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Abstract: The present study investigated the risk-taking behaviors of angry drivers, which
were coincidentally measured via behavioral and electroencephalographic (EEG) recordings. We
manipulated a driving scenario that concerned a Go/No-Go decision at an intersection when the
controlling traffic light was in its yellow phase. This protocol was based upon the underlying format
of the Iowa gambling task. Variation in the anger level was induced through task frustration. The
data of twenty-four drivers were analyzed via behavioral and neural recordings, and P300 was
specifically extracted from EEG traces. In addition, the behavioral performance was indexed by the
percentage of high-risk choices minus the number of the low-risk choices taken, which identified the
risk-taking propensity. Results confirmed a significant main effect of anger on the decisions taken.
The risk-taking propensity decreased across the sequence of trial blocks in baseline assessments.
However, with anger, the risk-taking propensity increased across the trial regimen. Drivers in anger
state also showed a higher mean amplitude of P300 than that in baseline state. Additionally, high-risk
choices evoked larger P300 amplitude than low-risk choices during the anger state. Moreover, the
P300 amplitude of high-risk choices was significantly larger in the anger state than the baseline
state. The negative feedback induced larger P300 amplitude than that recorded in positive feedback
trials. The results corroborated that the drivers exhibited higher risk-taking propensity when angry
although they were sensitive to the inherent risk-reward evaluations within the scenario. To reduce
this type of risk-taking, we proposed some effective/affective intervention methods.
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1. Introduction

Angry driving is an important concern in our daily lives [1]. In addition, angry driving has become
a worldwide concern and a strong focus on research. A report released by the American Automobile
Association has corroborated that approximately 80% of drivers express significant levels of anger
and/or road rage as part of their normal driving habits [2]. In European countries like the UK, Finland,
the Netherlands [3], and Spain [4], and also in some Asian countries like China [5] and Japan [6],
all drivers have reported certain levels of anger while driving. Angry can be defined as a strong
feeling of annoyance, displeasure, or hostility, and it is an emotional state whose motivation is to warn,
intimidate, or attack those who are considered as challenging or threatening [7]. Anger is generally
elicited by environments, events, and people that are unpleasant, aversive, or undesirable. Moreover,
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anger is anticipated to exert a negative effect on one’s judgment and decision-making [8]. Today’s
driving environments are complicated and growing more so. Driving worlds include interactions
not only among drivers themselves but also with pedestrians and on-road driverless vehicles [9].
Therefore, drivers embedded in these complex circumstances experience many triggers that lead to
angry driving. Furthermore, traffic conflicts, confrontations with other vehicles, slowed or stopped
traffic, as well as any particular driver’s pre-existing propensity for frustration can all contribute to
anger episodes [10,11].

Angry driving has been reported to have a series of deleterious consequences. The closest
relationship identified is probably how risky or unsafe driving behaviors are related to anger behind
the wheel. For instance, Zhang et al. highlighted that aberrant driving behaviors fully mediate
the effects of driving anger on road crash risks [12]. In a study carried out among a sample of
Norwegian drivers, Iversen demonstrated that those who scored high in driving anger were more often
involved in speeding and ignoring traffic rules [13]. In addition, Dahlen corroborated that driving
anger, along with other factors such as sensation seeking, impulsiveness, and the big five factors, is a
predictor of unsafe driving behaviors such as driving without using a seatbelt and the losses of vehicle
control [14]. Considerable evidence that driving anger contributes to high road accident risks has
emerged. Furthermore, Deffenbacher affirmed that drivers with high trait anger experience anger
more frequently and intensively when driving and are twice as likely to meet accidents compared with
those having low trait anger [15]. In addition, there were also some other human factors that highly
correlated to angry driving and traffic offending, such as driving stress, social context and mental
health [16,17]. For example, previous studies indicated that driving anger mediated the associations
between driving stress, risk predisposition, and traffic sanctions [16]. More importantly, the ‘dislike of
driving’ and ‘thrill-seeking’ dimensions of drivers’ stress were related to risky driving behaviors such
as speeding on inner city roads [17]. Moreover, driving anger also partially mediated the association
between driving experience, hourly intensity, and job stress [16].

