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ABSTRACT
Previous research has shown that stress can affect emotion processing in a variety of settings.
However, little attention has been paid to the effects of stress on emotional decision-making. The pre-
sent study addressed this question by exposing healthy young participants either to a stressor
(n¼ 30)–socially evaluated cold pressor task– or a non-stressful control task (n¼ 30). Subsequently, par-
ticipants completed a computerized decision-making task in which they could compare the obtained
factual outcome with a non-obtained counterfactual outcome. Saliva samples were taken at four time
points over the course of the experiment and used to analyze cortisol levels. Results revealed that
acute stress induced reliable salivary cortisol increase over the experimental task. At the outcome deliv-
ery stage, acute stress amplified negative emotions induced by the counterfactual comparison. At the
choice stage, under stress, participants were more likely to make regret-averse decisions. The findings
that acute stress amplifies both experienced and anticipated regret is consistent with dual process
frameworks such that stress tilts decision-making toward more emotional and intuitive processing.

LAY SUMMARY

� Stress is thought to affect emotional processing. The present study investigated the effects of acute
stress on emotional decision making using a typical counterfactual decision making task. Acute
stress amplified both experience and anticipation of regret, consistent with the dual process frame
that stress tilts decision-making toward more emotional and intuitive processing.
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1. Introduction

Stress is ubiquitous in our social life. Stress occurs whenever
a demand exceeds the regulatory capacity of an organism,
particularly in unpredictable and uncontrollable situations
(Dickerson & Kemeny, 2004). Stress induces physiological and
endocrine responses, and has a large effect on memory,
attention and executive functioning (Roozendaal et al., 2009).
Given these pervasive effects, there is ample reason to expect
that it will also affect the decisions we make. Many decisions
must be made under stress, from choosing correct alterna-
tives in an examination to making important financial deci-
sions at the London Stock Exchange. There is increasing
interest in the effects of stress on human decision-making
since stress and decision-making are intimately related. Brain
regions that are known to underlie decision-making, such as
prefrontal, limbic and basal ganglia regions, have numerous
receptors for stress hormones (see Starcke & Brand, 2012 for
a review).

Previous research has shown that stress can affect emo-
tion processing in a variety of settings. Neuropsychological
research has shown that brain regions associated with the

regulation of the acute stress responses are also involved in
emotional recognition (Pessoa & Adolphs, 2010), and the
anticipation of social stressors elicited enhanced neural proc-
essing for emotional threatening faces (Wieser et al., 2010).
These findings are supported in other lines of research. Acute
social stress has, for example, been found to facilitate detec-
tion of emotional cues, which could help individuals to
detect potential threats or sources of social support in the
external environment (Domes & Zimmer, 2019). Stressed indi-
viduals also tend to exhibit more emotional empathy (Wolf
et al., 2015). Thus, these different lines of research all connect
stress to emotional responses.

There is increasing interest in looking at the effects of
stress on emotional decision-making. Part of this research
focuses on the effects of chronic stress, but there is also
increased attention to the effects of acute stress. As for
chronic effects, prior research has focused on maladaptive
decision-making among individuals with mood and anxiety
disorders, which is usually associated with exposure to
chronic stress (see Bishop & Gagne, 2018 for a review). For
instance, low-anxious individuals exhibited increased loss
aversion under emotional priming, and this emotional
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modulation of loss aversion was associated with a corre-
sponding emotion-induced increase in amygdala-striatal func-
tional connectivity (Charpentier et al., 2016). Moreover,
individuals with pathological anxiety demonstrated enhanced
risk aversion rather than loss aversion in economic decision-
making (Charpentier et al., 2017). Patients with major depres-
sive disorder demonstrated hyper-sensitivity to losses in the
anterior insula, suggesting abnormal emotional processing
(Engelmann et al., 2017).

In addition to these chronic manifestations, research has
now also started to document effects of acute stress on emo-
tional decision making. For example, anticipatory stress
induced by giving a public speech impaired learning of the
reward contingencies in the Iowa Gambling Task (IGT), and
this effect further depended on the nature of the task and
gender of the participants (Preston et al., 2007). Acute stress
induced by threat of unpredictable shocks led to contrasting
effects on decision-making tendencies depending on mood
and anxiety symptoms in the IGT (Robinson et al., 2015). In
particular, individuals with high trait anxiety exhibited risk-
seeking tendencies, while those with low trait anxiety
showed risk avoidant tendencies. Repetitive negative thinking
(RNT) induced by a natural stressor was associated with
greater increases in loss aversion (i.e. overweighing potential
monetary losses relative to gains) in decision-making during
the early-phase response to a laboratory stressor, highlight-
ing the role of loss aversion and stress in understanding RNT
as an affective vulnerability factor (Stamatis et al., 2020).

