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Abstract
Unlike other basic emotions, anger is relatively difficult to produce in the lab, with the most
reliable methods involving elaborate and time-consuming manipulations. These factors preclude
the possibility of using them for studying short-lived changes in neural activity associated with
the subjective experience of anger. In this paper, we present a novel task that allows for the trialby-trial manipulation of anger and the examination of associated event-related potentials.
Participants completed an incentive delay task, in which accurate responses were rewarded with
monetary gains (or breaking-even, in a neutral condition), and inaccurate responses were
punished with monetary losses. After participants received accuracy feedback, they received
information that indicated the amount of money they won or lost on that trial. On a majority of
trials, this amount was consistent with the feedback stimuli, while on a minority of trials this
amount was inconsistent. Results indicated that participants reported the most anger after trials
where goal pursuit was frustrated by monetary losses despite accurate responses. P3b amplitudes
were greater for inconsistent outcomes than consistent outcomes, regardless of whether these
resulted in unexpected gains or frustrating losses. On frustrating trials, P3b amplitudes were
positively correlated with self-reported anger. The same correlation was not observed for trials
with stimuli that signaled surprise gains. Discussion focuses on the implications of these results.
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1.1 Introduction
Unlike other basic emotions, anger is relatively difficult to produce in the lab. While feelings of
disgust or desire can be easily produced by presenting participants with carefully selected photographs
(Foti, Hajcak, & Dien, 2009; Gable & Harmon-Jones, 2008, 2010; Lang, Bradley, & Cuthbert, 2008),
reliably evoking anger requires more elaborate methods. For instance, past studies have used tasks in
which participants receive interpersonally insulting feedback on their work (Hortensius, Schutter, &
Harmon-Jones, 2012), listen to an insulting radio broadcast (E. Harmon-Jones et al., 2002), or recall an
event that angered them (Angus, Kemkes, Schutter, & Harmon-Jones, 2015). Although these methods
are effective in producing feelings of anger and changes in neural activity, their elaborate and frequently
deceptive nature means that they can only be delivered once to each participant. Consequently, these
manipulations are appropriate for examining neural correlates of anger and frustration over relatively
long periods (e.g., 1-5 minutes), but cannot be used to examine their neural correlates over shorter
timescales (e.g., < 1 second). These factors preclude the possibility of using such manipulations to study
short-lived changes in neural activity associated with the subjective experience of anger. In the present
experiment, we use a newly developed task to evoke anger on a trial-by-trial basis, and report a novel
correlation between an event-related potential (ERP) to angering events and participants’ self-reported
experience of anger.
1.2 Conceptualizing Anger
Contemporary theories conceptualize emotions as multidimensional constructs (Izard, 2010; Lang,
1995) comprised of dimensions that characterize the pleasantness or unpleasantness of the emotion (e.g.,
positive vs. negative valence; Harmon-Jones et al., 2011), the degree of arousal experienced (e.g., low to
high arousal; Gable & Harmon-Jones, 2013), and the direction of motivation associated with that
emotion (e.g., approach vs. withdrawal motivation; Harmon-Jones, Harmon-Jones, & Price, 2013).
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Unlike other emotions that are unpleasant in valence and highly arousing (e.g., fear), anger is typically
associated with approach motivation (Angus & Harmon-Jones, 2016; Angus et al., 2015; Carver &
Harmon-Jones, 2009b; Harmon-Jones, 2003; Harmon-Jones & Harmon-Jones, 2016). Specifically, anger
primarily – but not always – occurs when the pursuit of a goal, acquisition of a reward, or maintenance
of a desired mental or physical state is blocked, disrupted, or does not occur when they “ought” to
(Carver & Harmon-Jones, 2009a, 2009b; Frijda, 1986; Lazarus, 1991). That is, a goal is frustrated.
These conditions encompass a range of contexts, including but not limited to the interference with
actions (Calkins, Dedmon, Gill, Lomax, & Johnson, 2002), the occurrence of undesired outcomes (Rich
et al., 2007; Rich et al., 2005), and the presentation of information that is inconsistent with the morals of
the recipient (Peterson & Harmon-Jones, 2012).
We believe frustration and anger are both part of an anger “family” (Ekman, 1992). This
position is consistent with the one advanced by other anger researchers (Berkowitz & HarmonJones, 2004; Spielberger, Jacobs, Russell, & Crane, 1983; Spielberger, Reheiser, & Sydeman,
1995), and it is consistent with research on anger. That is, research using self-report measures
finds that various anger-related words (e.g., irritated, furious, anger, frustrated) cluster together
in factor analyses (Harmon-Jones, Bastian, & Harmon-Jones, 2016; Harmon-Jones et al., 2009;
Spielberger et al., 1983, 1995). In addition, manipulations of anger and frustration often evoke
similar self-reported emotional responses as well as EEG responses (Angus & Harmon-Jones,
2016; Harmon-Jones, 2007; Harmon-Jones, 2003). Finally, complex cognitive appraisals, such as
moral unfairness, are not necessary to evoke anger (for a review of evidence, see Berkowitz &
Harmon-Jones, 2004).
1.3 Evoking Anger in the Lab
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Most previous studies examining the behavioral and neural correlates of anger have typically
utilized “one-shot” manipulations involving the delivery of insulting feedback, the blocking of approach
motivated states such as desire, or recall of angering events (Harmon-Jones et al., 2007; Harmon-Jones
& Harmon-Jones, 2016). An exception is studies that have used pictures to evoke anger. These studies
carefully selected individuals who would be offended by the content of the images (e.g., low-prejudiced
individuals shown pictures of racist incidents [e.g., Harmon-Jones, Lueck, Fearn, & Harmon-Jones,
2006; Harmon-Jones, 2007] or American patriots shown pictures of anti-American incidents [e.g.,
Harmon-Jones, Harmon-Jones, Amodio, & Gable, 2011]). Moreover, the complexity of these angerevoking pictures prevented the reliable assessment of several ERP components. The more common
methods of evoking anger in the lab involve interpersonal insult paradigms to examine changes in
frontal EEG alpha asymmetry and aggressive inclinations in the minutes following insult delivery
(Harmon-Jones & Sigelman, 2001; Peterson, Shackman, & Harmon-Jones, 2008), and autobiographical
recall tasks to examine changes in Reward Positivity amplitude in the following 30 trials (Angus et al.,
2015).
While these tasks are suitable for examining sustained changes in emotional state and neural
activity, their usefulness for examining subtle trial-by-trial fluctuations in anger and associated ERPs is
intrinsically limited. Several factors contribute to this limitation. First, these tasks often require
experimenters to deceive participants regarding the source and legitimacy of the angering manipulation.
For instance, while the provision of a single instance of false insulting feedback is extremely effectively
at inducing anger and producing concomitant neural activity, participants will become skeptical about
the veracity of the feedback with repeated deliveries. Second, even if manipulations that do not rely on
deception are used, it is difficult – if not impossible – to integrate the manipulation into each trial
without unavoidably increasing the duration of the task. Third, although other studies (e.g., Angus et al.,
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2015) have used angering manipulations in conjunction with ERP appropriate tasks, these studies are not
examining responses to angering events per se. Instead, they examine responses to unrelated events that
may be altered by a pre-existing – but manipulated – emotional state, and not whether these events
evoke anger and the neural activity associated with this change in emotional state. Collectively, these
factors have limited the examination of anger-related neural activity to contexts where sustained and
aggregated changes in activity can be observed, or contexts where the effect of anger on a putatively
related process is examined. Thus, while these methods are appropriate for testing certain hypothesis
(e.g., “anger is predicted to increase relative left frontal cortical activity”), their limited temporal
precision prevents their use for testing more fine-grained hypothesis regarding the specific
psychophysiological phenomena involved in anger (e.g., “P3 amplitudes predict anger to goal
frustration”).
Three recent studies have used methods conducive to examining short-term changes in neural
activity associated with anger and goal frustration. These studies used go/no-go or affective Posner
tasks, in which participants are required to respond to target stimuli, with correct responses receiving a
reward. In each study, anger was produced by including blocks of trials that yielded an increased
proportion of nonreward or loss feedback relative to preceding blocks. Participants reported greater
frustration on these blocks of trials (Rich et al., 2007), and had larger P3b amplitudes for frustrating
outcomes than for non-frustrating outcomes (Gatzke-Kopp et al., 2015; Rich et al., 2007; Rich et al.,
2005). Despite these promising results, these methods have limitations and interpretive caveats.
First, these methods rely on the delivery of increased proportions of negative feedback in the last
block of trials. By restricting the frustration manipulation to the last block, the modulation of P3b and
self-report by frustrating events may be confounded with modulation related to time. Second, these
methods confound electrocortical activity potentially associated with frustration with the activity
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produced by the infrequent delivery of feedback. As such, it is difficult to disentangle P3b modulation
associated with frustration from modulation associated with differences stimulus frequency, or general
violation of expectancy. For example, increased P3b amplitudes following unanticipated outcomes have
been consistently observed in reward contexts, and appear to reflect the violation of expectations
regarding the anticipated outcome (Angus et al., 2017; K. D. Novak & Foti, 2015). In order to determine
if an increase in P3b amplitude is specific to frustration, it is necessary to include trials in which positive
and negative expectancy violations occur with similar frequency, and assess whether P3b amplitudes are
related to experienced anger in both types of trials.
Second, the increases in P3b amplitude and self-reported anger observed in previous studies
occurred following feedback that indicated an unsuccessful response. This is conceptually distinct from
feedback indicating that despite a successful response no reward will be forthcoming. In the former,
anger is likely directed internally because the actions of the participant result in nonreward or loss. In the
latter, anger is likely directed externally because although the actions of the participant are successful,
goal pursuit is frustrated by an external agent. This latter type of anger is the more typical type of anger
considered by emotion theories.
1.4 A New Method for Evoking Anger
In the present study, we used a modified version of the Monetary Incentive Delay (MID) task to
examine ERP responses to frustrating events, and variation in these ERP amplitudes as a function of