Researchers have identified the problem and explored why anger has an impact on risky or
unsafe driving behaviors. One possible explanation is that anger reduces drivers’ risk perception,
which further affects their risky behaviors, such as tailgating, speeding, racing, and violating traffic
laws [5,9–11,18]. Other explanations imply that anger exerts influence on drivers’ collective perceptual
capacities and overall driving competence [19,20]. In addition, recent studies have focused on the
analysis of drivers’ decision-making process, especially those that require speeded response [21].
Emotions, especially anger, are heavily involved in such accelerated decisions [15].

While the abovementioned studies have contributed to an understanding of the working
mechanisms of driving anger, most outcomes are mainly from subjective measurements (e.g.,
questionnaire survey) and behavioral performances. The cognitive decision-making process linked
to angry driving has not been fully articulated yet. Moreover, the only neurological study on angry
driving was by Techer et al., who contended that anger impacts the attentional process and driving
performances by provoking an increase in lateral variations while reducing the amplitude of the
visual N1 peak [22]. However, this work mainly focused on the attention allocation of angry drivers;
whether anger would change drivers’ behaviors by affecting their decisions on risk-taking must be
evaluated. Although risky decision-making can be measured using behavioral responses to risk-related
stimuli alone, event-related potentials (ERPs) provide the additional direct and temporally precise
measurements of the neural processes involved in decision-making [23]. ERPs are scalp-recorded
electrophysiological responses generated by the brain and they are associated with particular internal
or external cognitive events (e.g., stimuli, responses, decisions, and feedback). Therefore, ERPs have
been used to investigate the sensitivity of various risks in decision-making [24–26].

A common ERP component that carries important information for reward processing in
decision-making is the feedback-related P300. It is a positive waveform whose peak occurs around
300 to 500 ms following the stimulus onset [27–29]. The role of P300 lies on the reward evaluation
process [27]. Previous studies have claimed that the feedback-related P300 reflects the extent to which
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information is motivationally significant [30,31]. In accordance with this, the P300 amplitude varies
with the motivational significance of feedback information [32,33] and increases when individuals
attribute more meaning to feedback [34]. Moreover, the enhancement of the P300 amplitude in high-risk
choices reflects the enhanced motivational significance of risky decisions [31].

Research has been carried out to analyze the decision-making process with the indicators of ERPs
in risk-involved decision tasks. For instance, the Iowa gambling task (IGT) is a protocol that simulates
real-life decision-making in a laboratory environment. It was originally used to test sensitivity to future
consequences and the ability to make decisions following upon damage to the prefrontal cortex [35,36].
Since then, the IGT has also been used to discover the neurological bases for risky decision-making
and to interpret the interaction between emotion and decision-making [37,38]. For example, Ba et
al. validated that IGT performance was a key factor in predicting risky driving behaviors. The
results confirmed that high-risk tendency drivers had lower P300 amplitude, indicating that they
were relatively insensitive with the reward process in IGT [21]. This task offers an opportunity to
investigate the risk-taking attitude of drivers experiencing different states of anger. Further, the
cognitive decision-making process of risk-taking in angry driving has rarely been explored. The recent
study by Li and coworkers verified that drivers become insensitive with risk and reward in gambling
when angry and make associated risky decisions [39]. Collectively, the research implicated a cognitive
pattern, i.e., anger leads to risk and reward insensitivity, and hence results in risky behavior. While in
their study, participants did not know the risk for each choice and the experiment design was not a
driving-related task. Our study aims to explore whether angry drivers become risk sensitive when the
risk is evident and reduce risky behaviors in a driving-related scenario.

In light of the above considerations, our study explicitly sought to distinguish how anger affects
drivers’ risk-taking in decision-making using a Go/No-Go situation. We hypothesized that the
participants in anger would be sensitive to the inherent risk level and become more risk-averse when
risks are evident. Moreover, we used performance analysis and EEG recording and most especially
ERP assessment to evaluate this proposition and to construct a comprehensive explanation of such
effects at the behavioral and neurological levels of analysis.