In the current study, we further explore the effects of
acute stress on emotional decision-making by assessing how
acute stress impacts the importance of regret. Regret is con-
sidered to be one of the main emotional factors underlying
decision-making; a feature that is generally attributed to its
dependence on counterfactual thinking (Van Dijk &
Zeelenberg, 2005; Zeelenberg, 1999). When making decisions,
people often rely on a comparison between obtained deci-
sion outcomes, and outcomes that “could have been” (i.e.
counterfactual outcomes). The potential connection between
acute stress and regret is that stress may impact this process.
For example, acute stressors characterized by unpredictability
has been hypothesized to elicit a prediction error (i.e. the dif-
ference between the obtained and the expected reward) that
acts as a teaching signal for the brain and promotes fast
learning of the ongoing events (Trapp et al., 2018). Moreover,
electrophysiological studies demonstrated that subsecond
dopamine fluctuations encode prediction errors associated
with processing counterfactual outcomes (Kishida et al.,
2016). Thus, it is plausible that stress could affect counterfac-
tual-related decision-making. In the present study, we investi-
gated whether and how acute stress affects the experience
of decision outcomes (i.e. does it increase experienced
regret?) and how it affects the decisions people make (i.e.
does it induce people to make more regret averse deci-
sions?). This distinction relates to the conceptual distinction
of experienced and anticipated regret. Regret is an intense
negative emotional experience induced by counterfactual
comparison, when our current situation (“what is”) is worse
than an alternative that we could have obtained, had we
acted differently (“what could have been”; Mellers et al.,

1999). In a decision-making task, individuals usually feel
negative when their actual obtained outcome is worse than
the alternative, counterfactual outcome. Regret also has a
prospective effect on decision making. In particular, individu-
als tend to make choices as to minimize the anticipated
regret, i.e. the regret that may result from their decisions
(Camille et al., 2004; Coricelli et al., 2005). Previous research
has shown that brain regions involved in emotional process-
ing, such as orbitofrontal cortex and amygdala, are associated
with experienced and anticipated regret (Camille et al., 2004;
Coricelli et al., 2007, 2005).

Here we presented half of our participants with an acute
stress-evoking task, i.e. the Socially Evaluated Cold Pressor
Task (SECPT) (Schwabe et al., 2008; Schwabe & Sch€achinger,
2018), while the other half engaged in a non-stressful control
task. Subsequently, all participants were presented with a ser-
ies of trials in which they could choose between two gam-
bles with different probabilities of gain or loss. We
manipulated the expected value of the gambles and their
potential to induce regret across trials. With this paradigm
we were able to assess how stress affects how people experi-
ence their decision outcomes as well as how stress affects
the decision-making process. Experiences were tapped by
having the participants rate their outcomes. Decision-making
was analyzed by using a mathematical model in which we
also tested the influence of expected value and risk variance
(Camille et al., 2004; Gillan et al., 2014). Importantly, we
employed a computational modeling approach derived from
behavioral economics to uncover the latent decision-making
process that may be invisible in simple choice analysis (Gillan
et al., 2014; Montague et al., 2012). The advantage of compu-
tational modeling is that it allows one to test to what extent
behavioral data fit the assumed underlying framework. In the
current study, it allowed us to assess the influence of antici-
pated regret, risk variance and expected value in the stress-
related decision-making process. Given that stress potentiates
emotional processing, we hypothesized that acute stress
would increase emotional sensitivity to regrettable outcomes
(i.e. when obtained outcomes are worse than counterfactual
outcomes) and increase the making of regret-aversive deci-
sions (i.e. avoid decisions in which obtained outcomes might
be worse than counterfactual outcomes). Following previous
published work (Diller et al., 2011; Raio et al., 2017; Speer &
Delgado, 2017), we also administered a series of individual
difference measures to make sure the two groups did not dif-
fer on traits that are susceptible to acute stressors, including
the State-Trait Anxiety Inventory (STAI)1 (Spielberger et al.,
1983), Barratt Impulsiveness Scale2 (Barratt et al., 1994) and
the Connor-Davidson Resilience Scale3 (Connor &
Davidson, 2003).

2. Methods

2.1. Participants

Sixty healthy individuals (30 females;4 mean age ¼
21.92 years, SD ¼ 2.15) with normal body weight (BMI:
20 ± 2.45 kg/m2) were recruited through university advertise-
ment. They were randomly assigned to the stress condition
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(n¼ 30) or the control condition (n¼ 30). Participants were
screened with a telephone interview and considered ineli-
gible to participate if taking psychotropic medications or hav-
ing any psychiatric/neurological disorders. Participants were
instructed to abstain from alcohol, caffeine intake, and smok-
ing for 24 h before the testing session. Female participants
were tested during the luteal phase of their menstrual cycle,
the phase in which women were shown to have the most
pronounced cortisol reactivity (Kirschbaum et al., 1999). This
study was conducted in accordance with Declaration of
Helsinki and was approved by Shenzhen University Medical
Research Ethics Committee. Written informed consent was
obtained from all participants. Participants were paid 40
Chinese Yuan (�$5.8) as a participant fee. They were
endowed with 10 Yuan to play the decision-making task. The
points that were gained or lost during the task were added
or subtracted from this initial endowment and added to the
participant fee as a bonus payment.