state frustration and anger. In the classic MID task, participants’ expectations on each trial are modified
by the presentation of an incentive cue that signals whether a reward can be obtained or a loss can be
avoided. In order to bring about the desired outcome on each trial (e.g., winning money on possible win
trials), participants are required to make a behavioral response while a target remains on screen. In most
versions of the MID task, each trial ends with the presentation of feedback that signals a win, loss, or
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breakeven (Angus et al., 2017; B. K. Novak, Novak, Lynam, & Foti, 2016; K. D. Novak & Foti, 2015),
with some designs also displaying the amount of money won or lost on that trial and on the task so far
(Knutson, Taylor, Kaufman, Peterson, & Glover, 2005).
In the present experiment, we embedded an additional manipulation within the MID task. As in
previous experiments, participants were provided with feedback indicating whether they had won, lost,
or broke even on that trial. After this initial feedback, participants were presented with additional
feedback indicating the amount of money obtained on that trial. On a majority of trials, these amounts
were accurate and consistent with the expectations established by the incentive cue and response
feedback (e.g., participants won money when they expected to win money). However, on a minority of
trials, this feedback was inconsistent and participants’ acquisition of reward was blocked (i.e.,
participants lost money when they expected to win money). To allow us to determine if differences in
self-reported emotions and ERP amplitudes between inconsistent and consistent outcomes were specific
to frustrating events, we also included trials in which the outcome was inconsistent, but resulted in a
gain in money (i.e., participants won money when they expected to breakeven). The inclusion of this
particular inconsistent outcome also allowed us to contrast expectancy violations that had positive
consequences with those that had negative consequences.
To examine electrocortical responses to frustrating events, we focused on two ERP
components associated with expectancy violation in reward- and nonreward-related contexts: the
P3b and the Late Positive Potential (LPP). The P3b and LPP peak over parietal sites
approximately 350-550ms and 600-1000ms following feedback onset, respectively. Critically,
both the P3b and LPP have been found to be increased by expectancy violation and related
constructs in a range of contexts (Bartholow, Fabiani, Gratton, & Bettencourt, 2001; Bartholow,
Pearson, Gratton, & Fabiani, 2003; Cacioppo, Crites, Berntson, & G. H. Coles, 1993; Polich,
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2007). They are also reliably increased by affective and motivational content (Balconi, Falbo, &
Conte, 2012; Begleiter, Porjesz, Chou, & Aunon, 1983; Gable & Adams, 2013; Gable &
Harmon-Jones, 2013; Homberg, Grunewald, & Grunewald-Zuberbier, 1981; Lin et al., 2012;
Perri et al., 2014; Ramsey & Finn, 1997; Sato et al., 2005). Increased P3b amplitudes have also
been observed for both larger reward and loss amounts, suggesting that P3b amplitude reflects
the magnitude rather than the valence (reward vs. loss) of outcomes (Yeung & Sanfey, 2004).
We had four key hypotheses regarding the modulation of ERPs and self-reported anger by
inconsistent outcomes. First, we predicted that inconsistent outcomes, regardless of valence, would be
associated with greater P3b and LPP amplitudes. Second, we predicted that participants would report
greater anger following trials where they expected to win money but instead lost money than following
trials where they expected to win money and did win money. Third, we predicted that participants would
report greater anger and frustration following trials where they expected to win money but instead lost
money than following trials where they expected to breakeven and instead won money. Fourth and
critically, if P3b and LPP amplitudes to inconsistent outcomes are associated with frustration, then larger
amplitudes should be positively correlated with self-reported anger. Importantly, this correlation should
be limited to conditions where the outcome is predicted to produce frustration. That is, we predicted a
positive correlation between ERP amplitudes for inconsistent outcomes and anger on trials where
participants expected to win money, but not on trials where participants expected to breakeven.
2. Method
2.1. Participants
30 undergraduate students participated in exchange for AU $15/hr. Participants could also win
up to AU $19.60 depending on their performance on the MID task. All participants were right handed
and 29 participants did not have current or previous diagnoses of an affective or neurological disorder.
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One participant reported having had juvenile epilepsy and unusable EEG data due to sustained low
frequency drift, and was excluded from further analysis. The study was approved by the University of
New South Wales Human Research Ethics Committee, and all participants provided written consent.
The final sample consisted of 29 participants (17 females).
2.2 Procedure
On arrival, each participant was provided with a brief overview of the study, as well as a consent
form. Once the participant had provided written consent, s/he then completed a series of questionnaires.
After all questionnaires had been completed, electroencephalograph (EEG) and electrooculogram (EOG)
electrodes were attached to the participant. The experimenter then explained the MID task to the
participant, who then read instructions which provided more detail about the task. Once the participant
had finished reading the instructions, s/he completed a minimum of 10 practice trials. Once the
experimenter was satisfied that the participant understood the task, he left the room and allowed the
participant to begin the first block of MID trials. At the conclusion of each block, the participant
completed a state version of the Discrete Emotions Questionnaire (DEQ; C. Harmon-Jones, Bastian, &
Harmon-Jones, 2016b), and was then informed how much money s/he had won so far. At the conclusion
of the final block of the MID task, the participant completed a series of post-task questions. After all
questions were completed, electrodes were removed and the participant was debriefed. All materials
were displayed on a 23-inch computer screen with a refresh rate of 100 Hz. Stimulus display and timing
for all materials were controlled using E-Prime version 2.0.10.242.
2.3. Monetary Incentive Delay Task
The MID task used in the present experiment was based on the original task used by Knutson,
Westdorp, Kaiser, and Hommer (2000). Each participant was instructed that the goal in this task was to
“win as much money as possible and avoid losing money”, and that s/he could win money on some trials
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(Gain trials) while avoid losing money on others (Breakeven trials). The participant was also instructed
that in order to accomplish this goal they would need to respond to a target stimulus while it was
presented on the screen, and would receive feedback which first indicated if their response was
successful, followed by how much money s/he had won or lost on that trial.
In the present task, each trial of the MID task began with a fixation cross presented in the center
of the screen for 900-1100ms. The fixation cross was then replaced with a simple geometric shape that
served as an incentive cue. Incentive cues were either circles or triangles, and indicated that the
participant could expect to win money or breakeven (i.e., avoid a loss), respectively. After 500ms, the
incentive cue was replaced with a fixation cross, which remained on screen for 1300-1700ms. At the end
of the anticipation period, the target stimulus – four white asterisks in a row – was presented in the
middle of the screen. Participants were required to press the space bar while the target stimuli remained
on the screen, with a single key-press during target display constituting a successful response. The
duration of the target stimulus adapted to each participants performance, increasing or decreasing by
20ms if her/his response accuracy decreased or increased from 90% to a minimum of 200ms or
maximum of 340ms (e.g., B. K. Novak et al., 2016; K. D. Novak & Foti, 2015). To ensure that the
participant was more likely to be successful or unsuccessful in responding to the target stimulus on
designated trials, this adaptive value was manipulated further. On trials designed to have the participant
be successful (e.g., Gain/Successful; see below for description of trial types), its duration was increased
by 40-80ms. On trials designed to have the participant be unsuccessful (e.g., Gain/Unsuccessful), its
duration was decreased by 40-80ms. Targets remained on screen for their entire duration, ensuring that
accuracy information on each trial could only be provided via feedback stimuli. To further maximize the
number of trials in which the participant would successfully respond to the target, responses made up to
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100ms following target offset were also considered to be accurate. After target offset, another fixation
cross was presented for 450-550ms.
Accuracy on each trial was signaled by a feedback stimulus, presented for 1000ms. On
Gain/Successful (and Frustration; see below) trials, successes were signaled by a green upwards pointing
arrow and failures by a red downwards pointing arrow. On Breakeven/Successful (and Surprise Gain;
see below) trials, successes were signaled by an equals sign, and failures by a red downwards pointing
arrow.
After presentation of the feedback signal, another fixation cross was presented for 450-550ms,
followed by the amount of money participants had won or lost on that trial, displayed for 1000ms. On
56% of trials, this amount of money was consistent with what the incentive cue and feedback stimulus
indicated. For example, on Gain trials, a green “+.40c” was presented, while on Breakeven trials, a white
“.00” was presented. However, on 22% of trials, this outcome was inconsistent. On 50% of these
inconsistent trials, the valence of the outcome was negative – participants lost money when they
expected to win money and received feedback indicating they would win money (Frustration). On the
other 50% of the inconsistent trials, the valence of the outcome was positive – participants won money
when they expected to breakeven and not win money (Surprise). On 22% of trials, the computer
program was designed to ensure that participants was unsuccessful at responding to the target, and
received corresponding feedback and loss of money (Gain/Unsuccessful, Breakeven/Unsuccessful). All
stimuli indicating monetary gains were green (Gain/Successful, Surprise), while stimuli indicating
monetary loses were red (Frustration, Gain/Unsuccessful, Breakeven/Unsuccessful). An example
Gain/Successful and Frustration trials are presented in Figure 1.
[Figure 1 about here]
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The entire task consisted of 228 trials, divided across twelve 19 trial blocks. Trial allocations are
presented in Table 1. For clarity, the labels assigned to each trial type correspond to the expectation
(e.g., Gain) and the monetary consequence of that trial (e.g., Successful, so that the trial is labelled
Gain/Successful), or the intended psychological state (e.g., Frustration). The order of the first 18 trials in
each block was pseudorandomized, and the same order was presented to all participants. The final trial
of each block was randomized across participants to reduce the possibility of order effects on selfreported emotions completed during the task.