2. Materials and Methods

2.1. Participants

Twenty-eight individuals at a university in the southeast region of the United States volunteered
to participate in this experiment. All were native English speakers. During the experiment, the
participants made self-reports of their anger status on a seven-point Likert scale ranging from 1 “I
am not angry at all” to 7 “I am extremely angry” (i.e., please describe how angry are you feeling
now) [40]. These reports were made before the experiment began, before and after they received an
anger-inducing manipulation, and after the experiment. Four of the participants were excluded from
subsequent analysis because they did not report an effective change in anger from the baseline to the
manipulated state (i.e., the postinduction self-report anger needed to be higher than four on the Likert
scale and greater than the level of anger reported preinduction). Thus, the data of the twenty-four
participants (13 males and 11 females, mean age = 20.8 ± 3.6 years) were analyzed. The mean age
of male participants was 19.85 years old (SD = 2.36) and female participants was 21.91 years old
(SD = 4.66). All of the participants were undergraduates. All of them had a valid driver license and
had sustained that status for more than one year. Their average driving experience was 4.63 (SD = 1.98)
years, while 79.17% of them had a driving distance of over 5000 km in the previous year, and all of
them drove at least once a week. None had any traffic collisions last year. Furthermore, they were all
right-handed and had no history of attention deficit hyperactivity disorder or traumatic brain injury.
They received a monetary reward (from $1 to $30) based upon their task performances. This study was
approved by the relevant Institutional Review Board (SBE-16-11967) concerning the employment of
the experimental participants.
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2.2. Experiment Design

The experiment protocol was based on a version of the IGT proposed by Bechara et al. [35]. Some
changes were made for this task to conform to our present purpose. First, the experimental scenario
was changed to a common driving situation, which featured a Go/No-Go choice at an intersection
when the traffic light was yellow. The participants saw a traffic light, and they were told “Imagine that
you are driving on the road and are 200 ft (i.e., 60.96 m) from the stop line, and your driving speed
is 45 mph (i.e., 72.42 km/h). The traffic light turns yellow. Now, will you go or stop before it turns
red?” (See Figure 1.) Here, we chose a distance of 200 ft (i.e., 60.96 m) and a speed of 45 mph (i.e.,
72.42 km/h) to simulate driving on an arterial roadway with such active traffic light controls. With the
specified distance and speed, the participants had to decide whether to go or stop within 3 s. This
is a representative situation in driving, in which drivers must make a quick decision about whether
to take the risk or not. Second, in the standard version of the IGT, the participants do not know the
exact probability of each card. In our study, the participants knew exactly the chances of winning and
losing. One reason is that our study specially examined whether angry individuals would change their
risk-taking behaviors when they explicitly knew that an apparent risk was involved.
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Figure 1. Presentation of the experiment. Note: Description of one trial: the participants chose to Go
or No-Go, and after 600 ms, the feedback (the positive feedback is time-saving with a smiling face,
whereas the negative feedback is time waste along with a sad face) was at the onset and lasted to 2000
ms. Thereafter, a blank screen emerged, and then a new trial began.

There were four options (i.e., options A, B, C, and D), and each had a certain probability to save or
waste some time. In each trial, the participants were presented with a combination of either options A
and B (i.e., AB condition) or options C and D (i.e., CD condition). Table 1 shows the detailed setting of
the four options. Taking option A as an example, i.e., choosing to ‘No-Go’ (see Figure 1) at the yellow
light, we found that a 50% probability that the light remained yellow and that the participants wasted
15 s for waiting emerged. In addition, we asserted that a 50% probability that the light turned into red
and that the participants saved 10 s for successfully avoiding running the red light also emerged. If
option B is chosen, which is the ‘Go’ choice in Figure 1, then a 10% probability that the light turned
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into red and that the participants wasted 115 s for running the red light (representing the punishment
for the associated legal infraction) emerged. Furthermore, a 90% probability that the light remained
yellow and that the participants saved 10 s also emerged. Options A and B had equal negative expected
rewards but differed at the risk level. Option A was a low-risk choice with a smaller standard deviation
(SD) (frequent but small losses) compared with option B, and then option B was identified as a high-risk
choice with a larger SD (occasional but large losses). In addition, options C and D work in a similar
way with A and B, respectively, except that they had positive expected rewards. The design here was to
test the participants’ propensity to take high-risk choices while eliminating the effects of expectations.

Table 1. Probability and value of experiment task choices.