2.2. General procedure

All testing sessions were conducted between 13:00 and 19:00
to control for the diurnal circulation of the stress hormone
cortisol. Upon arrival at the laboratory, participants were
asked to complete a series of questionnaires on demographic
information and personality traits. Participants then com-
pleted the SECPT or the control procedure (see below).
Immediately before and after completing the stress/control
procedure, participants indicated on a visual analogue scale
(VAS) their perceived stress level (PSL), and how painful,
angry they felt. All rating scales ranged between 0 (not at all)
to 100 (extremely).

The decision-making task was administered 15min after
the stress induction (see Figure 1(A)). Over the course of the
experiment, four saliva samples were collected to assess cor-
tisol as an index of endocrine stress response. The samples
were taken immediately before (T0), and 15min (T1), 30min
(T2) and 45min (T3) after completion of the SECPT or control

procedure. Saliva samples were collected by using passive
drool. At the end of the experiment, saliva samples were fro-
zen and stored at �80 �C. Samples were assayed in a 3200
QRTAP high-performance liquid chromatography tandem
mass spectrometer (ABI, USA) equipped with atmospheric
pressure chemical ionization sources (LC-APCI-MS/MS).
Cortisol was measured in positive mode as described by Gao
et al. (2013). The average intra-assay coefficient of variance
was 11.07%, and inter-assay coefficient was 12.67%.

2.3. Stress induction

Participants were randomly assigned to the stress (n¼ 30)
and control (n¼ 30) conditions. In the stress condition, partic-
ipants performed the SECPT and were asked to immerse their
non-dominant hand in an ice water bath (0–4 �C) for 3min
while being video-taped and monitored by a research assist-
ant (Schwabe et al., 2008). They were instructed not to com-
municate and were informed that the research assistant
would indicate when the test was over. Participants were
allowed to remove their hands from the water bath at any
time, but if they did, they were asked to keep looking into
the camera until the 3-min test time was over and were
instructed that they should re-insert their hand in the water.
In the control condition, the participants had to keep their
hand in a warm water bath (33–35 �C) for 3min while the
experimenter was in the room but did not videotape them.

2.4. Decision-making task

Participants performed 80 trials of the decision-making task
modified from Gillan et al. (2014), which involved monetary
wins and losses. On each trial, participants chose between
two wheels that each displayed a potential gain and a poten-
tial loss, and their respective probability. For example, a
wheel could display a potential loss of �210 with 25% prob-
ability and a potential gain of þ70 with 75% probability. Or
it could, for example, be þ210 with 25% possibility and �75

Figure 1. (A) Experimental procedure and timeline. (B) Trial timing for the decision-making task.
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with 75% possibility. The outcomes and probabilities varied
over the trials and between wheels. The positive outcomes
were either þ70 or þ210 points; the negative outcomes
were either �70 or �210 points. The outcome probabilities
for the two outcomes on a wheel could be 25% vs. 75%, or
50% vs. 50%, as indicated by the size of the segment in each
wheel (see Figure 1(B)). Participants were informed that each
point corresponded to 0.1 Chinese Yuan and these would be
added or subtracted from their flat fees.

After the participants selected a wheel, the chosen wheel
was highlighted with a red frame. Subsequently, they first
only received feedback on the outcome of the chance pro-
cedure for their chosen wheel. They thus learned the
obtained outcome, as well as the non-obtained outcome of
the selected wheel. This information was presented for 2 s,
with the non-selected wheel still covered. Participants rated
“how pleased were you with the outcome?” using an
onscreen rating from 1 (extremely unpleasant) to 9
(extremely pleasant) (henceforth referred to as the Partial
Feedback affect rating).

After a 1 s blank screen, the outcome on the non-selected
wheel (i.e. the non-obtained outcome) was presented along-
side the obtained outcome for 2 s. Participants again rated
how pleased they were with their outcome (henceforth
referred to as the Complete Feedback rating). The inter-trial
interval was 2 s. No time constraints were imposed on wheel
selection or affect ratings. Outcomes were prespecified to be
in line with the displayed probabilities, ensuring that the task
was fair (see Table S1 of Supplementary Material for the full
task sequence).