Table 1. Condition Labels Used for Incentive Cue X Outcome Combinations
Condition Label
Gain/Successful

Incentive Cue
Gain

Outcome
Gain

# of Trials
64

Breakeven/Successful

Breakeven

Breakeven

64

Frustration

Gain

Loss

25

Surprise

Breakeven

Gain

25

Gain/Unsuccessful

Gain

Loss

25

Breakeven/Unsuccessful

Breakeven

Loss

25

Note. Incentive Cue refers to the incentive cue for that trial (i.e., Gain, Breakeven); Outcome refers to
the outcome received (i.e., Gain, Breakeven, Loss). With Condition Label, Successful/Unsuccessful
refers to whether participants did or did not succeed in responding to the target within the required time.
As noted earlier, on trials designed to have the participant be successful, the duration of the target
stimulus was increased by 40-80ms. On trials designed to have the participant be unsuccessful, the
duration of the target stimulus was decreased by 40-80ms. Condition labels are interpreted as follows:
Gain/Successful = reward expected and received; Breakeven/Successful = loss avoidance expected and
loss avoided; Frustration = reward expected but omitted; Surprise = loss avoidance expected but reward

This is the peer reviewed version of the following article: Angus, D. J., & Harmon-Jones, E. (2019). The anger incentive delay task: A novel method for
studying anger in neuroscience research. Psychophysiology, 56(2), [e13290]. 0, which has been published in final form at https://doi.org/10.1111/psyp.1329.
This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Use of Self-Archived Versions.

THE ANGER INCENTIVE DELAY TASK

14

received; Gain/Unsuccessful = reward expected but response was unsuccessful and loss received;
Breakeven/Unsuccessful = loss avoidance expected but response was unsuccessful and loss received.

