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ABSTRACT

Keywords: Background: A psychosocial task that can induce comparable levels of stress repeatedly is fundamental to

Stress effectively study changes in stress reactivity over time or as a result of an intervention. However, existing tasks

Hear‘t rlate have struggled to provide consistent stress responses across repeated trials.

E[Og'ltso " Aim: The goal was to assess the efficacy of two different designs of the repeated Montreal Imaging Stress Test
abituation . . P .

Sensitization (rMIST) in reproducing the same pattern of reactivity over two separate sessions.

Anticipation Methods: In two different studies, stress was induced using the rMIST on two separate sessions, one week apart.

Each study used a different task design. In the first study (53 participants [45 women]; mean age 24.16
[SD 3.29]), the rMIST consisted of a single-longer stress exposure, while the second study (30 participants [27
women]; mean age 21.81 [SD 2.09]) consisted of several shorter stress exposures per session. Self-reported (i.e
perceived stress [PS] and negative affect [NA]), physiological (i.e heart rate [HR], root mean square of successive
differences [RMSSD]) and hormonal (i.e. salivary cortisol) measures of stress were used.

Results: Stress reactivity was comparable across the two repeated stress sessions in both studies. However,
baseline HR in the second session increased relative to the first session in the first study, and there was no cortisol
response. Additionally, there was a decrease in HR and HRV reactivity within the session on the second study,
suggesting a habituation effect not between but within the session itself.

Conclusion: The rMIST overcomes some of the challenges associated with repeated stress induction. However, an
anticipation effect and a lack of cortisol response indicate that further adjustments to the task are necessary.
Finally, task design is important for repeated stress reactivity.

1. Introduction

Reactivity to minor daily stressors is understood to play a central role
in the development of various psychiatric and somatic disorders (Turner
et al., 2020). It is therefore important to assess markers of the stress
response over time in order to effectively identify the risk for and the
development of these disorders longitudinally or to evaluate the success
of an intervention. To that end, it is essential to have a valid stress in-
duction task that is able to elicit a significant stress response not just
once but repeatedly. Moreover, stress reactivity must be comparable
across repeated sessions so that any change in reactivity be attributed to
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the individual rather than the repeated exposure to the same task.
Currently there are various psychosocial stress-induction tasks that
fulfill the necessary criteria to elicit stress in the laboratory (i.e.
socio-evaluative threat, uncontrollability, and novelty) (Dickerson and
Kemeny, 2004), albeit to our knowledge none has succeeded in over-
coming the challenges presented by their repeated use, that is,
task-related habituation, sensitization, and anticipation to provide
consistent average responses across repeated measures.

Studies repeatedly using the same stress-induction task have shown
that independent of the time between exposures (e.g. 24 h, one week, or
four weeks) (Kirschbaum et al., 1995; Gerra et al., 2001; Jonsson et al.,
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2010; Schommer et al., 2003; Boesch et al., 2014; Petrowski et al.,
2012), individuals habituate to the task with a significant lower increase
in salivary cortisol and, to a lesser degree, a lower increase in heart rate
(HR) over repeated instances of stress induction (Boesch et al., 2014;
Jonsson et al., 2015; Schommer et al., 2003). A lack of novelty during
the second stress induction using the same task may explain this effect
(Dickerson and Kemeny, 2004; Stein, 1966).

On the contrary, stress that is intense or prolonged can exacerbate
the stress response to the second stress induction. Sensitization is most
common when the initial stressor is especially strong and triggers hyper-
arousing reactivity (Belda et al., 2015; Groves and Thompson, 1970).
Laboratory stress induction tasks thus need to induce enough stress to
elicit a stress response but not so much as to cause sensitization during
subsequent task exposures.

Finally, anticipation effects become evident when a stress response is
observed prior to (i.e. in the anticipation of) the second stress induction
(Boyle et al., 2016). This is particularly problematic because an already
high stress level at baseline on the second session may influence reac-
tivity and therefore reduce comparability between sessions. Here,
manipulating the expectation about the second stress induction may
facilitate or reduce anticipatory stress effects.

