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ABSTRACT

Successful and efficient emotion regulation (ER) is a key mechanism for mental health. However,
acute stress may impact the ability to cognitively regulate negative emotions due to its immediate
effects on executive functioning. Based on previous studies, we expected that the time at which ER
is tested after a stressor might have a decisive influence, with impairments in ER being more
pronounced immediately after stress as compared to a later post-stress phase. To investigate such
a time-dependent effect of stress on ER, we investigated 50 healthy adults (26 female) who were
exposed to either the Trier Social Stress Test (n=25) or a control condition (n=25). Afterwards
subjects conducted a cognitive ER task during which they were instructed to either regulate
(cognitive reappraisal) or passively view neutral and negative visual stimuli. The ER task was divided
into an early (0-20minutes) and a late post-stress phase (20-40minutes). Salivary cortisol and
a-amylase were assessed as markers of the neuroendocrine stress response. Self-reported emotional
state, the mean activity of the late positive potential measured via electroencephalogram (EEG), and
corrugator electromyographic activity (EMG) were used as indices of ER. While the groups did not
differ in the early post-stress phase, our results suggest a stress-related impairment in ER in the late
post-stress phase. This effect was evident in all ER outcome variables (subjective rating, EEG, and
EMG data). These results suggest a time-specific stress effect on cognitive reappraisal, which would
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have implications for reappraisal as a possible stress management technique.

1. Introduction

The deliberate and effective regulation of emotions is consid-
ered a key mechanism for maintaining mental health (McRae
& Gross, 2020). However, its potential utility as a stress man-
agement technique highly depends on the extent to which
we can rely on our regulation skills when we need them
most: in the face of acute stressors.

As compared to unconscious implicit regulation processes
of emotional incidents, this study investigates cognitive emo-
tion regulation (ER) as an active and deliberate regulatory
mechanism that adaptively and flexibly adjusts responses to
emotional stimuli and/or situations (Gross & John, 2003).
Among several ER strategies, cognitive reappraisal is highly
effective (Webb et al., 2012) and has been associated with
long-term positive health outcomes (e.g. Aldao et al., 2010;
Gross & John, 2003). Cognitive reappraisal involves the con-
scious reinterpretation of emotion-eliciting situations by mod-
ifying their meaning. Individuals who use reappraisal strategies
in daily life are more likely to experience generally more pos-
itive emotions and less anger, show more adaptive

physiological responses to threat, report greater overall
well-being, and generally have fewer psychopathological
symptoms (Feder et al., 2009; Kalisch et al., 2015; Troy &
Mauss, 2011). For this reason, reappraisal training is often
incorporated into cognitive behavioral therapy. Interestingly,
however, the use and benefits of reappraisal seem to depend
on individual and contextual factors (Ford & Troy, 2019) and
its flexible use (Bonanno & Burton, 2013), so it is of great
interest for both basic emotion regulation research and clini-
cal practice to identify factors that challenge reappraisal per-
formance, such as acute stress. Given the crucial role of
cognitive reappraisal in the etiology and prevention of
stress-related psychopathology, as well as its beneficial effects
against stress-related dysfunction, the question arises as to
whether reappraisal could potentially be a valuable tool for
stress management in general. To get closer to answering this
question, it seems important to investigate the effects of
acute stress on ER functioning, especially cognitive reappraisal.

Acute stress is characterized by a cascade of neuroendo-
crine stress responses: (1) the rapid-acting sympathetic ner-
vous system results in the release of adrenalin and noradrenalin,
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followed by (2) the slow-going hypothalamic-pituitary-adrenal
(HPA) axis, leading to the release of glucocorticoids (mainly
cortisol). While catecholamines increase immediately in the
face of stress and normalize within ~15minutes, cortisol usu-
ally peaks 15-25minutes after stress onset and contributes to
the active restoration of homeostasis in the aftermath of a
stressor via genomic effects lasting for hours or even days
after stress (Hermans et al., 2014). On a neural level, both cat-
echolamines and cortisol interact with cortical and subcortical
structures, exerting specific and in part opposing effects. These
neuroendocrine interactions orchestrate a strategic realloca-
tion of cognitive resources in the face of stress, with the aim
of promoting vigilance and salience processing to enable
rapid, unpremeditated responses to a potential threat, but at
the expense of higher-order prefrontal functions (see Hermans
et al, 2014, for details). Note, however, that cognitive reap-
praisal is known to rely heavily on prefrontal functioning
(Buhle et al., 2014): To reappraise an aversive situation requires
the ability to think of an alternative interpretation (cognitive
flexibility) and to successfully implement and defend it against
competing thoughts (working memory, response inhibition).
Importantly, previous studies have reported detrimental effects
of acute stress on both, working memory and cognitive flexi-
bility (Duan et al, 2020; Plessow et al., 2011; Shields et al.,
2016). Interestingly, there is also evidence of stress-induced
improvements in cognitive functioning (for results on emotion
regulation, see below). To explain this, numerous possible fac-
tors are currently discussed, the experimental timing being
one of them (for an overview, see Plieger & Reuter, 2020, and
Shields, 2020). Hence, there are biological and theoretical con-
siderations suggesting that cognitive reappraisal might show
impairments shortly after acute stress, while it might be less
affected or even improved in the longer aftermath of stress,
suggesting a high-sensitive time-dependent effect of stress on
cognitive ER.