Only expected Gain and expected Breakeven cues were used in the present study. We did
not include trials with an explicit loss expectation because: 1) these trials do not aid in addressing
our primary research question; 2) their inclusion would dramatically increase the duration of the
task and likely reduce participants’ attention and motivation; and 3) the inclusion of trials in
which participants would receive consistent loss performance feedback (to be similar to the gain
condition) would cause participants to feel sad and unmotivated as a result of the large number of
losses across the entire task. We based this decision on research that has found loss to be more
psychologically impactful than gain (e.g., Tversky & Kahneman, 1991). Finally (4), we thought
that the Breakeven cue with a surprising positive outcome would be more likely to evoke an
equal amount of inconsistency or unexpectedness as the gain cue with a later negative outcome,
considering the research of Tversky and Kahneman (1991).
Participants were informed that they started with $1, and that they could win or lose $0.40 or
$0.20 on each trial. Participants were not provided with any indication that their performance would or
would not relate to the magnitude of the monetary outcomes. Win and loss amounts were fixed at $0.40
to $0.20 respectively. Participants learnt these amounts during the instructions and during the practice
trials. The value for wins and losses were selected to ensure parity between the perceived value of trials
in which participants gained money and trials in which they lost money (Foti, Weinberg, Bernat, &
Proudfit, 2015).
2.5. Self-Report Questionnaires
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Each participant completed several self-report questionnaires prior to the connection of EEG and
EOG. These questionnaires included the Behavioral Inhibition Scale and Behavioral Activation Scales
(Carver & White, 1994), the Aggression Questionnaire (Buss & Perry, 1992), the Center for
Epidemiologic Studies Depression Scale (Devins & Orme, 1985), the DEQ (C. Harmon-Jones et al.,
2016b), and a handedness inventory. Because all of these questionnaires except the DEQ were not
analyzed, they will not be discussed further in this manuscript.
For the DEQ, at the beginning of the lab session, each participant rated the extent to which s/he
felt the emotion “right now”. At the end of each of the 12 blocks of trials, each participant completed the
DEQ again. For these questionnaires, the participant was asked to complete each item with reference to
how s/he felt “right now”. Items included in the DEQ were selected to gauge the participants’ Anger
(“Anger”, “Frustration”), Calmness (“Calm”, “Relaxed”), Desire (“Desire”, “Wanting”), Sadness
(“Sad”, “Empty”), and surprise (“Surprise”). Responses were made on a scale ranging from 1 (“None at
all”) to 7 (“An extreme amount”). The same DEQ items and response scales were used throughout the
study.
At the conclusion of the MID task, the participant completed additional questionnaires. First,
s/he completed DEQ items, indicating to what extent s/he “felt the emotion when thinking about the
game”. Then, the participant was asked several questions to determine if s/he noticed the key
manipulation in the task. Specifically, s/he was first asked if they noticed any problems in the game. If
answered in the affirmative, the participant was then asked to describe the type of problems noticed, and
then thoughts and feelings towards the person who created the task. Each participant also completed the
DEQ again for the different trial outcomes (e.g., “Trials where you expected to win money (○), you
responded fast enough to the target (↑) BUT you ended up LOSING money”). Lastly, the participant
completed a series of questions regarding her/his thoughts and feelings towards winning and losing
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money in the task. Responses to these questions were made on a scale ranging from 1 (“Very slightly or
not at all”) to 5 (“Extremely”).
To examine the internal consistency of each pair of emotion words (e.g., anger, frustration), we
conducted a series of pairwise correlations for each condition (e.g., Frustration) at the first instance and
second instance that self-report was taken during the task (e.g., following a Frustration trial). We also
computed similar correlations for self-reports taken at the end of the entire task. For the correlations of
the pairs of emotion words taken during the task, the average correlation for each pair is as follows:
anger/frustration during task, r = .79; wanting/desire during task, r = .86; empty/sad, r = .47;
calm/relaxed, r = .73. For the correlations of the pairs of emotion words taken at the end of the entire
task, the average correlation for each pair is as follows: anger/frustration during task, r = .68;
wanting/desire during task, r = .81; empty/sad, r = .52; calm/relaxed, r = .73.
2.6. Physiological Recording & Data Reduction
EEG was recorded from 32 scalp locations using Ag\AgCl-tipped electrodes, placed according to
the international 10/20 standard. Data were amplified and sampled at 2048 Hz by a BioSemi Active Two
system (BioSemi, Amsterdam, The Netherlands) and referenced to the common mode sense (CMS). The
ground consisted of the CMS active and passive driven right leg (DRL) electrode that forms a feedback
loop driving the participant’s average potential as close as possible to the analog-to-digital converter
(i.e., the amplifier “zero”) reference voltage in the A/D box (www.biosemi.com). Electrodes were
placed on the left and right earlobes (A1, A2) for offline rereferencing. The electrooculogram (EOG)
was from the sub- and supraorbital regions of the right eye. Electrophysiological data were recorded
using Actiview (version 6, BioSemi).
Raw EEG data was preprocessed offline using native EEGLAB (Delorme & Makeig,
2004) and ERPLAB (Lopez-Calderon & Luck, 2014) functions. Continuous EEG data were
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downsampled to 256Hz, re-referenced to the average A1 and A2, bandpass filtered between .0130Hz (IIR Butterworth, 25db roll-off), and residual line noise was reduced using a 50Hz ParksMcClellen notch filter. Data containing gross movement artefacts were removed and
Independent Components Analysis (ICA) was used to remove electrophysiological artefacts
introduced by eye movements (Jung et al., 2000).
Separate segments were created for each type of trial outcome, locked to the presentation
of the outcome stimulus. These segments were created using the period 200ms prior to through
to the 1000ms following the presentation of the outcome stimulus. Segments from trials in which
participants made an incorrect response (e.g., responded prior to the target, or more than 100ms
following target offset) were excluded from further analysis. Retained segments were submitted
to artefact rejection processes implemented in ERPLAB (Lopez-Calderon & Luck, 2014).
Segments were rejected if on any electrode: 1) the voltage difference was greater than 200uv; 2)
the voltage changed by more than 50uv within a 200ms sliding window across the entire
segment; or 3) the voltage changed by more than 50uv between samples (Angus et al., 2017).
Data from each participant was retained for further analysis if they had greater than 10 artifact
free trials (Gain/Successful: M = 51.31, range = 30-62; Breakeven/Successful: M = 51.21, range
= 30-59; Frustration: M = 19.93, range = 13-25; Surprise: M = 19.31, range = 10-25;
Gain/Unsuccessful: M = 23.45, range = 10-25; Breakeven/Unsuccessful: M = 23.24, range = 1125).
2.7. Statistical Analysis
Quantification of ERP components was conducted using the PCA Toolkit (Dien, 2010a).
PCA is a factor analytic method that identifies and separates linear combinations of data points
across temporal and spatial domains, allowing identification and quantification of overlapping
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electrocortical activity. First, temporal PCA was applied using samples as variables, and
conditions, participants, and electrodes as observations. Consistent with previous
recommendations, we used a Promax rotation with Kaiser normalization (Dien, 2010b). The
number of temporal factors extracted for rotation was determined using the parallel test (Cattell,
1966). Second, temporal factors were submitted to a spatial PCA using Infomax rotation (Dien,
2010b; Dien, Khoe, & Mangun, 2007) with electrodes as variables, and conditions, participants,
and temporal factor loadings as observations. Spatial factors extracted for rotation were again
determined using the parallel test (Cattell, 1966). A representative grand average prior to PCA is
presented in Figure 2.
[Figure 2 about here]
To aid interpretation, peak factor loadings were converted into microvolts. Factor combinations
that accounted for more than 1% of variance were examined and retained if their morphology and spatial
distributions were consistent with typical patterns observed for the P3b and LPP. Data extracted using

