen van hetzelfde type (zoals twee EEG-metingen) juist wel goed correleren.
Het is daarom mogelijk dat EEG wel geschikt is om risicobereidheid en gerelateerde
constructen te operationaliseren, maar dat het een andere dimensie of een ander aspect van
deze constructen meet dan bijvoorbeeld zelf-rapportages doen. Hoofdstuk 7 laat bovendien
zien dat er EEG verschillen bestaan tussen gezonde personen en personen met een
verslaving. Dit suggereert dat EEG een geschikte operationalisering is als gedifferentieerd
wordt tussen groepen mensen die zich op tegenoverliggende uiteinden van een spectrum
bevinden. Alles samengenomen is het mogelijk dat EEG, onder specifieke voorwaarden,
risicobereidheid en gerelateerde constructen kan operationaliseren.

Door te onderzoeken hoe geschikt gedragstaken en EEG-metingen zijn voor het
operationaliseren van risicobereidheid en gerelateerde constructen, levert het huidige
proefschrift een bijdrage aan zowel de fundamentele literatuur naar het meten van
risicobereidheid, als aan toegepast onderzoek dat de geévalueerde meetinstrumenten
gebruikt. De uitkomsten benadrukken dat het kiezen van een operationalisering een
complexe beslissing is waarbij de opties zorgvuldig tegen elkaar moeten worden afgewogen,
aangezien de conclusies die uit empirisch onderzoek getrokken kunnen worden athankelijk
zijn van het accuraat meten van de relevante concepten.
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