For these reasons, well-known protocols such as the Trier Social
Stress Test (TSST) have yet to successfully induce comparable levels of
stress on repeated trials. Furthermore, they are often laborious and
difficult to control and standardize (Skoluda et al., 2015), potentially
compromising their reliability. In an attempt to overcome these chal-
lenges, we have developed the repeated Montreal Imaging Stress Test
(rMIST) - a modified version of the original MIST (see Dedovic et al.,
2005 for details) with an added element of novelty to the second
exposure to limit the sense of familiarity to the task so that it may be
used repeatedly.

In order to test the efficacy of the rMIST in inducing comparable
stress reactivity over two separate sessions, we performed two studies
testing two different designs of the rMIST: (1) a single-run design,
meaning that each session consisted of a single longer stress exposure,
and (2) a multiple-run design that consisted of multiple shorter stress
exposures per session. The latter multiple-run design is a typical fMRI
design for which the original MIST was initially intended for. However,
it is not easily comparable to other psychosocial stress induction tasks
that generally consist of a single stress exposure. In line with previous
research, we have formulated the following hypotheses:

1. The rMIST elicits a robust stress response, with significant increases
in mean heart rate (HR), cortisol, perceived stress (PS), and negative
affect (NA), and a significant decrease in heart rate variability
(RMSSD) from the control to the stress condition.

2. The stress response to the rMIST is consistent across both trials,
meaning that there is no interaction between condition (i.e. stress vs
control) and session (i.e. session one vs session two), that is, no
habituation or sensitization effects, for any of the measures.

3. There is no anticipation effect on the second session, meaning that
there is no difference in baseline HR, RMSSD, cortisol, PS, and NA
between sessions.

2. Methodology
2.1. Participants

2.1.1. Study 1

Fifty-three participants between the ages of 19 and 35 took part in
the study. 60% of participants were university students from various
fields (e.g. medicine, biomedical science, history, arts, etc.) and the
remaining 40% were young working adults. Participants were recruited
via flyers spread throughout the city, and shared online. All participants
signed an informed consent prior to taking part in the study, and were
rewarded 30€ per session. Ethical approval was granted by the Sociaal-

Maatschappelijke Etische Commissie (SMEC) of KU Leuven.

2.1.2. Study 2

Thirty participants between the ages of 19 and 27 took part in the
study. Participants were first year students from the Faculty of Health,
Medicine and Life Science at Maastricht University. Participants were
recruited via email to participate in a study on mental capacity. All
signed an informed consent prior to taking part in the study. Ethical
approval was granted by the Ethic Review Committee Psychology and
Neuroscience (ERCPN).

2.2. Procedures

2.2.1. Stress induction

The repeated Montreal Imaging Stress Task (rMIST) was used to
induce socio-evaluative stress. The rMIST is a modified version of the
original MIST, an arithmetic task where the participant is made to feel
pressured to perform well (see Dedovic et al., 2005 for details).
Following each stress condition, the participant receives negative feed-
back on their performance from the experimenter. To be able to use this
method repeatedly over the course of different sessions, in this specific
case twice one week apart, the protocol was modified to enhance the
social defeat component and add an element of novelty on any subse-
quent trials. We tested two participants at the time, in two adjacent
rooms after having them meet each other briefly prior to the task. In case
there was only one participant available at that time, we used a con-
federate pretending to be a second participant. Instead of the “average”
performance, the participants were told that they were competing
against one another. In reality, there was no direct competition between
both individuals. The bar atop the screen indicated how they fared
against their opponent specifically, by labeling both arrows with names.
Moreover, the task was manipulated so that each participant under-
performed compared to their opponent.