2.5. Statistical analysis

Questionnaire and cortisol data were analyzed using a 2
(treatment) x 4 (time point) mixed analyses of variance
(ANOVA) with treatment as the between-participant factor
and time point as the within-participant factor. The
Bonferroni correction was used for multiple comparisons. The
area under curve (AUC) was calculated for the cortisol data.
The AUC is a method to aggregate data that assess changes
over time, and is frequently used in neuroendocrinological
research (Pruessner et al., 2003), with greater AUC values rep-
resenting stronger cortisol reactivity. Since the AUC values
were positively skewed, we log-transformed these values for
the statistical analysis.

2.5.1. Affect ratings
We used R and lme4 (Bates et al., 2012) to conduct a linear
mixed effect analysis on the affect ratings. All the continu-
ous predictors were transformed into z-scores before statis-
tical analysis. Treatment (stress vs. control, between-
participant factor) was entered as a fixed effect factor, trial
outcomes (within-participant factor, see below) were con-
tinuous fixed effect predictors, and subject was a random-
effect factor. The random effects structure was selected
based on the maximal complexity that was supported by
our data (Barr et al., 2013).

We conducted separate analyses for the Partial Feedback
affect rating and the Complete Feedback affect rating. For
the Partial Feedback affect rating, we modeled the influence
of (1) the value of obtained outcome, and (2) the chance
counterfactual, defined as the difference between the
obtained outcome and what could have been obtained in
the alternative segment of the chosen wheel. For the
Complete Feedback affect rating, we modeled the influence
of 1) value of obtained outcome, and (2) the agent counter-
factual, defined as the difference between the obtained out-
come and the non-obtained outcome on the other wheel
(Gillan et al., 2014; Wu et al., 2018).

2.5.2. Decision making
We used the model of counterfactual choice from Gillan
et al. (2014) to fit participants’ wheel selections, to quantify
the influence of expected value, risk variance, and anticipated
regret in guiding decision-making.

To construct these models, the possible outcomes and
associated probabilities were ascribed in the following nota-
tions (see Figure 2): x1 and y1 refer to the two possible out-
comes of wheel 1 (W1), where x1 > y1. Similarly, x2 and y2
refer the two possible outcomes of wheel 2 (W2), with x2 >

y2. p and 1-p are the respective probabilities of earning x1
and y1 and likewise q and 1-q are the respective probabilities
of earning x2 and y2 (see Figure 2). Using this notation, the
three decision-making parameters (e, v, and r, within-partici-
pant factor) were calculated. The parameter that maximizes
expected value (EV) is denoted e and is calculated by sub-
tracting the EV of W2 from the EV of W1. If this value is posi-
tive, then a participant seeking to maximize EV should
choose W1. The EV of W1 is calculated using: [px1 þ (1-p)y1].
The e parameter is thus defined as:

e ¼ EVW1�EVW2

¼ p � x1 þ 1� pð Þ � y1½ �� q � x2 þ 1� qð Þ � y2½ �
The risk of a wheel can be described as a variance meas-

ure capturing the squared difference between each of its
outcome and the expected value of the wheel. Higher vari-
ance then denotes higher risk. For W1 this measure is p�(x1 –
EVW1)

2 þ (1-p)� (y1 – EVW1)
2; for W2 this measure is q�(x2 –

EVW2)
2 þ (1-q)� (y2 – EVW2)

2. By comparing these measures,
one obtains a measure of the relative risk. The relative risk
variance parameter (v) is calculated by subtracting the risk
associated with W1 from that associated with W2. If the value

Figure 2. Decision-making model notation.
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is positive, then a participant seeking to minimize or avoid
high risk variance should choose W1:

v ¼ vw2–vw1

¼ q � x2� EVW2ð Þ2 þ 1� qð Þ � y2 � EVW2ð Þ2
h i

– p � x1 � EVW1ð Þ2 þ 1� pð Þ � y1 � EVW1ð Þ2
h i

Regret would be highest if the outcome of the chosen
wheel would be the lowest of its two possible outcomes, and
the outcome of the nonchosen wheel would be the highest
of its two possible outcomes. The anticipated regret calcula-
tion takes into account the magnitude of the difference
between the lowest and the highest outcomes across the
two wheels. This calculation thereby captures that the greater
the difference between obtained and non-obtained out-
comes, the greater the experience of regret/relief. Subjects
can thus minimize the likelihood of experiencing future
regret/relief (r) by making choices associated with the small-
est difference in magnitudes, i.e. choosing W1 if the outcome
of the following equation is positive and choosing W2 if it is
negative:

r ¼ y1–x2ð Þ– y2–x1ð Þ
With the three parameters v, e, and r, the probability of

choosing W1 (Pwit), where t denotes trial number and i
denotes individual, is calculated using:

P W1itð Þ ¼ 1–P W2itð Þ ¼ F vit, rit, eitð Þ
F is the inverse logit function, F(h) ¼ eh(1þ eh) and h is

the logit predicted by the individual values of e, v and r in
the logistic regression. In keeping with previous studies
(Baskin-Sommers et al., 2016; Gillan et al., 2014; Wu et al.,
2018), within-subjects logistic regression analysis was per-
formed using the lme4::lmer function, with the model
Choice� eþ vþ r þ Treatment:eþ Treatment:vþ Treatment:r
þ (1jsubject). Choice is a binary variable, coded 1 for wheel1
and 0 for wheel2. As for the model of affect ratings, treat-
ment was entered as a fixed-effect factor; subject as a ran-
dom-effect factor; e, v, and r were continuous fixed-effect
predictors. Where appropriate, estimated effects from the full
model were confirmed with a likelihood ratio test, directly
comparing models with and without the term of interest
(using the stats::anova function). Logit and inverse logit func-
tions are defined as logit(h) ¼ ln[h/(1-h)] and invlogit(h) ¼
eh(1þ eh), such that invlogit[logit(h)] ¼ h.

2.6. Open Practices

All the data and analysis scripts are available on the project’s
Open Science Framework (OSF) page: https://osf.io/hqf7d/.

3. Results

3.1. Participant characteristics

The two groups did not differ significantly regarding age,
BMI, STAI, BIS and CD-RISC (see Table 1).

3.2. Stress manipulation

As expected, the SECPT effectively induced a pronounced
subjective and endocrine stress response. Perceived stress
level (see Figure 3(A); time X treatment, F (1, 58) ¼ 4.36, p ¼
.041, p g2 ¼ 0.07) and pain (see Figure 3(B); time X treatment,
F (1, 58) ¼ 4.41, p ¼ .040, p g2 ¼ 0.071) were higher in the
SECPT condition than in the control condition. Treatment did
not affect self-reported anger (see Figure 3(C); time X treat-
ment, F (1, 58) ¼ 1.07, p¼ .304).

The effect of stress manipulation was tested using mixed
ANOVA with treatment as the between-participant factor and
time point as the within-participant factor. We analyzed saliv-
ary cortisol levels as an index of the activity in the HPA axis
in response to the SECPT. The interaction between treatment
and time was significant, F (3, 174) ¼ 12.43, p < .001, p g2 ¼
0.176, see Figure 4(A). Further analysis revealed elevated cor-
tisol levels at T1 (t (58) ¼ 5.48, p < .001, Cohen’s d¼ 1.41)5,
T2 (t (58) ¼ 5.75, p < .001, Cohen’s d¼ 1.48), and T3 (t (58)
¼ 4.64, p < .001, Cohen’s d¼ 1.20), whereas there was no
group difference at T0 (t (58) ¼ 0.83, p ¼ .412). The stress
condition (M¼ 11.07, SD¼ 3.57) showed a higher total corti-
sol response (i.e. area under curve) than the control condition
(M¼ 5.89, SD¼ 1.18), t (58) ¼ 7.55, p < .001, Cohen’s
d¼ 1.95, see Figure 4(B). Furthermore, participants in the
stress condition maintained an increased cortisol level com-
pared to baseline (t (29) ¼ �2.98, p ¼ .006, Cohen’s d¼ 0.74)
until the end of the behavioral task (þ 48min).

3.3. Affect ratings with partial feedback

The partial feedback affect rating model showed a significant
main effect of obtained outcome, b¼ 1.841279,
SE¼ 0.027967, t¼ 65.84, p < .001, Cohen’s d¼ 1.92, with
higher pleased rating following more positive obtained out-
comes. The main effect of group was not significant. The
interaction between obtained outcome and treatment was
not significant, b¼ 0.066838, SE¼ 0.039654, t¼ 1.69, p ¼ .092
(Figure 5).

There was a significant main effect of chance counterfac-
tual (the difference between the obtained outcome and the
alternative outcome on the chosen wheel), b¼ 1.742666,
SE¼ 0.03028, t¼ 57.54, p < .001, Cohen’s d¼ 1.68, such that
pleased ratings were higher when the obtained outcome was
greater than the non-obtained, and pleased ratings were
lower when the obtained outcome was smaller than the non-
obtained. The interaction between treatment and chance
counterfactual was significant, b¼ 0.09292, SE¼ 0.04297,
t¼ 2.16, p¼ 0.031, Cohen’s d¼ 0.06. In the control condition

Table 1. Characteristics of Stress and Control Groups. Individual cells depict
means ± standard deviation of the mean.