In recent years, scientific interest in the effects of stress on
ER has increased considerably, yielding an ambiguous patch-
work of results: while some earlier studies report detrimental
effects of stress on the regulation of fear (Raio et al., 2013)
and anger (Zhan et al., 2017) or the ability to distract oneself
from aversive pictures (i.e. distraction as another ER strategy;
Kinner et al., 2014), other studies report no effects of an
acute stress manipulation on cognitive reappraisal abilities
(Sandner et al., 2021; Shermohammed et al., 2017). There are
even some recent studies that provide preliminary evidence
that acute stress may improve cognitive ER under certain
conditions (Langer et al, 2020, 2021, 2022a, 2023). A closer
look at these ambiguous results shows that the presence,
intensity and direction of a stress effect on ER might critically
depend on various influencing factors (see discussion), one of
them certainly being the experimental timing: some studies
indicate detrimental effects of stress when ER is tested imme-
diately or shortly after the stressor (Kinner et al.,, 2014; Raio
et al, 2013; Zhan et al., 2017) while others studies reported
improved ER when tested in the longer aftermath of stress
(Langer et al,, 2020, 2021; but see also Langer et al,, 2023). In
addition, studies that administered cortisol externally instead
of experimental stress induction also reported an improve-
ment in ER abilities (Jentsch et al., 2019; Langer et al., 2022b).

These latter studies emphasize the importance of cortisol in
the restoration of homeostasis in the longer aftermath of a
stressor and underline the decisive role of timing in the
dynamic interplay of stress and emotion regulation.

Against the backdrop of this empirical patchwork, this
study aimed at systematically examining the factor of timing
by exposing participants to either a stress or a control condi-
tion followed by an ER paradigm including two different time
windows (early phase: 0-20 minutes after stressor offset; late
phase: 20-40 minutes after stressor offset). With the aim to
investigate whether, when and for how long reappraisal abil-
ities are affected by acute stress, we chose these time win-
dows to meet theoretical as well as methodological
considerations, which prevented us from investigating a
delayed cortisol-induced facilitation of cognitive emotion reg-
ulation processes in the aftermath of stress (see limitations in
the discussion section). We included sex and the individual
cortisol increase as covariates of interest in all our analyses
since recent studies suggest cortisol-related sex differences in
the presence and direction of a stress effect on ER (Langer
et al., 2020, 2022a, 2023), see discussion for details. As a fur-
ther essential contribution to this field, we tested the effect
of stress on reappraisal at multiple psychophysiological out-
come levels reflecting the three components of emotional
responses (Barrett et al.,, 2007): (1) subjective emotional state
ratings, (2) event-related potentials, i.e. the late positive
potential (LPP), and (3) electromyogram (EMG) of the corruga-
tor supercilii. The LPP (2) typically becomes evident at 500 ms
post stimulus presentation over posterior recording sites
(Hajcak et al., 2009). It is associated with the emotional inten-
sity of a stimulus and was linked to facilitated attention to
emotional stimuli and emotion processing (Hajcak et al., 2010;
Schupp et al.,, 2006). The LPP served as a neurophysiological
marker of emotional responding in a variety of ER studies
(e.g. Foti & Hajcak, 2008; Hajcak et al, 2010; Schonfelder
et al., 2014). The use of facial EMG (3) has proven sufficient
validity evidence to measure emotional expressivity (Mauss &
Robinson, 2009). The activity of the corrugator supercilia is
believed to increase with the unpleasantness of affective
stimuli (Bradley & Lang, 2000) and has therefore been
assessed via EMG in a multitude of studies investigating emo-
tional processing and regulation (e.g. Jackson et al., 2000;
Pedder et al,, 2016; Ray et al., 2010; Schénfelder et al., 2014).

Based on the theoretical assumptions and the discussed
results of previous research, we hypothesized a stress-related
impairment of cognitive reappraisal (as indicated by increased
subjective emotional state ratings, LPP magnitudes and corru-
gator supercilii activity) in the stress compared to the control
group. We expected this impairment to be more pronounced
in the early compared to the late ER phase due to the
stress-related immediate downregulation of higher-order
executive functioning.

2. Materials and methods
2.1. Participants

A priori calculations of the required sample size were con-
ducted with G*Power 3.1 (Faul et al, 2009), assuming a