temporospatial PCA are often referred to by the particular temporal factor (TF) and spatial factor
(SF) that comprise each unique factor combination (e.g., TF03 refers to the third temporal factor,
and SF01 refers to the first spatial factor), even if conventional ERP labels are also used (e.g.,
Angus et al., 2017; Foti, Weinberg, Dien, & Hajcak, 2011; Foti, Hajcak, & Dien, 2009). The
earliest relevant factor combination was TF02/SF01, which peaked at 449ms, over Pz, and reflected the
P3b, accounting for 22.3% of variance. Two separate factor combinations reflected the LPP. The first of
these, TF05/SF01, peaked at 718ms over PO4 and accounted for 2.4% of variance. Lastly, TF01/SF01
peaked at 945ms over O1, accounting for 16.0% of variance. We also observed a factor combination that
appeared to reflect the Reward Positivity. Analyses of this factor combination is reported in the
supplementary information (S1)
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Inferential statistics for PCA output and self-report data were performed using SPSS
(v20, IBM). Cohens d and partial eta squared are provided as an estimate of effect size where
appropriate.
3. Results
3.1 Self-Reported Anger
We used planned comparisons to test our specific hypotheses regarding self-reported anger. First,
we used a contrast to examine whether the Frustration condition caused greater self-reported anger than
other conditions in which participants made successful responses to the target (e.g., Gain/Successful,
Breakeven/Successful, Surprise). This contrast assigned Frustration a weight of +3, and each of the other
trial types a weight of -1. Next, we used one-tailed paired sample t-tests to compare self-reported anger
in the Frustration condition against self-reported anger in each of the other conditions. Finally, we
conducted separate analysis of the responses to the Unsuccessful conditions. Given the lack of
methodological equivalence of the Unsuccessful conditions and our lack of a priori predictions, we used
two-tailed paired sample t-tests to compare the Gain/Unsuccessful condition against
Breakeven/Unsuccessful condition, and then against the Frustration condition. Because anger following
Surprise trials was not reported by two participants, the degrees of freedom for analysis involving this
condition are reduced. The first set of analyses (3.1.1) examines differences in self-reported anger
measured during the MID task (i.e., at the conclusion of each block). The second set of analyses (3.1.2)
examines differences in self-reported anger measured at the conclusion of the entire MID task. As noted
in the method, the specific questions asked differed in their frame of reference. Items during the task
asked participants how they “felt right now”, while items at the conclusion of the task directly asked
participants how much of each emotion they felt when seeing the different outcomes.
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3.1.1 Self-Reported Anger Following Each MID Block. In support of our prediction, greater
anger was reported in the Frustration condition than in other conditions (t(26) = 3.35, p = .001, d =
0.70). Also consistent with our hypothesis, greater anger was reported in the Frustration condition than
in the Gain/Successful condition (t(28) = 2.57, p = .008, d = 0.49), and Breakeven/Successful condition
(t(28) = 3.16, p = .002, d = 0.63). Also, greater anger was reported in the Frustration condition than in
the Surprise condition (t(26) = 1.94, p = .032, d = 0.38).
Regarding the conditions for which we had no a priori predictions, more anger was reported in
the Gain/Unsuccessful condition than in the Breakeven/Unsuccessful condition, (t(28) = 2.07, p = .048,
d = 0.39). We also observed that similar levels of anger were reported in the Frustration condition,
Gain/Unsuccessful, (t(28) = .21, p = .836, d = -0.04), and Breakeven/Unsuccessful, (t(28) = .79, p =
.436, d = 0.15) conditions. That is, there was no significant difference in the level of anger reported
following monetary losses that were due to unsuccessful responses, and losses that occurred despite a
successful response.
3.1.2 Self-Reported Anger Following MID Task. Next, we examined differences in selfreported anger obtained after the MID task had concluded (Table 2), using the same analytical approach
as used in Section 3.1. These self-report items directly asked participants how much of each emotion
they felt when seeing the different outcomes. Here we also observed that greater anger was reported in
the Frustration condition than in other successful conditions (t(28) = 6.82, p <.001, d = 1.32). Additional
planned comparisons indicated that participants reported more anger in the Frustration condition than in
the Gain/Successful (t(28) = 5.20, p <.001, d = 0.97), Breakeven/Successful (t(28) = 6.73, p <.001, d =
1.31), and Surprise (t(28) = 6.13, p <.001, d = 1.14) conditions.
We also contrasted self-reported anger between both Unsuccessful conditions, and then against
the Frustration condition. First, similar levels of anger were reported for Gain/Unsuccessful and
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Breakeven/Unsuccessful conditions (t(28) = 0.92, p = .365, d = 0.17). Second, similar levels of anger
were reported for the Frustration condition and Gain/Unsuccessful condition (t(28) = 1.34, p = .191, d =
0.25). Third, greater anger was reported for the Frustration condition than Breakeven/Unsuccessful
condition (t(28) = 2.14, p = .041, d = 0.40). These results are mostly consistent with those obtained for
the emotions rating during the MID task.

Table 2. Self-Reported Anger And Surprise For Different Trials Measured During And Following MID
Task.
Condition Label
Gain/Successful

# of
Anger
Anger
Surprise
Surprise
Trials
Task
End
Task
End
64
2.69 (1.50) 2.10 (1.63) 2.28 (1.56) 2.41 (1.74)

Breakeven/Successful

64

2.62 (1.40) 1.59 (0.88) 2.02 (1.15) 2.04 (1.68)

Frustration

25

3.14 (1.63) 3.67 (1.55) 3.04 (1.58) 3.85 (1.51)

Surprise

25

2.72 (1.45) 1.71 (1.35) 2.33 (1.49) 4.19 (1.62)

Gain/Unsuccessful

25

3.10 (1.63) 3.36 (1.70) 2.50 (1.59) 2.31 (1.51)

Breakeven/Unsuccessful

25

2.91 (1.53) 3.16 (1.49) 2.67 (1.60) 2.07 (1.39)