Stress
(n¼ 30,
15 males)

Control
(n¼ 30,
15 males) Group comparison

Age 22.7 (± 2.1) 22.1 (± 2.4) t (58) ¼ 0.97, p ¼ .337
BMI 20.3 (±2.6) 19.8 (±2.4) t (58) ¼ 0.81, p ¼ .424
STAI-T 40.2 (±6.4) 37.5 (±7.6) t (58) ¼ 1.53, p ¼ .132
BIS 64.8 (± 10.8) 62.2 (±7.6) t (58) ¼ 1.09, p ¼ .284
CD-RISC 63.7 (± 12.1) 62.9 (±13.0) t (58) ¼ 0.81, p ¼ .806
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group, affective ratings increased with the magnitude of
chance counterfactual, b¼ 1.74283, SE¼ 0.03006, t¼ 57.97, p
< .001, Cohen’s d¼ 2.39. This effect was greater in the stress
group, b¼ 1.83542, SE¼ 0.03071, t¼ 59.77, p < .001,
Cohen’s d¼ 2.46.

3.4. Affect ratings with complete feedback

Similar to the partial feedback analysis, the complete feed-
back affect rating model (i.e. following the feedback of the
non-chosen wheel) showed a significant main effect of
obtained outcome, b¼ 1.51027, SE¼ 0.03681, t¼ 41.03,
p < .0001, Cohen’s d¼ 1.20. The interaction between treat-
ment and obtained outcome was significant, b¼ 0.13215,

SE¼ 0.05219, t¼ 2.53, p ¼ .011, Cohen’s d¼ 0.07. Further
analysis revealed that the positive association between
obtained outcome and the complete feedback affect rating
was stronger in the stress condition (b¼ 1.64242,
SE¼ 0.03749, t¼ 43.81, p < .001, Cohen’s d¼ 1.80) than in
the control condition (b¼ 1.51027, SE¼ 0.03631, t¼ 41.59,
p < .001, Cohen’s d¼ 1.71).

In the model for agent counterfactual (i.e. the difference
between the obtained outcome and the non-obtained out-
come on the rejected wheel), there was a significant main
effect of agent counterfactual, b¼ 1.59215, SE¼ 0.03501,
t¼ 45.47, p < .001, Cohen’s d¼ 1.32. The interaction between
agent counterfactual and treatment was significant
(b¼ 0.17284, SE¼ 0.04960, t¼ 3.48, p < .001, Cohen’s
d¼ 0.10). The positive association between agent

Figure 3. The SECPT procedure increased self-perceived stress (A) and self-reported pain (B) but had no effect on self-reported anger (C). Error bars represent stand-
ard error of means.

Figure 4. (A) The average salivary cortisol levels for the stress and control group at T0 (immediately before the procedure), T1 (15min), T2 (30min) and T3 (45min).
Error bars represent standard error of means. (B) Compared to the control group, the stress group showed greater AUC. Each point within a violin plot represents
mean of AUC within each group, the shape represents data distribution. ���refers to p <.001.
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counterfactual and affect ratings was stronger in the stress
condition (b¼ 1.76498, SE¼ 0.03516, t¼ 50.20, p < .001,
Cohen’s d¼ 2.07) than in the control condition (b¼ 1.59218,
SE¼ 0.03499, t¼ 45.50, p < .001, Cohen’s d¼ 1.87).

3.5. Decision making

3.5.1. Main effect of decision variable, expected value (e),
risk variance (v), and anticipated regret (r)
There was a significant main effect for e, whereby all partici-
pants exhibited a strong tendency to choose wheels based on
anticipated economic utility (see Table 2). There was a signifi-
cant main effect of v such that all participants showed moder-
ate risk-seeking tendencies, irrespective of the experimental
condition. The main effect of r was also significant, consistent
with previous literature showing that individuals make choices
as to minimize the likelihood of experiencing regret.

3.5.2. Effects of stress on the choice model
We tested for differences between stress and control condi-
tions in the degree to which expected value (e), risk variance

Figure 5. Affective ratings for partial and complete feedback. The left panels show the effect of obtained outcome (A) and chance counterfactual (B) affect rating
following partial feedback. The right panels depict the effect of obtained outcome (C) and agent counterfactual (D) on affect rating following complete feedback.
All the predictors are z-transformed. Shading around lines represent 95% CI for point estimates.

Table 2. Model of choice behavior using binary logistic regression.