Participants were not debriefed about the nature of the task after the
first laboratory session, as doing so would likely affect their performance
during the following session. In view of that, participants were told that
they performed well but that their opponent was exceptionally skilled.
As a consequence, they were told that on the next session, they would be
paired with an opponent that better matched their skillset. We made
sure that no two participants were coupled with each other twice. By
changing the social context on the following session, we aimed to pro-
vide the necessary novelty factor to use the task repeatedly.

The rMIST induces stress via socio-evaluative threat, which works
best if the participant is unaware of its purpose. To that effect, partici-
pants were told that they were participating in a study on mental effort
where they were asked to take part in two laboratory sessions composed
of a highly effortful task (i.e the stress condition) and a low effortful task.
Participants in the first laboratory session did not know that they would
be competing against another participant until they were asked to
compete (i.e. following the control period). The competitive aspect of
the stress condition was described as being necessary to force partici-
pants into engaging in greater mental effort, their performance being,
therefore, a direct indicator of their effort and abilities.

2.2.2. Study 1: single-run design

Baseline measurements were taken immediately preceding the con-
trol period (baseline), that is 25 min ensuing their arrival; a standard
time for physiology to stabilize (Petrowski et al., 2012). The testing
phase was composed of a control period, followed by a 300-second
break, and a stress period. Lastly, participants were asked to remain
seated in the room while watching a neutral muted video (i.e. BBC
documentary Spy in the wild) for an hour. For the purpose of this study
we will focus on data from the testing phase (i.e. minute 20-25: baseline)
to half an hour post stress (i.e. minute 80: post+1) (see Fig. 2). All lab-
oratory sessions took place from 13 h to 15 h in order to minimize
circadian variations in cortisol measures (Kudielka et al., 2009).



The testing phase was composed of a single-run, which means only a
single stress exposure per session. One run includes 600 s of control and
600 s of stress separated by a 300-second break.

In addition, participants were given scripted negative feedback
during the stress period. Feedback was framed to motivate them to
perform better, similar to that used in the traditional MIST. Feedback
was given four times in total for each laboratory session (see Fig. 1).

2.2.3. Study 2: multiple-run design

The testing phase consisted of a multiple-run design, each run rep-
resenting one stress exposure. Here, each session included four runs of
the rMIST, reflecting a standard functional magnetic resonance imaging
(fMRI) design (Dedovic et al., 2005). Each 8-minute run was composed
of each of the following conditions: rest (60 s), control (60 s), and stress
(120 s) in that order, repeated twice. Negative feedback was given be-
tween runs. Five measures of self-reported stress were collected for each
laboratory session: upon arrival (1: baseline), three times between each
run of the rMIST (2, 3, and 4: stress), and a final sample post-stress (5:
post) (see Fig. 1).

2.3. Measures

2.3.1. Perceived stress and affect

Participants completed a self-reported questionnaire seven times
during each laboratory session. This questionnaire is composed of items
adapted from Experience Sampling Methodology studies (Myin-Ger-
meys et al., 2009) and that have been used in laboratory studies before
(Lataster et al., 2011) to assess perceived stress (PS), and negative affect
(NA). Items are scored on a 7-point Likert scale from 1- not at all to 7-
extremely.

2.3.1.1. Study 1. A factor analysis identified two factors: (1) PS,
composed of the items: at the moment, I feel tense, and at the moment, I feel
under pressure, and (2) NA, composed of at the moment, I feel down and at
the moment, I feel annoyed.

2.3.1.2. Study 2. The items at the moment, I feel relaxed (reversed), at the
moment, I'm under pressure are averaged to form PS, and likewise at the
moment, I feel down and at the moment, I feel annoyed form NA.

2.3.2. Heart rate and heart rate variability

Heart rate was measured continuously across both laboratory ses-
sions. Mean heart rate (HR) and Root Mean Square of the Successive
Differences (RMSSD) were computed to investigate heart rate and heart
rate variability respectively. RMSSD is a time-domain measure sensitive
to high frequency heart rate period, which is indicative of para-
sympathetic activity, and often used for short-term measurements
(Shaffer and Ginsberg, 2017) and it is calculated as follows: RMSSD =

\/ (RRinterval, 1 RRintervaln)2.