Note. Standard Deviations are included in parenthesis. Anger Task = Anger reported during the
MID Task following each condition. Anger End = Anger reported at the end of the MID Task for
each condition. Condition labels are interpreted as follows: Gain/Successful = reward expected
and received; Breakeven/Successful = loss avoidance expected and loss avoided; Frustration =
reward expected but omitted; Surprise = loss avoidance expected but reward received;
Gain/Unsuccessful = reward expected but response was unsuccessful and loss received;
Breakeven/Unsuccessful = loss avoidance expected but response was unsuccessful and loss
received.
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3.2 Self-Reported Surprise
In addition to anger, we also measured other self-reported emotional states during and following
the MID task. Although we did not have any hypotheses regarding the effect of the Frustration
manipulation on participants self-reported calmness, desire, sadness, or surprise, we did conduct
exploratory analyses. For surprise, these analyses followed the same protocol used for the analysis of
self-reported anger. As these analyses were exploratory, we have used two-tailed tests.
3.2.1 Self-Reported Surprise Following Each MID Block. Greater surprise was reported in the
Frustration condition than in other conditions (t(26) = 4.00, p < .001, d = 0.79). When comparing
Frustration trials against each other condition individually, significantly greater surprise was reported in
the Frustration condition than in the Gain/Successful condition (t(28) = 2.86, p = .008, d = 0.53), the
Breakeven/Successful condition (t(28) = 4.72, p < .002, d = 0.95), and the Surprise condition (t(26) =
3.12, p = .004, d = 0.60). There was no significant difference in self-reported surprise in the Frustration
condition and the Gain/Unsuccessful condition (t(28) = 1.87, p = .072, d = 0.35), or the
Breakeven/Unsuccessful condition (t(28) = 1.10, p = .281, d = 0.20), or between the Unsuccessful
conditions (t(28) = 0.90, p = .378, d = -0.17).
3.2.2 Self-Reported Surprise Following MID Task. Self-reported surprise for the
Gain/Successful condition was missing for two subjects, and the degrees of freedom for analysis
involving this condition are reduced. Greater surprise was reported for the Frustration condition than in
other successful conditions (t(26) = 4.18, p <.001, d = 0.84). Participants reported more surprise for the
Frustration condition than for the Gain/Successful (t(26) = 4.11, p <.001, d = 0.80),
Breakeven/Successful (t(28) = 5.62, p <.001, d = 1.04), Gain/Unsuccessful (t(28) = 4.49, p <.001, d =
0.83), and Breakeven/Unsuccessful (t(28) = 5.14, p <.001, d = 0.96) conditions. There was no significant
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difference in self-reported surprise between Frustration and Surprise conditions (t(28) = 1.28, p =.212, d
= -0.24) or between Unsuccessful conditions (t(28) = .91, p =.371, d = 0.16).
3.3 Other Self-Reported Emotions
Based on a reviewer’s comments, we also conducted exploratory analyses of self-reported desire,
sadness, and calmness. These were conducted using a 2 (cue type) X 3 (outcome) ANOVAs because we
these tests were not planned and we did not have any predictions to test. Significant interactions were
examined using post-hoc tests, and multiple comparisons were corrected for using the Bonferroni
method. The first set of analyses examined differences in self-reported emotions measured during the
MID task. The second set of analyses examined differences in self-reported emotions measured at the
conclusion of the MID task. Means and standard deviations for each condition and emotion are
presented in Table 3.
3.3.1 Self-Reported Desire Following Each MID Block. There was a significant effect of cue
type on self-reported desire (F(1, 26) = 12.95, p = .001, np2 = .333), with greater mean desire reported
following trials with a Gain cue than on trials with Breakeven cue. There were no other significant
effects or interactions (F’s < 0.22, p’s > .801, np2’s < .01).
3.3.2 Self-Reported Sadness Following Each MID Block. The ANOVA revealed no significant
effects or interactions (F’s < 3.90, p’s > .059, np2’s < .13).
3.3.3 Self-Reported Calmness Following Each MID Block. There was a significant effect of
cue type on self-reported calmness (F(1, 26) = 4.74, p = .039, np2 = .15), with greater calmness reported
following trials with a Breakeven cue than on trials with Gain cue. There were no other significant
effects or interactions (F’s < 1.37, p’s > .263, np2’s < .05).
3.3.4 Self-Reported Desire Following MID Task. The ANOVA revealed no significant effects
or interactions (F’s < 2.17, p’s > .123, np2’s < .07).
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3.3.5 Self-Reported Sadness Following MID Task. There was a significant main effect of cue
type (F(1, 28) = 4.43, p = .044, np2 = .14), with participants reporting more sadness for trials with a
Gain cue than trials with a Breakeven cue. There was also a significant main effect of outcome (F(2, 56)
= 13.31, p < .001, np2 = .32), with post-hoc tests indicating that the greater levels of sadness were
reported in conditions that involved unsuccessful responses (e.g., Gain/Unsuccessful and
Breakeven/Unsuccessful) than in other conditions (p’s < .008). Greater sadness was also reported for
inconsistent outcomes than consistent outcomes (p = .022). The ANOVA also revealed a significant
interaction between cue type and outcome (F(2, 56) = 5.32, p = .008, np2 = .16). Post-hoc tests indicated
that for conditions involving a Gain cue, significantly greater sadness was reported in the Frustration (p
= .008) and Gain/Unsuccessful (p = .008) conditions than in the Gain/Successful condition. For
conditions involving a Breakeven cue, significantly greater sadness was reported in the
Breakeven/Unsuccessful condition than in the Surprise (p = .001) or Breakeven/Successful (p = .001)
conditions. Significantly greater sadness was also reported for the Frustration condition than for the
Surprise condition (p = .006).
3.3.6 Self-Reported Calmness Following MID Task. A main effect of cue type indicated that
significantly greater calmness was reported for conditions with a Breakeven cue than for conditions with
a Gain cue (F(1, 28) = 11.34, p = .002, np2 = .29). There was also a main effect of outcome type (F(2,
56) = 8.19, p = .001, np2 = .23). Post-hoc tests indicated that greater calmness was reported for
consistent outcomes than for inconsistent (p = .039) or Unsuccessful (p = .009) outcomes. There was
also a significant interaction between cue type and outcome type (F(2, 56) = 5.24, p = .008, np2 = .16).
Post-hoc tests revealed that significantly greater calmness was reported for the Gain/Successful
condition than for the Frustration (p = .004) and Gain/Unsuccessful (p = .030) conditions, and that
significantly less calmness was reported for the Breakeven/Unsuccessful condition than for the
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Breakeven/Successful (p = .042) and Surprise (p = .042) conditions. Lastly, significantly less calmness
was reported for the Frustration condition than for the Surprise condition (p = .001).

Table 3. Self-Reported Desire, Sadness, and Calmness For Different Trials Measured During And
Following MID Task.
Condition Label

Desire Task Desire End

Sad Task

Sad End

Calm Task

Calm End

_____________________________________________________________________________________________

Gain/Successful

3.79 (1.69)

3.83 (1.77)

1.76 (1.06)

1.36 (0.71)

3.89 (1.39)

4.02 (1.46)

Breakeven/
Successful

3.46 (1.82)

3.59 (1.78)

1.54 (0.78)

1.43 (0.74)

3.84 (1.61)

4.16 (1.51)

Frustration

3.60 (1.73)

4.00 (1.91)

1.58 (0.77)

1.98 (1.13)

3.75 (1.38)

3.21 (1.56)

Surprise

3.25 (1.59)

3.97 (1.87)

1.63 (0.85)

1.29 (0.80)

3.87 (1.27)

4.17 (1.64)

3.68 (1.76)

3.67 (1.87)

1.66 (0.76)

2.28 (1.55)

3.66 (1.63)

3.26 (1.66)

3.42 (1.79)

3.59 (1.71)

1.59(0.69)

2.21 (1.28)

3.87 (1.47)

3.36 (1.65)

Gain/
Unsuccessful
Breakeven/
Unsuccessful

_____________________________________________________________________________________________

Note. Standard Deviations are included in parenthesis. Task = emotion reported during the MID
Task following each condition. End = emotion reported at the end of the MID Task for each
condition. Condition labels are interpreted as follows: Gain/Successful = reward expected and
received; Breakeven/Successful = loss avoidance expected and loss avoided; Frustration =
reward expected but omitted; Surprise = loss avoidance expected but reward received;
Gain/Unsuccessful = reward expected but response was unsuccessful and loss received;
Breakeven/Unsuccessful = loss avoidance expected but response was unsuccessful and loss
received.