small-sized effect (d=0.3) based on previous results (Langer
et al., 2020, 2022a). To detect an interaction between group
(stress vs. control) and the ER phases (early vs. late) in a
repeated-measure design with a power of 1- $>0.95, an
a-error probability of 0.05 and an assumed correlation of
r=0.4 for repeated measurements, 46 participants (in total)
were required. Therefore, 50 medication-free volunteers (26
female) aged between 18 and 28 were recruited for study
participation at the University of Mainz, Germany. For
descriptive data of the sample and statistical indices of the
respective group comparisons see Table 1. Subjects were
randomly assigned to either a stress (SG, n=25) or a con-
trol group (CG, n=25). All participants were nonsmokers. All
female volunteers were not pregnant, were not using hor-
monal oral contraceptives, and were tested during the
luteal phase of their menstrual cycle (defined as the 15th
to 21st day of the menstrual cycle as assessed by self-report).
Exclusion criteria included: any acute or chronic physical
disease (e.g. cardiovascular disease, diabetes, endocrine dis-
ease, epilepsy), previous experience with the stress protocol
or the ER paradigm, and illegal drug consumption. These
exclusion criteria were verified by telephone and/or face-to-
face structured interviews which were carried out by trained
psychologists. Subjects were instructed to refrain from eat-
ing and drinking anything but water one hour prior to the
experiment and to abstain from alcohol and exercise on the
day of assessment, which took place between 14:00 and
18:00. All participants gave written informed consent before
study participation. The study was carried out in accor-
dance with The Code of Ethics of the World Medical
Association (Declaration of Helsinki) and was approved by
the Ethics Committee of the University of Mainz (approval
number 2016-JGU-psychEK-008), Institute of Psychology. All
participants received course credit or 40€for their
participation.
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2.2. Experimental design and procedure

Upon arrival at the laboratory, subjects rested for about
60minutes while EEG and EMG preparation took place.
Participants were then given detailed instructions for the
experimental procedure and the ER strategy. Participants
were instructed to reappraise the content of the image with
the aim to decrease their upcoming emotional reaction to it
while staying in the displayed scene (by e.g. thinking of a
positive ending of the given situation) instead of distracting
themselves (by thinking of e.g. the next trip to the supermar-
ket). To practice the reappraisal strategy, eight example pic-
tures were presented, and the participants’ responses were
reviewed by the experimenters until they felt confident that
the instructions were properly understood, and the partici-
pants applied the strategy correctly. Thereafter, either the
stress or the control condition was carried out, see Section
2.3. Saliva sampling took place prior to the stress task or pla-
cebo protocol (TO, baseline), at the end of the stress protocol
prior to the ER paradigm (T1, +20 minutes), between the early
and late phases of the ER paradigm (T2, +40minutes), after
completion of the experiment (T3, +60 minutes), and after the
complete testing (T4, +90minutes). In addition, negative
affect was measured before (TO, baseline) and after the stress
induction (T1, +20minutes) as well as after the ER paradigm
(T2, +60minutes). After completion of the ER paradigm, the
participants completed a short questionnaire measuring the
individual's effort regarding the ER task. The study procedure
is displayed in Figure 1.

2.3. Stress protocol (stress vs. placebo) and measures of
reactivity

For stress induction, we used the Trier Social Stress Test
(TSST), a widely used and valid procedure to induce stress in

Table 1. Descriptive data and statistical indices for sample characteristics as well as stress induction measures and CERT difference scores.

Variable Stress group Mean (SD) Control group Mean (SD) Statistical indices X*/t-values p-value (Holm’s q) Cohen’s d
Sample characteristics

Sex (N female / male) 13/12 13/12 X(1,N=50) < .01 0.61

Age in years 22.20 (2.99) 22.84 (3.09) t(48) = —0.75 0.46

BMI 21.56 (2.18) 21.04 (2.17) t(48) = 0.85 0.40

BDI-II 27.20 (5.28) 25.60 (4.74) t(48) = 1.13 0.27

STAI (trait anxiety) 39.96 (8.38) 36.16 (9.4) t(48) = 1.50 0.14

ERQ - Reappraisal 4.97 (.89) 4.52 (1.17) t(48) = 1.18 0.25

ERQ - Suppression 3.84 (1.35) 3.59 (1.22) t(48) = 0.69 0.49

Salivary cortisol

T0: baseline 5.71 (4.59) 4.67 (3.14) t(48) = 0.93 0.36

T1: +20 minutes 8.69 (5.35) 3.93 (2.57) t(34.55) = 4.01 < 0.001 (0.017) 0.99
T2: +40 minutes 8.52 (5.10) 3.39 (2.92) t(38.23) = 4.89 < 0.001 (0.010) 1.06
T3: +60 minutes 5.31 (3.20) 2,67 (1.83) t(48) = 3.94 0.001 (0.013) 0.91
T4: +90 minutes 3.68 (1.77) 2.39 (1.66) t(48) = 3.10 0.013 (0.025) 0.71
Salivary a-amylase

T0: baseline 182.05 (151.15) 161.72 (120.82) t(48) = 0.53 0.60

T1: +20 minutes 306.80 (279.58) 203.07 (126.98) t(33.50) = 1.69 0.10 0.50
T2: +40 minutes 158.46 (128.34) 136.05 (76.78) t(48) = 0.17 0.46

T3: +60 minutes 145.65 (102.54) 130.19 (82.94) t(48) = 0.58 0.56

T4: +90 minutes 132.44 (108.85) 114.82 (62.44) t(48) = 0.68 0.50

PANAS Negative

T0: baseline 1.19 (.14) 1.16 (17) t(48) = 0.74 0.47

T1: +20 minutes 1.79 (91) 1.21 (.28) t(28.45) = 3.02 0.004 (0.013) 0.80
T2: +40 minutes 1.44 (.46) 1.34 (.40) t(48) = 0.79 0.43