Probability and Value
Go/No-Go

Gambling Task
Anger Elicitation
Gambling Task

No-Go Choices (A) Go Choices (B) No-Go Choices (C) Go Choices (D) M N

Time saved +10 +10 +5 +5 25 30
Time wasted −15 −115 0 −20 −15 −25

Probability of time saved 50% 90% 50% 90% 0% 0%
Probability of time

wasted 50% 10% 50% 10% 100% 100%

Expected value −2.5 −2.5 2.5 2.5
Standard deviation 12.5 37.5 2.5 7.5

Choice type
Low risks with

negative expected
values

High risks with
negative expected

values

Low risks with
positive expected

values

High risks with
positive expected

values

Note: The expected value was calculated as ‘Probability of time saved × time saved + Probability of time wasted ×
time wasted.

The amounts of the time saved and wasted for each option were displayed within each histogram.
If the participants obtained positive feedback (time saved), then a smiling face would appear on the
screen; otherwise, it would be a sad face. The final performance score was time saved minus time
wasted, and higher scores were related to higher cash rewards. Moreover, the formal experiment
consisted of 200 trials with 100 trials in the first part and 100 trials in the second part. Each part
consisted of 50 AB conditions and 50 CD conditions. The condition appeared randomly in the first
part, and the sequential of the condition in the second part was the same as the first part.

The stimulus used to induce anger was a gambling task, i.e., anger elicitation gambling task
(AEGT). The AEGT was a two-choice task with options M and N in Table 1. The participants chose
between the two options for twenty trials in this AEGT, and they were told that they might win or lose
in this task. Actually, they kept losing no matter which option they chose.

2.3. Experiment Procedure

The participants completed the informed consent and then a demographic questionnaire before the
performance element of the study began. We provided practices on the required task prior to recording
the actual performance data. Before the first part of the formal experiment, the participants had a
baseline anger self-report. Thereafter, they were invited to finish the first part of the IGT test, which
included five blocks with twenty trials in each block. After finishing the first part, the participants had
a five-minute break during which they were asked to report their anger level (i.e., the preinduction
anger level). Subsequently, they were presented with the anger-inducing manipulation (i.e., AEGT).
After they finished the AEGT, a postinduction anger self-report was then recorded. If they met the
criterion for effective anger induction (see Section 2.1), then they finished the second part of the IGT
task. In the end, the participants reported their anger scores after finishing the formal experiment
and received a cash reward based on their performances. It took an average of one hour to complete
the experiment.
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2.4. Task EEG Recording

The performance task was programmed in PsychoPy [41] and was presented via a Dell LCD
monitor at a resolution of 1024 × 768. The task responses were recorded via the keyboard, mouse,
and dedicated response buttons, and the EEG recording was made by using the Advanced Brain
Signal equipment (B-Alert X10, Advanced Brain Monitoring, Inc., Carlsbad, CA, USA). In addition, the
B-Alert X10 acquired EEG data from the prefrontal, ventral, parietal, and occipital areas with 9 sensor
sites (Fz, F3, F4, Cz, C3, C4, POz, P3, and P4). The digitization rate was 256 HZ, and an advanced brain
monitoring external sync unit was connected wirelessly to the EEG, thereby providing the timestamp
of the packets and response signals. Finally, the amplifier bandpass was 0.1 to 30 Hz.

2.5. Data Analysis

In terms of EEG data, time epochs from 200 ms before the feedback onset to 1000 ms after the
onset were identified across each trial. The epochs were averaged as every single participant’s ERPs,
and then a grand average ERP for the entire sample was calculated.

To quantify P300, we computed the mean amplitude in a time window (400–500 ms) post-onset of
feedback for win and loss trials in Fz, Cz, and POz electrodes [42,43]. P300 was analyzed under three
variables. The first was anger status (AS), of which we observed a baseline and then a subsequent
epoch with increased anger; the second was the feedback valence, which referred to positive (time
saved) and negative (time wasted) feedback; and the third was the risk choice (high- and low-risk
choices).

For performance, as in previous studies [21,36], we used the percentage of high-risk choices minus
low-risk choices, i.e., (B + D) − (A + C) in Table 1. This value represented the risk-taking propensity
that was analyzed under two variables. One was the AS, and the other was the performance block
(from one to five).