2.3.2.1. Study 1. ECG was measured using Kendall H66LG disposable
electrodes (Medtronic, USA) at lead type II locations and a LabLinc
Isolated Bioamplifier with Bandpas Filter (V75-04; Coulbourn). An
analog lowpass filter was applied at 150 Hz. The module’s analog output
was sampled at 1000 Hz and digitized by a National Instruments
Multifunction IO device (PCI-621 and BNC-2111; National Instruments,
Austin, TX, USA). Affect 5 software was used for stimulus presentation as
well as data acquisition (Spruyt et al., 2009).

ECG was preprocessed using the Kubios HRV Analysis Software
(Niskanen et al., 2004). The ECG signal was cut into multiple 5-minute
segments and digitized at 1000hz. All segments were manually checked,
and a very low artifact correction was applied when necessary.
Time-domain parameters were calculated using Kubios HRV Premium
software 3.3.1 released in August 2019. Interpolation rate was set at
4 Hz, and frequency bands VLF (0-0.04 Hz), LF (0.04-0.15 Hz), and HF
(0.15-0.4 Hz), with average beats per minute (HR) and RMSSD values
extracted for each segment. Four segments had artifacts >5% and were
hence excluded from the analyses.

2.3.2.2. Study 2. Heart rate was measured using 3-lead Electrocardi-
ography (ECG) at lead type II locations. ECG signals were amplified,
sampled and stored on a portable amplifier Vitaport System (Temec
Instruments B.V., Kerkrade, Netherlands) (Anderson and Lyons, 2001).
Mean heart rate in beats per minute (bpm) was calculated for every
20-second segment. Root Mean Square of the Successive Differences
(RMSSD) was computed per run, for each condition.
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2.3.3. Salivary cortisol

2.3.3.1. Study 1. Five samples of salivary cortisol were collected during
each laboratory session. A sample was collected following every self-
reported stress rating questionnaire. Saliva samples were collected
using cotton Salivettes (Sarstedt, Germany). Participants chewed on
each sample, on the same side of their mouth, with the same intensity,
for 60 s. In addition, participants were instructed not to eat or drink
anything aside from water in the two hours prior to testing.

Saliva samples were analyzed at Clemens Kirschbaum’s laboratory in
Dresden, Germany: LabService Gmbh. Time-resolved radio-immunoas-
says with fluorescence detection were determined in single (Dres-
sendorfer et al., 1992). Saliva samples were frozen and stored at 20
degrees Celsius until analysis. After thawing, Salivettes were centrifuged
at 3000 rpm for 5 min, which resulted in a clear supernatant of low
viscosity. Salivary concentrations were measured using commercially
available chemiluminescence immunoassay with high sensitivity (IBL
International, Hamburg, Germany). The intra and interassay coefficients
for cortisol were both below 6%.

Salivary cortisol measurements were log transformed to correct for
skewness, resulting in a normally distributed variable. Moreover, we
controlled for age, gender, use of the contraceptive pill, and days since
the last period. We also computed the area under the curve with respect
to the ground (AUCg) and the area under the curve in respect to increase
(AUG;) per participant per session. These are often used when addressing
cortisol over time as they are understood to provide a more objective
measure of reactivity than the raw values (see Pruessner, et al., 2003 for
details).

2.3.3.2. Study 2. No salivary cortisol was collected.

2.4. Statistical analyses

Analyses were carried-out in STATA 13.1. First, to test hypotheses 1,
that the rMIST induced a stress response, multi-level analyses with
random intercepts and random slopes were conducted to test the effect
of time/condition on all stress measures (i.e. PS, NA, HR, RMSSD, and
cortisol). Individual data points (level 1) were nested within subjects
(level 2), across both sessions of testing. Time/condition included five
measurements: baseline, control, stress, post, and post+1 for study 1, and
three measurements for study 2: baseline, stress, and post. Analyses were
run separately for every stress measure as a dependent variable. To
control for age and gender, they were added to all models as covariates.