Note: BMI: Body Mass Index (kg/m?); BDI-II: Beck Depression Inventory-Il; ERQ: Emotion regulation questionnaire; STAI: State-Trait Anxiety Inventory; PANAS: Positive

and Negative Affect Scale.
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Figure 1. (A) Experimental procedure. (B) Trial Sequence of the Cognitive Emotion Regulation Task (CERT). EEG: Electroencephalogram; EMG: Electromyogram; ITI:
Inter-Trial-Interval; PANAS: Positive and Negative Affect Scale; T0-T4: Saliva sampling points; TSST: Trier Social Stress Test.

the laboratory. The TSST was carried out according to
Kirschbaum et al. (1993). Participants were instructed to pre-
pare a 5-minute free speech during which they presented
themselves as the perfect candidate for a vacant position
(‘dream job’) to a committee composed of one male and one
female evaluator dressed in white lab coats. The committee
was asked to maintain a neutral face during the whole exper-
iment. Additionally, the speech was recorded by a video cam-
era placed in front of the participant. Preparation time was
10minutes (for which the committee left the room). After the
speech, a mental arithmetic task (counting backwards in
steps of 17 from 2043) was performed for 5minutes. In case
of an error, participants had to start again from 2043. For the
control condition, we followed the procedure proposed by
Het et al. (2009), where the participant is accompanied into
an empty room with the instruction to talk for 5minutes
about a favorite topic with a preparation time of 10 min. After
preparation, the experimenter entered the room and asked
the participant to stand up and take a position somewhere in
the room. Subsequently, the experimenter left the room and
the participant talked aloud about his/her chosen topic. After
S5minutes, the participant was told adding the number 15
starting at 0 for 5minutes. The placebo condition took place
in the same room as the TSST, but there was no camera,
microphone, or committee present. At the end of the study,
each participant received a full debriefing with respect to the
study aims.

We collected five saliva samples to ensure frequent mon-
itoring of the endocrine stress response (cortisol and
a-amylase). All saliva samples were stored at —20°C and
assayed by Dresden LabService GmbH (Dresden, Germany)
using chemiluminescence immunoassay kits. In addition,
subjective stress responses to the TSST were assessed by
subjective ratings of negative affect at three time points

using the PANAS (Watson et al., 1988). The PANAS consists
of 20 adjectives reflecting positive or negative emotional
states. The participants’ ratings on a five-point Likert scale
can be summed up to a total score of positive and negative
affect with higher scores reflecting more intense emo-
tional states.

2.4. Emotion regulation paradigm

We employed a modified version of the Cognitive Emotion
Regulation Task (CERT), which has been previously described
and applied in several studies (Kanske et al, 2011; Sandner
et al.,, 2021; Schonfelder et al., 2014) and has demonstrated
sufficient validity evidence to be applied when investigating
cognitive ER in an experimental setting. In the present study,
negative and neutral pictures were used. The stimuli were
selected from the International Affective Picture System (Lang
et al, 2008) and the Emotional Picture Set (Wessa et al.,
2010). All images depicted human figures or at least parts of
the human body, as it has been shown that images with
social content may be differentially processed on a neural
(Tso et al., 2018) and psychophysiological level (Ferri et al.,
2012). Normative ratings of neutral stimuli and negative stim-
uli differed significantly in valence (neutral: M,= 4.98, SD =
0.20; negative: M= 2.09, SD = 0.42; t(158) = 55.02, p<0.001)
and arousal (neutral: M= 2.92, SD = 0.28; negative: M,= 6.59,
SD,= 0.50; £(158) = 57.46, p<0.001). In the present study, two
within-subject task conditions were presented. In the ‘view’
condition, participants were instructed to draw their attention
to the presented stimulus and to process the stimulus as nat-
urally as possible without altering their emotional reaction. In
the ‘reappraisal’ condition, participants were instructed to
reinterpret the situation depicted in the picture
(situation-focused reappraisal) in such a way as to reduce the



negative emotion evoked by the stimulus, e.g. by imagining
a rather positive outcome of the situation. The condition*task
combinations were balanced with respect to affective norm
values provided by the authors of the picture sets (Lang
et al, 2008; Wessa et al., 2010). To investigate the temporal
dynamics of the stress response, stimuli were presented in a
randomized block design with two blocks, an early post-stress
phase and a late post-stress phase, each lasting for 20 min-
utes. Each block consisted of 20 view-neutral trials, 20
view-negative, 20 reappraisal-negative, (and 20
reappraisal-neutral trials that were not included in this paper’s
analyses). The picture-instruction combinations were pre-
sented in a pseudo-randomized order, i.e. neither the condi-
tion nor the task was repeated more than three times in a
row. No picture was used twice.

Each trial of the ER task started with a fixation cross
(500ms) followed by a single-word instruction (“View” or
“Reappraise”) (2000ms), displayed as white text on a black
background. Subsequently, the stimulus was presented
(5000ms), followed by 4000ms rating phase using the
Self-Assessment-Manikin Scale for valence (SAM; Bradley &
Lang, 1994) ranging from 1 (negative valence) to 9 (positive
valence) to assess the individual emotional state. Finally, a
variable inter-trial interval of 3500-5000ms was presented.
The trial structure of the ER task is shown in Figure 1(B). The
complete ER paradigm lasted about 40 minutes, with a break
of approximately 2minutes between the early and late
post-stress phase.