A mixed ANOVA was then conducted to explore the relationships among these identified response
variables, and this analysis was conducted using MATLAB (version R2019a, MathWorks, Natick, MA,
USA) and SPSS (version 17.0, IBM, Armonk, NY, USA). The significance level was set at 0.05 for all
analyses. The partial eta squared (η2

p) was presented as measures of effect size [44].

3. Results

3.1. Emotion Manipulation

The levels of anger were recorded at four states (i.e., baseline, preinduction, postinduction, and
after experiment). Figure 2 shows such data. A significant difference was observed among the four
timings for the anger scores, F (3, 69) = 85.21, p < 0.001, η2

p = 0.787. In addition, a paired comparison
confirmed that the postinduction anger scores (M = 4.88, SD = 0.90) were significantly higher than those
in the preinduction (M = 1.96, SD = 0.62, p < 0.001), baseline (M = 1.67, SD = 0.64, p < 0.001), and after
experiment (M = 2.67, SD = 1.09, p < 0.001) states. Moreover, the anger scores in the after experiment
state was significantly higher than those in the baseline (p = 0.001) and preinduction (p = 0.005) states.
These results confirmed that the anger manipulation in our experiment was effective and that the
affective state persisted throughout the second part of the IGT. Furthermore, no significant difference
emerged between the baseline and preinduction states for anger scores. This outcome indicated that
the participants had the same effective neutral state before the anger manipulation and that the IGT
test did not significantly affect the participants’ anger level.
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3.2. Performance Data

All of the participants finished ten blocks during the task. The baseline was from block 1 to
block 5, and the anger status was from block 6 to block 10. To explore whether anger had an effect on
risk-taking behavior, we analyzed the performance data from two aspects. One was the comparison
of the two specific blocks just before (block 5) and after (block 6) the participants received anger
inducement (Figure 3). This comparison was a way to explore the genesis of risk-taking behavior when
anger appeared immediately. In addition, paired t-tests were conducted to compare the risk-taking
propensity before (block 5) and after (block 6) the anger inducement. Evidently, a significant difference
emerged between block 5 (M = −30.42, SD = 10.67) and block 6 (M = 10.00, SD = 10.30, p = 0.005).
These results claimed that anger actually affected their risk-taking behavior in block 6. A follow-up
analysis considered all ten blocks (e.g., baseline and anger). Here, a 2 (AS: baseline vs. anger) * 5 (block:
five blocks, with 20 trials in each block) repeated measures ANOVA was used to evaluate the effects of
anger and block on the risk-taking propensity. Furthermore, a significant main effect was found for
block, F (4, 96) = 9.544, p < 0.001, η2

p = 0.276. No main effect of AS was found. However, a significant
two-way interaction emerged between AS and block, F (4, 96) = 5.891, p < 0.001, η2

p = 0.191, see Figure 3.
Here, the effects of the block under the baseline and the anger situation were separately analyzed.
The results corroborated that the effect of block was significant under the baseline, F (4, 92) = 10.048,
p < 0.0001, η2

p = 0.304. Figure 3 exhibits that the trend that the risk-taking propensity decreased across
the sequential blocks of the baseline condition (the white bars) emerged. The effect of block under
anger was also significant, F (4, 92) = 4.347, p = 0.003, η2

p = 0.159. However, such was not a steadily
decreasing trend as was that under the baseline. An increase emerged from block 6 to block 7, and
then after a reduction in block 8, the subsequent blocks continued to increase.
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3.3. ERP Results

Figure 4 shows the waveforms of averaged ERPs in the electrodes of POz, Cz, and Fz. A three-way
repeated measures ANOVA was conducted to evaluate the ERP responses, which was a 3 (AS: baseline
vs. anger) × 2 (feedback: positive vs. negative) × 3 (electrodes: POz, Cz, and Fz) design. No significant
interaction emerged between AS, feedback, and electrodes, and the main effect of AS was significant
(F (1, 23) = 5.421, p = 0.029, η2

p = 0.191), with a larger P300 amplitude in the anger state (red lines in
Figure 4) than in the baseline. Moreover, the main effect of feedback showed significant (F (1, 23) =

14.371, p = 0.001, η2
p = 0.385) difference for P300 amplitude, and the negative feedback had a larger

P300 amplitude than the positive feedback. No significant difference was found for electrodes, while
the electrode of POz represented a larger P300 amplitude than Cz and Fz.
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Figure 4. Waveforms of averaged ERPs for the positive and the negative feedback in the electrodes of
Fz (left), Cz (middle), and POz (right). Note: The feedback stimulus onset occurred at time 0. P300
was calculated from 400 ms to 500 ms after the feedback onset. Negative was plotted up.