Parameter Coefficient Standard Error z Value p Value Cohen’s d

(A) Choice Model with All subjects
Intercept –0.063876 0.044980 –1.42 .16
e 0.821741 0.074596 11.016 <.001 0.36
v –0.347487 0.052860 –6.574 <.001 0.17
r 0.929050 0.054499 17.047 <.001 0.62
e� treatment –0.008438 0.105971 –0.080 .9365 0.02
v� treatment 0.002333 0.075980 0.031 .9755 0.01
r�treatment 0.197603 0.079278 2.493 .0127 0.07
60 participants, 4775 observations. Log Likelihood: �2477.7

(B) Choice Model in the stress condition
Intercept 0.01263 0.07322 0.172 .863
e 0.82752 0.07639 10.832 <.001 0.49
v –0.34733 0.05476 –6.343 <.001 0.22
r 1.13139 0.05833 19.395 <.001 1.04
30 participants, 2391 observations. Log Likelihood: �1204.5

(C) Choice Model in the control condition
Intercept –0.13619 0.05021 –2.713 <.01
e 0.80876 0.07429 10.886 <.001 0.51
v –0.34504 0.05272 –6.544 <.001 0.23
r 0.92593 0.05450 16.990 <.001 0.86
30 participants, 2384 observations. Log Likelihood: �1270.0

Panel A shows results from the choice model containing parameters expected
value, risk variance, and anticipation of regret and their interactions with group.
Each coefficient in the full-choice model refers to the change in log odds per
unit change in the given predictor. Panels B and C show results from applying
the model to choice behavior of the stress and control groups separately.
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(v), and anticipated regret (r) predicted choice behavior. To
summarize the main findings, compared with the control
group, the stress group was associated with an elevation in
the anticipated regret parameter (see Figure 6). The two
groups did not differ in expected value and risk vari-
ance parameters.

4. Discussion

By combining the Socially Evaluated Cold Pressor Test with a
counterfactual decision-making task, the present study effect-
ively increased subjective stress level and cortisol reactivity
(Schwabe & Sch€achinger, 2018) and showed that the acute
stress induction influenced both how people reacted to their
decision outcomes and the decisions they made. By using a
computational approach, we were able to uncover how the
three parameters, i.e. anticipated regret, risk variance and
expected value, influence the underlying decision-making
process, in addition to the affective responses as revealed by
traditional regression analysis.

As for the reactions to the outcomes, the findings showed
that participants responded more negatively when the
obtained outcome was lower than the non-obtained out-
come on the alternative wheel. Importantly, acute stress fur-
ther amplified the sensitivity to the experienced regret. With
regard to the decisions participants made, the result again
revealed a stress-regret link. At the choice stage, computa-
tional modeling revealed that under stress, individuals were
more likely to make regret-averse choices; that appeared to
be made to avoid potential regret associated with the
selected wheel. Taken together, these data demonstrate that
acute stress amplifies both experienced and anticipated
regret in the counterfactual decision-making.

Although the current study was not designed to test its
predictive value, the findings we obtained can be meaning-
fully related to the more general dual process model of deci-
sion making. The model assumes that human decision-
making can be characterized as resulting from two compet-
ing systems; one characterized as a rapid, automatic, emo-
tional-based, intuitive process (i.e. System 1), and the other
characterized as a slow, effortful, deliberate process (i.e.
System 2) (Evans, 2003). Recent research on decision making
under stress suggests that stress shifts the balance between

the two systems such that it elicits a switch from an analytic
reasoning system to more intuitive processes (Yu, 2016). For
instance, an early study by Porcelli and Delgado (2009)
showed that the decision bias of gain-loss asymmetry (i.e.
risk-averse in the gain frame and risk-seeking in the loss
frame) was further increased under stress, suggesting that
stress makes individuals respond more on automatic decision
biases. More recent research showed that exogenously
administered cortisol impairs cognitive reflection and potenti-
ates a shift from deliberate to intuitive processing in the cog-
nitive reflection task, a well-established paradigm designed
to capture individual’s tendency to supress intuitive, auto-
matic and incorrect responses in favor of deliberate thinking
(Margittai et al., 2016). The current study adds to this litera-
ture by showing that stress may also elicit emotional deci-
sion-making by increasing the importance of regret. In this
respect it is also interesting to connect our results to the
observations that the experience of regret tends to be
accompanied by increased physiological reactivity. For
example, skin conductance response, an index of emotional
arousal, was increased when viewing a better, non-obtained
outcome on the rejected gamble (Camille et al., 2004). High
non-obtained gains (regret) heightened facial muscle activity
on the corrugator, which is highly responsive to negative
emotional stimuli (Wu & Clark, 2015). While these studies
interpreted these measures as being a consequence of regret,
the current findings suggest that (externally induced) stress
may also amplify both experienced and anticipated regret.