2.5. Neurophysiological data acquisition and analysis
(EEG, EMG)

EEG was recorded using Ag/AgCl-electrodes from 32 scalp
positions according to the international 10-20 system. Online
EEG signals were referenced to the right mastoid. Four addi-
tional electrodes were placed around the orbital regions of
the face to monitor vertical and horizontal eye movements
(EOQ). Electrode impedances were kept <10 kQ before start-
ing the experimental paradigm. EEG and EOG data were reg-
istered with a sampling rate of 1kHz and 16-bit A/D conversion
using BrainAMP amplifiers (Brain Products, Inc, Munich,
Germany). Brain Vision Analyzer Il software (Brain Products
GmbH, Munich, Germany) was used for offline analysis. EEG
data were down-sampled to 250 Hz, re-referenced to the aver-
aged mastoid, and filtered with a 0.1 to 40Hz (24dB/oct)
bandpass filter (Picton et al., 2000). An independent compo-
nent analysis algorithm was applied to correct for stereotypic
artifacts (eye-blinks) using the internal algorithm provided by
the Brain Vision Analyzer Il software. Event-related potential
(ERP) epochs were extracted from —500 to 5000 ms relative to
stimulus presentation and segments were baseline corrected
to 250ms pre-stimulus onset. Artifacts were rejected
semi-automatically using the following criteria: peak-to-peak
differences > 300V, voltage steps of 50uV between sam-
pling points and a maximum difference of less than .50V
within 100ms intervals. Additional artifacts were identified
and rejected based on visual inspection. Stimulus-locked ERPs
were constructed using EEG signals of a parietal cluster (P1-,
Pz- and P2-electrodes) by averaging trials separately for each
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condition and participant. For visualization of the ERPs in
Figure 4, the Pz-electrode was used. The LPP comprised the
time-range of 500 to 5000 ms.

To measure EMG activity related to negative valence of the
stimuli, two 4mm Ag/AgCl electrodes were placed over the
corrugator supercilii, see Figure 2 for a schematic depiction of
EMG electrode placement (Fridlund & Cacioppo, 1986). EMG
was amplified using a BrainAmp ExG ampilifier (Brain Products
GmbH, Munich, Germany) and registered with a sampling fre-
quency of 1kHz. Raw EMG signals were filtered using a 30Hz
low cutoff, a 500Hz high cutoff and a 50Hz notch filter. EMG
signals were full wave rectified and smoothed with a moving
average over 125ms. EMG scores were calculated as the
change in activity relative to the baseline period of 1000 ms
prior to stimulus onset (Blumenthal et al., 2005). The time
window was defined by averaging the segment of Oms to
5000ms continuous data spanning the entire 5seconds of
stimulus presentation.

2.6. Statistical analyses

Statistical analyses were carried out using SPSS 23 (SPSS Inc.,
Chicago, IL, USA). For all analyses of variance (ANOVAs)
described below, statistical effects were evaluated using the
Greenhouse-Geisser correction where appropriate. To mini-
mize type | error, Bonferroni Holm correction was applied for
post-hoc analyses (Holm's a).

To test for effective experimental manipulation, we first
analyzed group differences in acute stress reactivity to the
TSST: (a) Regarding changes in negative affect, we analyzed
PANAS data using a 3x2 mixed ANOVA with ‘time’ (3 levels,
within-subject factor) and ‘group’ (2 levels, between-subject
factor). (b) Cortisol and (c) a-amylase data were logarithmised
to base 10 to reduce typical data skewness. Changes in sali-
vary concentrations were compared using 5% 2 mixed ANOVAs
with ‘time’ (5 levels) as within-subject factor and ‘group’ (2
levels) as between-subject factor. As some studies have

Figure 2. Schematic depiction of the electrode placement for EMG recording
over the corrugator supercilii: one electrode is placed on an imagery vertical
line that traverses the inner commissure of the eye fissure; the second elec-
trode is placed 1cm lateral and slightly superior to the first one (see Fridlund
and Cacioppo, 1986).
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reported sex differences in acute stress reactivity (Kudielka &
Kirschbaum, 2005), we included ‘sex’ as a covariate in all
ANOVAs. Second, to check for successful manipulation of the
CERT irrespective of stress, we conducted a 2x3 rmANOVA
with ‘phase’ (2 levels: early and late) and ‘task’ (3 levels:
view-neutral,  view-negative, reappraisal-negative) as
within-subjects factors.

To test our hypothesis of time-dependent group differ-
ences in ER, we calculated difference scores with higher
scores indicating higher regulation success for (1) subjective
valence ratings (reappraise-negative minus view-negative), (2)
EEG data (view-negative minus reappraisal-negative), and (3)
EMG data (view-negative minus reappraise-negative). For
each difference score, we conducted a 2x2 mixed rmANOVA
with ‘phase’ (2 levels: early and late) as a within-subject factor
and ‘group’ (2 levels) as between-subject factor. (Note that
groups did not differ in emotional reactivity as assessed by
view-neutral minus view-negative in both experimental
phases and in all outcome measures, see Supplement 3 for
details.) As some studies reported stress effects on ER depend-
ing on sex and cortisol reactivity (Kinner et al., 2014; Langer
et al., 2020, 2021, 2023), we included ‘sex’ and the individual
‘cortisol increase’ (individual maximum after stress minus
baseline TO) as a covariate in all ANOVAs.