To test hypothesis 2, whether there are habituation or sensitization
effects, we added an interaction term of session and time to the multi-
level models. Session is composed of two levels: session 1 and session 2.

To test hypothesis 3, whether there is an anticipation effect, we ran a
paired t-test for every stress measure comparing baseline in session 1
and session 2.

3. Results
3.1. Sample and descriptive statistics

3.1.1. Study 1

Fifty three participants took part in this study (45 women). 40% of
participants were working and the remaining 60% were university stu-
dents engaged in various degrees (i.e. biomedical science, history,
sexology, etc.). Out of the 45 women taking part in the study, 31 were
taking the contraceptive pill at the time of the study (see Table 1 for
further descriptive statistics). In addition, two participants were unable
to take part in the second session.

3.1.2. Study 2
Thirty students took part in this study (27 women). However, heart

Table 1
Descriptive statistics.
Study 1 Study 2
N Mean Min Max N Mean Min  Max
(SD) (SD)
Age 53 24(329 19 35 30 22 19 27
(2.09)
PS 53 2.56 1 7 30 3.51 1 6.5
(1.61) (1.32)
NA 53  2.08 1 7 30 1.45 1 4.5
(1.27) (0.77)
HR 53  74(11) 47 125 10 73(13) 51 104
RMSSD 53 49 (25) 7 174 10 52(32) 9 160
Cortisol 52 3.29 .68 14.05 - - - -
(1.96)
AUG, 52 13.07 3.92 37.87 - - - -
(7.01)
AUG; 52 -1.81 -12.07 20.31 - - - -
(3.47)

PS: perceived stress, NA: negative affect, HR: mean heart rate, RMSSD: heart rate
variability, AUC,: area under the curve in respect to the ground, AUG;: area
under the curve in respect to increase

rate data of 20 participants from at least one of the sessions could not be
collected due to a lack of available equipment. Therefore, analyses on
the cardiovascular response were run only on the data from the
remaining 10 participants.

3.2. Stress reactivity

Mixed models indicate that there is a significant effect of time on
both PS and NA across both studies (see Table 2). More specifically,
pairwise comparisons show a significant increase from baseline to stress
(PS: B=2.18, p <.01) (NA: B=1.71, p < .01) as well as from control to
stress (PS: B=1.67, p <.01) (NA: B= 1.49, p <.01) in study 1, and a
similar increase from baseline to stress (PS: B= 1.67, p <.01) (NA:
B=0.20, p < .01) in study 2.

In addition, there is a significant effect of time on HR and RMSSD on
both studies (see Table 2), with pairwise comparisons showing a sig-
nificant increase in HR from control to stress in both studies (study 1: B=
3.82, p <.01; study 2: B= 2.26, p < .01), and a parallel decrease in
RMSSD (study 1: B= 3.53, p < .01; study 2: B= 2.08, p <.01).

Lastly, there is a significant negative effect of time on salivary
cortisol in study 1, with a significant decrease from control to stress (B=

0.07, p < .01).

Together, findings show that the rMIST induced a significant self-
reported and cardiovascular stress response. However, it did not elicit
a neuroendocrine response.

3.3. Repeated stress

To test hypothesis 2, whether stress reactivity was comparable across
both sessions, the interaction term of session and time was added to the
models (see Table 2).

There was no significant interaction between session and time for
neither PS nor NA in study 1, meaning that the self-reported response to
the rMIST was comparable across sessions with no indication of habit-
uation or sensitization effects.