Future research may benefit from further exploration of
the neuropsychological underpinnings of regret. Previous
research has identified neural mechanisms involved in the
processing of regret. In particular, individuals were increas-
ingly regret aversive, a cumulative effect reflected in
enhanced activity within the medial orbitofrontal cortex and
amygdala, key brain regions associated with emotional proc-
essing (Coricelli et al., 2007). Moreover, this pattern of brain
activity that was associated with the experience of regret
was also expressed before choice selection, indicating this
same neural circuitry mediates both experience and anticipa-
tion of regret (Coricelli et al., 2005). It is well established that
acute stress potentiates amygdala reactivity, the key brain
structure for threat detection, vigilance regulation, and facili-
tation of memory for arousing experiences (see Roozendaal

Figure 6. Behavioral sensitivity to regret, expected value, and risk variance. Panels illustrate the logit model-predicted probability of choosing wheel 1 at varying
levels of anticipated regret (A), expected value (B) and risk variance (C). All the predictors are z-transformed. Shading around lines represent 95% CI for
point estimates.

366 Y. WU ET AL.



et al., 2009 for a review). Informed by these insights, one
might expect that the stress-induced sensitivity to regret
could be mediated by the enhanced amygdala response.

Future research could also benefit from following up on
our findings that were not related to regret. In the present
study, participants in the stress condition did not differ from
those in the control condition in making choices to maximize
their earnings based on the expected value. Moreover, both
groups did not differ in their (moderate) risk-taking tenden-
cies. That induced stress did not affect people’s tendency to
take risk may be relevant for the literature in this domain as
well. Past research on risky decision-making under stress has
yielded inconsistent results. While some studies did report
laboratory-induced stress lead to more risk taking behavior
(Preston et al., 2007; Putman et al., 2010; Starcke et al., 2016),
others showed some negative or null findings (von Dawans
et al., 2012), and these inconsistencies could be due to task
features (i.e. risk vs. ambiguity), gender differences (i.e. men
vs. women) or experimental frames (i.e. gain vs. loss). Future
research delineating the effects of stress on risk preference
could fruitfully benefit from econometrics modeling, i.e. util-
ity and probability weighting functions underlying risk taking
(Kandasamy et al., 2014). Recent research showed that an
important factor that may influence individual differences in
risk-taking under stress is psychiatric symptom severity, i.e.
pathological anxiety (Charpentier et al., 2017), repetitive
negative thinking (Stamatis et al., 2020). We would encour-
age further work taking this measure when investigating the
effects of stress on decision-making.

Some issues warrant further discussion. First, we followed
the standard SECPT and our sample size (n¼ 60, both men
and women) is comparable with previous studies using this
protocol (Schwabe & Sch€achinger, 2018). Cortisol responses
were not affected by gender differences in our data.
Nevertheless, we caution against drawing preliminary conclu-
sions that gender differences would not be relevant in stress
response and decision-making. Given the well-established
gender differences in cortisol reactivity and emotional
responses to stressor (Kirschbaum et al., 1999), future studies
need to use a larger sample to test if acute stress affects
emotion decision-making differentially in men and women.
Second, it is well established that acute stress and chronic
stress have differential effects upon physiological response
and decision-making process, with chronic stress nullifying
physiological reactivity, i.e. heart rate variability (Landolt
et al., 2017). Future research could fruitfully investigate how
chronic stress or stress-related disorders affect counterfactual
decisions. Third, we only tested university students which, as
previous research has indicated, may be vulnerable to stres-
sors (e.g. Kuhnell et al., 2020). Future research needs to cor-
roborate if the present findings also generalize to more
diverse samples, which could contribute to an evidence base
for targeted intervention. Fourth, the reliability of the BIS
(a¼ 0.52) was low and some of the reported effect sizes
were small. Interpretation of these measures should be
treated with caution. Future research could use more power
experimental design to address this issue.

To summarize, by combining the SECPT with a counterfac-
tual decision-making task, our data showed that acute stress

amplifies both experience and anticipation of regret. These
findings are consistent with the proposition that acute stress
shifts the balance of dual process system and tilts decision-
making toward more emotional and intuitive processing.

Notes

1. 4-point scale (1 ¼ not at all, 4 ¼ very much so) with 20 items in
total, scores range between 20 and 80, Cronbach’s a¼ 0.71 in the
present sample.

2. 4-point scale (1 ¼ rarely/never, 4 ¼ almost always/always) with 30
items in total, scores range between 30 and 120,
Cronbach’s a¼ 0.52.

3. 5-point scale (0 ¼ not true at all, 4 ¼ true nearly all of the time)
with 25 items in total, scores range between 0 and 100,
Cronbach’s a¼ 0.91.

4. In the stress group, we tested the gender difference on self-reported
measures and cortisol reactivity. Gender had no significant effects on
self-reported pain (F (1, 28) ¼ 0.01, p > .1), perceived stress (F (1, 28)
¼ 0.27, p > .1) or self-reported anger (F (1, 28) ¼ 0.09, p > .1). Men
and women did not differ on the AUC measures of saliva cortisol, t
(28) ¼ 1.53, p > .1.

5. The threshold for small effect size is 0.20; 0.50 for medium effect
size; 0.80 for large effect size.
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