3. Results
3.1. Manipulation check

3.1.1. TSST-manipulation check: successful stress induction
To verify successful stress induction by the TSST, we analyzed
group differences in temporal fluctuations of (a) salivary cor-
tisol concentrations, (b) a-amylase concentrations, and (c)
subjective ratings of negative affect. See Table 1 for means
and standard deviations for each group. (For within-group
analyses of the stress parameters, see Supplement 1.)

a. The 5x2 mixed ANOVA on cortisol data revealed a
significant interaction effect ‘time*group’ after con-
trolling for sex, F(4, 176) = 11.34, p<0.001, n?, =
0.21 (Greenhouse-Geisser corrected, € = 0.57).
Post-hoc t-tests revealed significant group differ-
ences at all time points after stress (all p<0.001),
see Table 1 and Figure 3(a).

b. The 5x2 mixed ANOVA on a-amylase data revealed
a significant main effect of ‘time’ after controlling
for sex, F(4, 176) = 522, p=0.002, n’, = 0.12
(Greenhouse-Geisser corrected, € = 0.77). Post-hoc
t-tests revealed a significant difference in amylase
concentrations between T1 and the other time
points, irrespective of group (all p<0.001), see
Figure 3(b). No significant interaction effect with
group was found.

c. The 3x2 mixed ANOVA on the PANAS negative
mean scores resulted in a significant main effect for
‘time] F(2, 94) = 4.63, p=0.019, n?, = 0.09, as well as
a significant ‘time*group’ interaction effect after
controlling for sex, F(2, 94) = 6.72, p=0.004, n?, =
0.13 (Greenhouse-Geisser corrected, € = .79).
Post-hoc t-tests revealed a significant group differ-
ence at T2, indicating more negative mood ratings
in the SG after the TSST, see Table 1 and Figure 3(c).

3.1.2. CERT-manipulation check: effective emotion
induction and regulation

The 2x3 rmANOVA testing for effective emotion induction
and regulation in the CERT irrespective of stress yielded a sig-
nificant main effect of ‘task, F(2, 49) = 120.30, p<0.001, r]zp =
0.71, indicating (A) successful emotion induction (alias emo-
tional reactivity), i.e. more aversive evaluation of negative
compared to neutral pictures and (B) effective downregula-
tion via reappraisal, i.e. more aversive evaluation of negative
pictures in view compared to reappraisal trials (see
Supplementary Table 3 for means, standard deviations, and
statistical indices of post-hoc t-tests). No significant main
effect of ‘phase’ or ‘task*phase’ interaction was found. Please
find a graphic depiction of these results as well as a manipu-
lation check for the psychophysiological outcome measures
in Supplement 2.

3.2. Time-dependent stress effects on emotion
regulation

To investigate stress effects on ER, we checked for
phase-specific group differences in (1) subjective valence rat-
ings, (2) ERP data, and (3) EMG data, controlling for sex and
cortisol increase. (1) For the subjective CERT ratings, the 2x2

Figure 3. Manipulation Check: Acute stress reactivity assessed with (a) saliva cortisol concentrations, (b) saliva a-amylase concentrations, and (c) subjective
PANAS-ratings of negative affect. PANAS: Positive and Negative Affect Scale (Watson et al., 1988); S1-S6: saliva concentrations (untransformed). Error bars represent

SEM; *a<0.05.
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Figure 4. Time-dependent stress effects on emotion regulation outcome measures (difference scores): (1) Valence Rating (Reappraisal minus View), (2) EEG activity
(View minus Reappraisal), and (3) EMG activity (View minus Reappraisal). Error bars represent SEM; *a < 0.05.

mixed rmANOVA resulted in a significant ‘phase*group’ inter-
action effect, F(1, 46) = 5.61, p=0.022, n?, = 0.11, after con-
trolling for sex and cortisol increase. Post-hoc t-tests indicated
a group difference only in the late phase (SG: M(SD) = 1.68
(1.33); CG: M(SD) = 2.47 (1.42); t(48) = —2.02, p=0.049, Cohen’s
d=0.55), indicating higher reappraisal success in the CG com-
pared to the SG in the late phase, see Figure 4.1. (2) We
excluded one participant for the EEG analysis (n_,,,,=1) due
to excessive data artifacts. The 2x2 mixed rmANOVA on the
parietal LPP-activity difference score resulted in a significant
‘phase*group’ interaction effect, F(1, 45) = 9.14, p=0.004, n?,
= 0.17, after controlling for sex and cortisol increase. Post hoc
t-tests indicated a group difference in the late phase only (SG:
M(SD) = 0.56 (3.23); CG: M(SD) = 2.59 (2.86); t(47) = —2.23,
p=0.026, Cohen’s d=0.31), again indicating higher reappraisal
success in the CG compared to the SG in the late phase, see
Figure 4.2 and Figure 5(A). (3) Four participants had to be
excluded from EMG data analysis (N_,,y0i=2; Nyess=2) due to
excessive data artifacts or scores >3SD above mean (outlier).
The 2x2 mixed rmANOVA on the LPP-activity difference score
resulted in a significant ‘phase*group’ interaction effect, F(1,
42) = 448, p=0.040, n?, = 0.10, after controlling for sex and
cortisol increase. Post hoc t-tests again indicated a significant
group difference in the late phase only (SG: M(SD) = -0.17
(3.21); CG: M(SD) = 3.19 (4.65); t(44) = 2.85, p=0.007, Cohen’s
d=0.78), indicating significantly higher reappraisal success in
the CG compared to the SG again only in the late phase, see
Figure 4.3 and Figure 5(B). Note that Figure 4 indicates that
the interaction effects may result from both, a decrease in
reappraisal success in the SG as well as an increase in the CG.
See Supplementary Figure 2 for a graphic depiction of the
group-specific CERT mean scores on all outcome levels.