3.4 Event Related Potentials
To test our hypothesis regarding ERP data, we also performed planned comparisons. For the P3b
(and LPP), we contrasted trials that produced unexpected (or inconsistent) outcomes with those that
produced expected outcomes. In this analysis, inconsistent trials were assigned a weight of +1, and
consistent trials were assigned a weight of -1, and one-tailed tests were used. Although we predicted no
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differences between Frustration and Surprise trials on P3b and LPP amplitudes because these conditions
differed only in the valence of the outcome, not in how expected/unexpected they were, we examined
whether there was a difference by contrasting amplitudes on Frustration trials with amplitudes on
Surprise trials, assigning Frustration trials a weight of +1 and Surprise trials a weight of -1.
For the P3b and LPP, we used paired sample t-tests to compare amplitudes in Unsuccessful trials
against one another, and then against amplitudes to Frustration trials and to Surprise trials. Lastly, we
also explored whether P3b, LPP amplitudes differed between Gain and Breakeven trials.
[Figure 3 about here]
3.4.1 P3b. PCA derived grand averages for the P3b are presented in Figure 3. We were
particularly interested in whether P3b amplitudes would be greater on trials with inconsistent outcomes
(e.g., Frustration, Surprise) than trials with consistent outcomes (e.g., Gain/Successful,
Breakeven/Successful). A significant effect of outcome type indicated that overall P3b amplitudes were
larger for trials with inconsistent outcomes (e.g., Frustration, Surprise) than trials with consistent
outcomes (e.g., Gain/Successful, Breakeven/Successful; t(28) = 10.87, p <.001, d = 2.10). As expected,
Frustration trials did not differ from Surprise trials (t(28) = 0.49, p = .629, d = -0.10)
Frustration trials produced larger P3b amplitudes than Gain/Unsuccessful trials (t(28) = 8.97, p
<.001, d = 1.72) and Breakeven/Unsuccessful trials (t(28) = 7.85, p <.001, d = 1.50). These latter two
trial types, Gain/Unsuccessful trials and Breakeven/Unsuccessful trials, did not differ significantly from
one another (t(28) = 0.19, p = .852, d = 0.04). Taken together, these results suggest Frustration trials
evoked larger P3b amplitudes than the other two sets of trials that also caused a monetary loss. Thus,
monetary loss per se did not cause the larger P3b amplitude in the Frustration trials.
Larger P3b amplitudes were also observed on Surprise trials than on Gain/Unsuccessful (t(28) =
11.08, p <.001, d = 2.06) and Breakeven/Unsuccessful trials (t(28) = 9.62, p <.001, d = 1.79). Similar
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P3b amplitudes were observed on Gain/Unsuccessful trials and Breakeven/Unsuccessful trials (t(28) =
0.19, p = .852, d = 0.04). Significantly larger P3b amplitudes were observed on Gain/Successful trials
than on Breakeven/Successful trials (t(28) = 3.78, p = .001, d = .70).
3.4.2 LPP. PCA-derived grand averages for the factor combinations reflecting early and late
LPPs are presented in Figures 4 and 5. Planned contrasts indicated that early and late LPP amplitudes
were greater for inconsistent trials than for consistent trials (early LPP, t(28) = 6.66, p < .001, d = 1.24;
late LPP, t(28) = 3.77, p < .001, d = 0.75). Frustration trials produced larger LPPs than
Gain/Unsuccessful (early LPP, t(28) = 2.80, p = .009, d = 0.52; late LPP, (t(28) = 3.42, p = .002, d =
0.64) and Breakeven/Unsuccessful (early LPP, t(28) = 4.90, p < .001, d = 0.91; late LPP, (t(28) = 2.46, p
= .020, d = 0.46) trials. Similar amplitudes were observed between both types of Unsuccessful trials
(early LPP, t(28) = 1.57, p = .128, d = 0.30; late LPP, (t(28) = 1.12, p = .271, d = -0.22).
Significantly larger early LPP and late LPP amplitudes were observed on Surprise trials than on
Gain/Unsuccessful (early LPP, t(28) = 2.80, p = .009, d = 0.52; late LPP, (t(28) = 4.43, p < .001, d =
0.88) and Breakeven/Unsuccessful trials (early LPP, t(28) = 5.15, p < .001, d = 0.96; late LPP, (t(28) =
3.25, p = .003, d = 0.60). There was no significant different in early (t(28) = 1.33, p = 1.95, d = -0.25) or
late (t(28) = 1.42, p = .166, d = 0.27) LPP amplitudes for Gain/Successful and Breakeven/Successful
trials.
[Figure 4 about here]
[Figure 5 about here]
3.5 Correlations between ERP and self-report variables
We used a series of Pearson Correlations to examine the relationship between ERP
amplitudes and self-report responses obtained during and following the MID task. For these
correlations, we first calculated difference scores for each of the ERP components and self-report
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responses. For example, P3b amplitudes to Gain/Successful trials were subtracted from P3b
amplitudes to Frustration trials. Similarly, self-reported anger following Gain/Successful trials
was subtracted from self-reported anger following Frustration trials. This method was applied to
each combination of trials (e.g., Gain/Successful minus Gain/Unsuccessful, Frustration minus
Gain/Unsuccessful) for each ERP component and for self-reported anger measured during and
measured following the MID task. Difference scores were used because our goal was to test
whether the neural activity that was isolated to the Frustration condition was positively
correlated with self-reported anger isolated to the Frustration condition. Although there are
several ways to isolate activity in ERPs (e.g., Meyer, Lerner, De Los Reyes, Laird, & Hajcak,
2017), difference scores are the most practical, commonly used, and straightforward to interpret.
Then, we computed separate correlations within each set of difference scores.
Consistent with our hypothesis, greater P3b amplitudes to Frustration trials relative to
Gain/Successful trials were directly correlated with self-reported anger measured during the MID
task (r(27) = .49, p = .007; Figure 6). Conversely, greater P3b amplitudes to Surprise trials
relative to Breakeven/Successful trials were not reliably correlated with self-reported anger
(r(25) = .03, p = .876; Figure 6). We did not observe a significant correlation between P3b
amplitudes to Frustration trials relative to Gain/Successful trials and self-reported anger
measured after the MID task (r(27) = .21, p = .269). Self-reported anger was not correlated
significantly with P3b amplitudes for other difference score combinations (r’s between -.20 and
.14, p’s > .308).
Based on a reviewer’s comments, we performed two partial correlations between P3b
amplitudes to Frustration trials and self-reported anger, controlling for different aspects of
surprise. In the first, we controlled for self-reported surprise following Frustration trials,
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observing that the critical P3b-Anger correlation remained significant (r(26) = .31, p = .010). In
the second, we controlled for P3b amplitudes to Surprise outcomes. Again, the correlation
between P3b amplitudes and Anger following Frustration trials remained significant (r(26) =
.49, p = .009).
In addition, when examining self-reported anger measured after the MID task, we
observed that it was directly correlated with differences in P3b amplitudes to
Breakeven/Unsuccessful trials and Breakeven/Successful trials (r(27) = .40, p = .032). We did
not observe a significant correlation between self-reported anger measured during the MID task
and differences in P3b amplitudes to Gain/Unsuccessful trials and Frustration (r(27) = .14, p =
.467) or Gain/Unsuccessful and Gain/Successful trials (r(27) = -.03, p = .868). Unlike the P3b,
differences in early LPP and late LPP amplitudes were not reliably correlated with differences in
self-reported anger measured at either time point (r’s between -.34 and .19, p’s > .079).
[Figure 6 about here]
We also conducted a series of exploratory correlations between ERP difference scores and the
difference scores of other self-reported emotions. We did not observe a significant correlation between
P3b amplitudes to Frustration trials and self-reported surprise measured during the MID task (r(29) =
.31, p = .107), or following the MID task (r(27) = .15, p = .447), or between P3b amplitudes to Surprise
trials and self-reported surprise measured during the MID task (r(27) = .02, p = .915), or following the
MID task (r(29) = .12, p = .540).
Next, we examined correlations between the other self-reported emotions (measured during task
and after task) and P3b and LPP to frustration trials (minus Gain/Successful trials). Because of the large
number of correlations, which were not predicted, we do not produce a large table but instead report
correlations that were close to conventional standards for significance. All of the following correlations