In contrast to study 1, there was a significant interaction effect be-
tween session and time on PS and NA in study 2. However, pairwise
comparisons showed that the significance was not in the reactivity itself
but in the recovery to the stressor, with participants in session two not
returning to baseline following the rMIST (see Fig. 2).

There were also no significant interactions between session and time
for neither HR nor RMSSD indicating that cardiovascular reactivity was
comparable across both sessions for both studies (see Fig. 2).

Finally, there was no significant interaction between session and



Table 2
Results from mixed models testing stress reactivity and repeated stress.

Study 1 Study 2

Dependent Predictor N df chi2 p N df chi2 P

1. Stress reactivity PS time 53 4 588.00 <0.01 30 2 182.94 <0.01
NA time 53 4 289.59 <0.01 30 2 6.81 .03
HR time 53 4 617.04 <0.01 10 1 12.40 <0.01
RMSSD time 53 4 87.47 <0.01 10 1 1.90 0.17
cortisol time 53 4 60.79 <0.01 - - - -

2. Repeated stress PS session*time 53 4 9.25 .06 30 2 8.26 .02
NA session*time 53 4 2.14 71 30 2 6.95 .03
HR session*time 53 4 5.70 .22 10 1 .32 .57
RMSSD session*time 53 4 1.20 .88 10 1 1.67 .20
cortisol session*time 53 4 3.35 .50 - - - -

PS: perceived stress, NA: negative affect, HR: mean heart rate, and RMSSD: heart rate variability

time when added to the model with cortisol in study 1. In addition, to
further compare cortisol reactivity across sessions we performed a
paired t-test with AUC; and AUG; between S; (AUGCg M=13.69;
SD=7.91) (AUC;: M= 1.55; SD=4.02) and S; (AUCg M=12.52;
SD=6.15) (AUC;: M= 2.11; SD=2.90) according to AUG; t(50) =
1.15 = 0.25 and AUGC; t(50) = 0.77, p = .45 respectively, and found no
significant difference respectively, suggesting that cortisol reactivity is
also comparable across both sessions.

3.4. Anticipation

Paired t-tests with baseline measures were computed to test hy-
pothesis 3, whether participants showed any signs of anticipating the
stressor (see Table 3).

Paired t-tests with baseline measures of PS and NA were all non-
significant, indicating that there were no self-reported anticipation on
neither studies.

In contrast, results from the paired t-test conducted on the baseline
measures of HR and RMSSD in study 1 found a significant difference in
HR (see Fig. 2). This effect was not found in study 2.

Lastly, there was no significant difference in baseline measures of
cortisol.

3.5. Post hoc analyses

Owing to the fact that the multiple-run design of the rMIST in study 2
contains four runs, and thus participants are exposed to the stressor
multiple times as opposed to the single exposure from the single-run
design in study 1, we repeated the analyses with run as an interaction
term with session and time. Where we previously collapsed the three
stress time points, we now regarded all of them. Again, there was a main
effect of time on PS (X?(4, 30) = 185.50, p < .01) but not on NA (X2(4,
30) =7.50, p =.11) indicating that PS but not NA was significantly
different between runs. Adding an interaction between time and session,
revealed a significant effect for both PS (X2(4, 30) =13.88,p < .01) and
NA (XZ(4, 30) = 14.33, p < .01) indicating that PS and NA reactivity was
not the same between days. However, pairwise comparisons revealed no
significant difference in run 2 between session 1 and session 2 for neither
PS (B= 0.32,p =.24) nor NA (B =0.20, p = .23), suggesting that the
initial reactivity is the same between sessions (see Fig. 3). Instead, the
interaction seemed driven by differences between sessions at time-point
5 (i.e. post) (see Fig. 3).