Figure 5 exhibits the waveforms of averaged ERPs for different risk choices. A three-way repeated
measures ANOVA was conducted to evaluate the ERP responses in the electrodes of POz, Cz, and Fz,
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which was a 2 (AS: baseline vs. anger) × 2 (risk choice: high risk vs. low risk) × 3 (electrodes: POz, Cz,
and Fz) design. A significant interaction emerged between AS and risk choice, F (1, 23) = 4.612, p = 0.043,
η2

p = 0.167. Subsequent simple effect analysis corroborated that the significantly greater P300 amplitude
was found in high-risk choices than low-risk choices in the anger state (p = 0.027) (see Figure 6). By
contrast, there was no significant difference between high-risk choices and low-risk choices for the
P300 amplitude in the baseline (p = 0.07), while there was a trend that low-risk choices evoked larger
P300 amplitude. Moreover, the P300 amplitude of high-risk choices was significantly larger in the
anger state than the baseline state (p = 0.001). To the opposite, the P300 amplitude of low-risk choices
showed no significance under anger and baseline states (p = 0.953). Furthermore, the main effect of AS
was significant (F (1, 23) = 8.080, p = 0.009, η2

p = 0.260), with larger P300 amplitude in the anger state
(red lines in Figure 5) than in the baseline. Other main effects or interactions did not reach significance.
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4. Discussion

We sought to establish whether and how risk taking varies in the different states of drivers’
anger. Through the choice of a daily driving scenario, we were able to evaluate a common driving
decision-making process based on our driving-oriented elaboration of the IGT. Previous studies have
affirmed that participants showed lower amplitude of P3 and feedback-related negativity when angry,
which reflected that they were insensitive to the reward magnitude and unexpected losses. They
exhibit a greater risk tendency in anger state than baseline state [39]. Our present research explicitly
exposed this risk level to the drivers to establish whether angry drivers would change their risk-taking
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behaviors by increasing their sensitivity to such risk. Conclusively, the ERP results contended that they
were clearly sensitive to high risks when angry. However, drivers did not become commensurately
risk-averse. The neurological results and performance outcome mutually support this conclusion.

As the basis of the present study, effective anger induction is essential. The results claimed that
anger induction with our anger elicitation gambling task was successful, which was indicated by the
significant increase of anger scores from the preinduction to postinduction states. In addition, the
preinduction anger score showed no significant difference with the baseline state, which reflected
that participants had a similar neutral state during the baseline IGT. The anger scores in the after
experiment state was still higher than those in the baseline and preinduction states, which reflected
that the affective state persisted throughout the second part of the IGT. The results further validated
that the anger emotion can last for quite a while after the triggers disappeared.

In line with previous studies, our findings exhibited that the participants became risk-averse and
changed their risk-taking behavior when they were aware of the exhibited risk in the baseline [31]. In
this regard, at baseline, risk-taking showed a significant decline trend. We considered this phenomenon
to be a reflection of the reward evaluation process and the leaning effect [35,36]. Conversely, the
risk-taking increased when anger appeared. In addition, a significant growth emerged from the
fifth block to the sixth block, which represented the end of the trials in the baseline and the start
of the block under anger, respectively. This result revealed that anger increased the participants’
risk-taking propensity immediately [19,39,45]. Subsequently, after a decline at the eighth block, the
risk-taking propensity increased a little late in the trend sequence when angry. The above results were
in accordance with some findings in daily driving scenarios. Similarly, Ba et al. verified that many
“Go” decisions emerge in dilemma scenarios in daily driving, such as yellow lights [21]. Admittedly,
gambling and roadway decisions have similar characteristics: a need for quick and frequent responses,
fast feedback, and outcomes that both affect, and are affected by, the emotional state and disposition.
Just as angry gamblers show errors in card judgment, angry drivers demonstrate higher speed in
driving simulations, shorter times to collisions, higher probability to crash, and self-report more driving
violations [14,39,40,46,47].