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were for the self-reported emotions measured after the entire task had been completed. They are: Desire
with P3b amplitudes (r = .29, p = .130); Sadness with P3b amplitudes (r = .29, p = .124); Calmness with
P3b amplitudes (r = -.39, p = .038), and late LPP amplitudes (r = -.51, p = .005). Only one correlation
emerged from self-reports during the task and it was that Calmness correlated with early LPP amplitudes
(r = -.35, p = .066).
4.1 Discussion
While the psychological methods commonly used to produce anger are reliable and
appropriate for use with some psychophysiological techniques (Angus & Harmon-Jones, 2016;
Angus, Schutter, Terburg, Van Honk, & Harmon-Jones, 2016; Harmon-Jones & Gable, 2017;
Kelley, Hortensius, Schutter, & Harmon-Jones, 2017), their labor-intensive and time-consuming
nature makes them inappropriate to use when examining short-lived physiological activity with a
low signal-to-noise ratio. In the present experiment, we circumvented this limitation by using a
novel task that would allow us to examine event-related correlates of anger. Participants
completed a novel MID task, in which consistent or inconsistent reward feedback was provided,
with the latter intended to evoke feelings of anger. Consistent with our hypothesis, participants
reported feeling more anger when they expected to win money, received feedback indicating that
they responded successfully, and then did not receive the “promised” money but received a loss
than when they expected to win money and received a gain. As predicted, the P3b was
modulated by the presentation of outcomes that were inconsistent with participants’ expectations,
regardless of whether these outcomes were more positive (surprising) or negative (frustrating)
than expected. Critically, however, P3b amplitudes to Frustrating outcomes were positively
correlated with self-reported anger. Moreover, this correlation was not significant on trials in
which participants expected to breakeven but received a surprise gain.
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Our novel MID task successfully produced frustration in participants, with greater anger
and frustration reported for trials in which participants’ goal of winning money was frustrated by
the delivery of monetary loses than on trials in which their goal was accomplished. Importantly,
this effect was observed for self-reported anger measured during the task using non-targeted
questions (“How do you feel right now?”) and following the task using targeted questions (e.g.,
“How did you feel when you lost money but expected to win?”).
Exploratory analyses suggested that the Frustration manipulation influenced other selfreported emotions when they were measured after the entire task but not when they were
measured during the task. That is, greater sadness and less calmness were reported for
Frustration trials than for Gain/Successful trials, but only when measured following the entire
task. We suspect that this pattern of results may indicate more about participants’ “hypotheses”
about how they should feel (“How did you feel when you lost money but expected to win?”)
rather than how they actually felt during the experience of being frustrated (“How do you feel
right now?”)
4.1 ERP Results
Some other recent studies have reported that P3b amplitudes are larger following
unanticipated non-reward feedback than following anticipated reward feedback (Gatzke-Kopp et
al., 2015; Rich et al., 2007; Rich et al., 2005). The present research extended these findings,
showing that increases in P3b amplitude occur for inconsistent outcomes that are frustrating and
nonfrustrating (but instead pleasantly surprising). Our finding that P3b amplitudes in general
were enhanced for inconsistent outcomes also corroborates past research examining ERPs to
reward and non-reward feedback, in which inconsistent outcomes typically produce larger P3b
amplitudes than consistent outcomes (Polich, 2007; Squires, Wickens, Squires, & Donchin,
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1976). Previous studies have interpreted this enhancement as a neural response to the presence of
motivationally salient stimuli that violate expectancies established by incentive cues (Angus et
al., 2017; K. D. Novak & Foti, 2015). We also found evidence that the size of this response to
inconsistent events is directly associated with the subjective experience of anger. Specifically,
we observed that participants with greater P3b amplitudes to frustrating events typically reported
experiencing greater self-reported anger following these events than participants with smaller
P3b amplitudes. This finding suggests that experience of anger produced by the frustration of
goal pursuit by an external agent is linked to the perceived motivational salience of the
inconsistent outcomes.
4.2 Broader Implications
The development of a task that reliably and rapidly produces anger has proved elusive
and limited our ability to identify potential mechanisms involved in the generation of anger and
related emotional/motivational responses. The results of the present experiment highlight the
utility of a variation of a monetary-incentive-delay task to produce goal frustration-related anger.
This research has several implications for the broader emotion and psychophysiology literature.
First, the results suggest that P3b modulation to frustrating events is predictive of self-reported
frustration and anger. As such, it is reasonable to predict that clinical populations characterized
by increased (or decreased) P3b responses to unexpected and undesired frustrating outcomes
may experience increased (or decreased) levels of anger and frustration to these same outcomes.
As such, this task may prove useful in examining the outcomes associated with treatments for
anger. Second, the task presented here also has applications in non-EEG contexts. For example,
the task could also be used to examine changes in cardiovascular responses, allowing researchers
to ask and address novel questions regarding the role of cardiovascular control in the generation
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of anger. It could also be used in function magnetic resonance imaging and
magnetoencephalography research to probe neural regions involved in anger-related processes.
the effects we observed could also be thought of as something akin to a prediction error.
This isn't a limitation as such, but does link the paradigm and our results to the reinforcement
learning literature.
The results of the present study should not, however, be taken as evidence that the P3b is
a “direct index of anger”, or that P3b amplitudes to any unexpected stimuli will be associated
with self-reported anger. Rather, our results suggest that the relationship between anger and the
P3b is contextual, and likely to be restricted to stimuli that are both unexpected and undesired.
That is, increased P3b amplitudes and anger are correlated when what “ought” to occur does not
(Frijda, 1986).
4.4 Limitations
Like all research, this research has limitations and we hope future research will address them.
First, the sample size used in the present study is not particularly large, and it may be
underpowered for the detection of small effects. Second, the sample used in the present study is
limited to undergraduate students. As a consequence, the effects reported might not generalize to
all individuals. As such, tests in various cultures, with various age groups, and with individuals
with relevant personality characteristics would yield insights into how culture, age, and
personality characteristics may moderate the effects.
Although evidence for discrete types of anger is mostly lacking (e.g., Berkowitz &
Harmon-Jones, 2004), one might argue that the anger evoked in the present paradigm is limited
to goal frustration and may be different from anger evoked by other events. Future research is
needed to develop other ERP paradigms that evoke anger using different “psychological”
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methods. Moreover, future research should examine whether the anger evoked in these ERP
paradigms is associated with aggressive tendencies.
4.5 Concluding Remarks
These results provide evidence that the Anger-MID task is able to reliably produce
differential modulation of ERPs to frustrating vs non-frustrating events (e.g., Gain/Successful vs.
Frustration), reliably produce reported anger, and reliably produce ERP modulation related to the
experience of anger reported by participants. We hope that this task will be used in future
research to better understand the psychophysiological processes involved in anger, an emotion
that is vitally important to understand.
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