4. Discussion

In light of the ongoing debate about the potential of cogni-
tive reappraisal as a stress management technique, the pres-
ent study was specifically concerned with investigating
whether acute stress could have a negative influence on the
reappraisal ability. Importantly, our results provide evidence
for a potentially detrimental influence of stress on an individ-
ual’s ability to regulate negative emotions through reap-
praisal. Across all psychophysiological outcome variables

examined, we observed reduced reappraisal performance in
the stress group relative to the control group in the late
experimental phase. This finding may be interpreted as
stress-related impairments in cognitive reappraisal, which
would be consistent with findings on the neuroendocrine
dynamics in the face of a stressor: glucocorticoids and cate-
cholamines have previously been shown to affect the func-
tion of the prefrontal cortex (PFC; Arnsten, 2009; Hermans
et al, 2014), parts of which play a key role in successful cog-
nitive reappraisal (Buhle et al, 2014). Furthermore, previous
research has shown that acute stress may impair PFC-related
executive functions such as working memory, cognitive flexi-
bility and cognitive inhibition, i.e. the ability to inhibit
thoughts or internal distractors (see Shields et al., 2016, for a
meta-analysis; see Plieger et al., 2020, for a review), which are
thought to be crucial for successful cognitive reappraisal
(Compas, 2006; Hofmann et al, 2012; Ochsner et al., 2012).
Consistent with this, some studies have reported impairments
in cognitive ER after acute stress (Kinner et al., 2014; Raio
et al, 2013; Zhan et al., 2017). However, these detrimental
effects of stress on ER so far seemed to occur in a rather early
time window after stress induction, while other studies
reported improvements in ER in the longer aftermath of
stress induction (Langer et al.,, 2020, 2022a, 2023) or cortisol
administration (Jentsch et al., 2019; Langer et al., 2022b).
Contrary to these results and to our own hypothesis, we
observed impairments in reappraisal only in the late phase
whereas in the early phase, groups did not differ. Current micro-
biological and neuroscientific theories suggest that a stress-related
reduction in PFC activity and thus a potential impairment of ER
capacity relates to the influence of the immediate early neuroen-
docrine processes in the face of stress (see Hermans et al., 2014,
for an overview). A timing aspect of the present study is particu-
larly important here: although our early phase started immedi-
ately after the stressor offset, it did not start until 20 minutes after
the start of the stressor due to the procedure and timing of the
TSST. Assuming that this early stress response starts with the
onset of a stressor, this could imply that the concentration of cat-
echolamines were already decreasing during our early ER phase.
Our early ER phase could therefore have been too late to catch
upon the early detrimental prefrontal processes after stress (see
limitations). Consistent with this, it is striking that those studies
reporting an impairment of ER after stress (Kinner et al, 2014;
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Figure 5. (A) EEG activity to the CERT: ERPs (Pz-electrode) for the early and the late post-stress phase. Note that in the late phase, LPP activity differs between
view- and reappraise-trials for the control group only, while no such regulation effect was found for the stress group. (B) EMG activity to the CERT: corrugator
activity for the early and late post-stress phase. Note, that again in the late phase, corrugator activity differs between view- and reappraise-trials for the control
group only, while no such regulation effect was found for the stress group. Note also, that groups did not differ in emotional reactivity (see Supplement). CERT:
Cognitive Emotion Regulation Task; EEG: electroencephalogram; EMG: electromyogram; ERP: event-related potential; LPP: late positive potential.

Raio et al,, 2013; Zhan et al., 2017) all used a significantly shorter
stress induction paradigm (i.e. the Cold Pressor Task which lasts
about 3minutes only) and were thus able to examine ER abilities
significantly earlier after stress onset, i.e. at a time window when
catecholaminergic activity presumably peaks.