Adding run as a main effect with session and condition showed a
significant effect of run on both HR (X2(3, 10) = 47.32, p <.01) and
RMSSD (X2(3, 10) = 7.70, p = .05). Pairwise comparisons indicate that
there is a habituation effect within sessions with smaller cardiovascular
reactivity across runs during both sessions. On the other hand there was
no interaction between session, condition, and run with neither HR
(XZ(B, 10) = 1.82, p = .61) nor RMSSD (XZ(S, 10) = 3.63, p = .30) (see
Fig. 3), meaning that the habituation effect found within sessions is

comparable between sessions.
4. Discussion

The present study aimed to investigate the effectiveness of the newly
developed rMIST in inducing self-reported and physiological stress over
repeated trials, using a single-run and a multiple-run design. Our find-
ings indicate that the task is able to induce a significant self-reported and
cardiovascular, but not neuroendocrine stress response. These responses
are largely comparable across two separate sessions.

4.1. Repeated stress

The added element of novelty in the rMIST appears to fulfill the
necessary requirements to render the second session equally novel and
as stressful as the first session without making any substantial change to
the task itself. This can be evidenced by the self-reported and cardio-
vascular responses to the task that are consistent across laboratory ses-
sions for both studies. This is in contrast to other studies that found
significant habituation effects for both self-reported (Boesch et al., 2014;
Jonsson et al., 2015; Schommer et al., 2003) and cardiovascular (Boesch
et al., 2014; Jonsson et al., 2015; Schommer et al., 2003) measures.

In the same way there was also no sensitization effect, meaning that
while the task is sufficiently stressful to engage the stress system, it is not
so intense as to trigger an exacerbated response on the second session.

It should be noted that while the first run of the second study was
comparable across the two sessions, post hoc analyses point to a habit-
uation effect within the task itself, with significantly smaller increases in
HR with every run. These findings are consistent with other studies that
have induced the stressor repeatedly within the same session (Al’Absi
et al., 1997; Schiweck et al., 2019), and underscore the significance of
selecting the correct task-design. In this particular case, a shorter design
with a single-run appears to be more suitable for more consistent and
comparable cardiovascular reactivity across repeated sessions.

Finally, while the change in social context between sessions seems to
also have largely prevented self-reported anticipation effects, it did not
suffice to prevent anticipation of the cardiovascular system on the first
study. Moreover, potential differences in anticipation may have been
obscured by the small sample size for the cardiovascular analyses of the
second study. These findings are in line with other studies that assessed
anticipation to repeated stress (Boyle et al., 2016). The expectation to
compete is likely to be driving the increase in the cardiovascular base-
line levels we see on the second session. Consequently, in addition to the
social element of the rMIST (i.e. the change in opponent), it could also
prove beneficial to slightly alter the cover story so that participants only
discover that they are competing again on the second session at the
moment of competing. One way to achieve this is by pretending that
data from the first session was poorly saved, thus requiring the partici-
pant to repeat the task once more, as was done by Schiweck et al., 2019.



Fig. 2. Stress measures across time for session 1 and session 2 with PS: perceived stress, NA: negative affect, HR: mean heart rate, RMSSD: heart rate variability, with

standard error bars.
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Table 3

Paired t-tests with baseline measures of PS, NA, HR, RMSSD, and cortisol at S; and S,.

Study 1 Study 2
Session 1 Mean (SD) Session 2 Mean (SD) df t P Session 1 Mean (SD) Session 2 Mean (SD) df t P
PS 2.14 (1.05) 2.21 (1.20) 49 .64 .52 2.35 (0.83) 2.12 (1.10) 29 -1.16 .26
NA 1.55 (0.88) 1.63 (0.86) 49 .55 .59 1.33 (0.55) 1.2 (0.55) 29 -0.71 .48
HR 74.50 (9.21) 78.20 (10.95) 40 -3.41 <0.01 75.72 (15.33) 73.75 (14.21) 7 1.02 .34
RMSSD 49.74 (25.31) 42.98 (22.98) 40 -1.95 .06 46.21 (34.01) 40.74 (18.96) 7 -0.70 .51
Cortisol 3.83 (2.15) 3.89 (2.28) 48 .16 .87 - - -
PS: perceived stress, NA: negative affect, HR: mean heart rate, RMSSD: heart rate variability
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Fig. 3. Self-reported measures (perceived stress, and NA) across all five time-points and cardiovascular measures (heart rate, and RMSSD) between conditions
(control and stress) per run (1,2,3, and 4) for session 1 and session 2 in study 2, with standard error bars.