Neural evidence was derived from the measured P300 component. The main neural findings for
P300 were the significant main effects of anger, feedback, and the interaction between anger and risky
choice. The participants expressed a higher P300 amplitude when they were angry compared with that
in the baseline. Additionally, high-risk choices evoked a larger P300 amplitude than low-risk choices
when angry. Moreover, the P300 amplitude of high-risk choices was significantly larger in the anger
state than the baseline state. In line with previous studies [48,49], P300 amplitudes were enhanced on
negative compared to the positive feedback. A higher P300 amplitude suggests a high motivation,
which is in line with previous observations [50]. P300 could indicate the motivational significance of
engagement during reward evaluation [28,42,43], and demonstrating that angry drivers engaged more
in neural resources than in the baseline is reasonable. The P300 enhancement in high-risk choices also
reflected the enhanced motivational significance of risky decisions [31]. The results proved that angry
drivers became more motivated with the reward evaluation process and more sensitive to high risks
when they were angry [50–52]. The neuro findings were different from previous studies. The risk was
evident in our study, and the participants became risk-averse in the baseline. They were aware of
the risk throughout the experiment and even more sensitive to the risk when angry. However, anger
probably affected their judgment on these choices and weakened the learning process, leading to an
increasing trend of risk-taking. Moreover, participants might become sensation-seeking when angry,
and they preferred to take high risks [53]. They were highly motivated by rewards. In this regard, the
participants exhibited high risks to obtain a higher reward when angry. They might pay more attention
to timely feedback with high rewards and ignore the long-term optimal decision strategy when angry.
There is a possibility that participants might change their preference of the choices or become fearless
about the danger when angry. Further studies could add an interview after the experiment to discuss
the reasons for their risky behaviors, even if they were aware of the risks. The decision-making process
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was influenced by multiple cognitive and affective processes [54], whereas the decision-making process,
induced by anger, was different in terms of the reward process and risk sensitivity.

Therefore, anger has an impact on drivers’ risk-taking behaviors even when they are sensitive to
risks. Both of the results from neurological and behavioral levels support such a conclusion. Behavior
could be driven by different valuation systems, and these systems can operate in the domain of rewards
and punishments [55]. However, anger could affect this valuation process and lead to risky choices.

5. Conclusions

The current work looked to connecting the differential states of driving anger to risk sensitivity
directly through reference to the reflections of brain activity. Our study indicated that angry drivers
had a supplementary motivation to reward and risk sensitivity compared with that in the baseline.
The results corroborated that angry drivers became risk takers although they were sensitive to the
risk and reward evaluation process. In this regard, it might be inappropriate to just tell angry drivers
‘It’s dangerous and don’t do that!’ for anger intervention, since drivers took risky actions when they
were aware of the risks. Effective intervention methods must be proposed and implemented to reduce
such risk-taking propensity. For example, an in-vehicle speech-based agent could be proposed to give
feedback when detecting the driver is angry. The agent could tell the drivers something that related to
the driving situations and distracts their attention from the anger emotion. Moreover, it could also give
some positive feedback to encourage drivers to drive safely. Such techniques could include an anger
assessment system whose output is in direct contact with the vehicle controls to provide bounding
conditions for drivers in all sub-optional states.

Limitations of the Study

There were some limitations in this study. First, although self-reporting is widely accepted
as a reliable indicator of an individual’s emotional state [56,57], the anger measurement could be
improved by adding more common psychological methods like ‘Profile of Mood States’ [58], along
with systematic affect detection systems, such as facial expression and neurophysiological data or
physiological sensing [59]. Second, due to the requirements of the neurophysiological assessment (i.e.,
plenty of repetitive tasks and fewer body movements) [25], the present study employed a gambling
task instead of a driving task. Previous studies indicated that IGT performance was a key factor in
predicting risky driving behaviors. The task we used here still have limitations. For example, the
behavior measured in the current study was different from actual driving, which might have concerns
on external validity.

Further studies could overcome the limitations of the present study by using multiple psychological
methods and simulated driving tasks. Also, factors related to driving anger and traffic violations could
be taken into consideration in future studies, such as driving stress, social content, mental workload,
and mental health. Moreover, the effectiveness of anger interventions based on the findings in the
present study could be tested in a simulated driving environment.
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