However, if the stress processes with the greatest ER
impairment potential may have occurred too early for our
early ER phase, how can the group differences in the late ER
phase be explained, which started about 40minutes after
stress onset? A possible explanation relates to our specific
study design, which differs significantly from previous stud-
ies in one aspect: with the aim of examining the temporal
dynamics in more detail, the participants in our study went
through not one but two extensive phases of the CERT task,
separated by only a short break of two minutes, which
meant a total of 40minutes of constant regulation effort.
Given that participants in the SG had previously undergone
a cognitively and psychosocially demanding stress induction
procedure, impairments in reappraisal in this group might be

primarily associated with greater mental fatigue, particularly
in the second half of the task. Indeed, mental fatigue has
previously been shown to negatively affect ER capacities
(Grillon et al., 2015). In addition, a possible increase in men-
tal fatigue, particularly in the stress group, could have
affected memory and training processes (Shields, 2020). In
this respect, a closer look at Figure 4 shows that the interac-
tion effects were not only driven by an impairment in reap-
praisal in the SG, but also by an improvement in reappraisal
in the CG in the later phase. Such an improvement could be
explained by reappraisal learning and training effects from
the early to the late phase of the experiment in the CG,
whereas in the SG stress-related mental fatigue may have
disrupted such training processes. For example, Doerr and
colleagues observed that momentary stress interacts with
fatigue in that both enhance each other mutually (Doerr
et al., 2015). Furthermore, stress itself is known to directly
interfere with and affect learning and memory processes
(Shields et al., 2016; Wolf et al., 2016), and thus may have



additionally interfered with any improvement in the use of
cognitive reappraisal in the SG. The decisive influence of
mental fatigue should be considered both in the design of
future studies in this field and in the conception of
tailor-made stress management trainings (see below).

Integrating our findings into the larger picture of stress man-
agement, the following considerations can be made. Ursu and
Mairean (2022) recently reported a positive association between
reappraisal and resilience during the COVID-19 pandemic. The
authors emphasized the potential utility of targeting cognitive ER
strategies in the development and implementation of stress man-
agement interventions. However, it appears that not every ER
strategy is equally effective in every situation, but its use and
benefits rather depends on individual and contextual factors
(Ford & Troy, 2019). For example, a recent study from our lab sug-
gested that the effectiveness of reappraisal inventiveness depends
on the familiarity of the emotional situation (Zeier et al,, 2023). In
this line, our results suggest that reappraisal may well be an
effective strategy for dealing with aversive emotions even during
or shortly after confrontation with an acute stressor. However,
acute stress seems to have a negative impact on the continuous
and prolonged use of this cognitively demanding ER strategy in
the aftermath of a stressor, as it may be subject to fatigue effects.
Distraction may be an effective alternative strategy for long-term
ER application, as it is thought to require less cognitive effort
than reappraisal and may therefore be less prone to fatigue
(Shafir et al.,, 2016; Sheppes & Levin, 2013). However, a systematic
investigation of the time-dependent effects of distraction is still
lacking. Future stress management programs should therefore
consider implementing and training a highly flexible application
of different ER strategies, depending on timing as well as various
other factors yet to be determined (e.g. type of stressor, situa-
tional familiarity, etc).

The results of the present study should be considered
within the scope of some limitations that relate in particular
to the rather small sample size and our study design. In addi-
tion to the limited generalizability of our results, the sample
size did not allow for a sub-analysis of sex-specific effect,
although recent evidence suggests that these may play a
decisive role in the stress-ER-interaction: improvements in ER
after stress were predominantly found in male participants,
where regulation success was associated (Langer et al., 2020,
2022a, 2023) or even fully mediated (Langer et al., 2023) by
the amount of stress-related cortisol increase. In women,
however, higher stress-related sympathetic activation was
associated with emotion regulation impairments (Langer
et al,, 2023). We tried to control for this effect by including
sex and the individual cortisol increase as covariates in our
analyses. However, there is some evidence that stress may
affect ER differently in women and men, which has so far
been attributed to differences in endocrine concentrations
but may also be due to differences in the extent of
stress-induced fatigue. This needs to be systematically investi-
gated in follow-up studies before it should be considered in
the design of stress management training programs. Further,
and also in relation to the constraints of the relatively small
within-group sample sizes, we were not able to reliably esti-
mate predictors of individual differences in the dependent
variable (here: emotion regulation success), as, for example,
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stress hormone responses or changes in stress-induced affect
(see also Brysbaert (2019) for the discussion of sample sizes
for specific statistical analyses).

Another limitation refers to the time windows we chose for
performing the ER task. As pointed out earlies, we chose these
time windows according to the main study goal, i.e. the detection
of possible ER impairments due to acute stress induction, but also
in line with some methodological considerations: although the
early window was immediately after stressor onset, it was possibly
too late to detect catecholamine-driven impairing ER effects (see
above), while the late window was certainly too early to investi-
gate cortisol-driven facilitation of prefrontal function including ER.
However, EEG-related constraints forced us to limit the length of
the ER task windows to minimize the risk of artifacts (e.g. move-
ment, increasing electrode resistances) and resulting low data
quality. These caveats should be considered when conducting
future studies with different time windows and longer break
between task phases, which could reduce the risk of fatigue
effects. Further, we did not discriminate between different types
of negative emotions, such as fear, anger, or sadness. Due to time
constraints, we were not able to include enough stimuli per cate-
gory to analyze them separately, particularly with respect to
event-related potentials. Stress may alter the regulation of some
emotions while leaving others rather unaffected. Future studies
could take this aspect into account, as this might also be crucial
for both training programs as well as clinical interventions.

In summary, we found that stress significantly affects sub-
jective and psychophysiological measures of ER, with stress
exposure hampering cognitive reappraisal predominantly
during the late phase. Together with recent findings from
other groups, the present study suggests that stress-related
effects on cognitive ER crucially depend on the timing of
applying ER strategies in relation to stress exposure.
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