4.2. Cortisol

The rMIST did not elicit a cortisol response, to the contrary, salivary
cortisol levels decreased across both laboratory sessions. While several
studies using the MIST have found a cortisol response (Dedovic et al.,
2009; Pruessner et al., 2008), the opposite has also been reported
(Chung et al., 2016; Kogler et al., 2017). Additionally, studies that do
find a cortisol increase rarely find it for the group as a whole but only for
a percentage of responders (Noack et al., 2019; Pruessner et al., 2008).
Here, we do not report on responders and non-responders as it is beyond
the scope of this study.

It is well established that cortisol is highly sensitive, with gender,
childhood trauma, menstrual cycle, food intake, time of data collection,

to name a few, all showing a robust effect on cortisol measurements
(Kudielka et al., 2009). However, the current study design addressed the
aforementioned confounders in both the design (e.g. timing of data
collection, baseline time for physiology to settle, no food or drinks in the
two hours preceding testing) and in the analyses (e.g. controlled for age,
gender, menstrual cycle). Consequently, findings add to existing litera-
ture showing that psychosocial stressors do not consistently induce a
significant neuroendocrine response.

By contrast, psychophysiological stressors are better able than psy-
chosocial tasks to elicit a cortisol response, with approximately 60-70%
compared to 30-50% of responders respectively (Noack et al., 2019),
which raises the question of whether psychosocial stress tasks are unable
to induce a robust neuroendocrine stress response, or whether



psychophysiological stressors are simply not comparable to the psy-
chosocial hassles individuals encounter in their daily lives (Almeida
et al., 2002) and therefore may not be ecologically valid. The latter
being more probable than the former as there is sound evidence that
while psychosocial stress tasks do not always induce a cortisol response,
they are in fact able to do so (Dickerson and Kemeny, 2004; Peters et al.,
1998).

It should be noted that there continues to be a large percentage of
participants that do not qualify as cortisol responders to any type of
laboratory stress task. Cortisol reactivity is complex with high or low
responses affected by context, personality traits, coping to name a few.
Moreover, both high and low responses can signal both good and bad
clinical outcomes (Koolhaas et al., 2011; Shirtcliff et al., 2014) making
the interpretation of these responses highly challenging. Hence, the
question may be not whether psychophysiological tasks are more or less
suited to study daily stress reactivity, but what to expect from and how
to interpret the cortisol response.

4.3. Limitations

There are several important limitations in our study that need to be
addressed. First, samples from both studies were relatively small and
consisting mostly of healthy individuals. Therefore, results, especially
from the cardiovascular response to the stressor on the second study,
should be carefully considered. Cardiovascular data from a mere ten
participants were of satisfactory quality to be used in the analyses. While
laboratory studies where stress is induced in the laboratory often have
small sample sizes, in some cases also ten (Jonsson et al., 2010), or 21
participants (von Kanel et al., 2006), the current sample remains rela-
tively small and therefore susceptible to type II error. Nevertheless,
given that findings from the second study align with the first study
which has a more robust sample size, we expect it to be sufficiently
representative.

Finally, even though the rMIST uses a computer-based stressor and is
thus easy to standardize, there remain aspects of the task that are
difficult to control such as the interaction between researcher and
participant. In the same way as this human factor makes it difficult to
standardize the TSST (Skoluda et al., 2015), there is also the possibility
that minor changes in tone or body language may have an effect on how
the participant experiences the rMIST.

5. Conclusion

The rMIST is a psychosocial stress task that is able to elicit consistent
and comparable self-reported and cardiovascular stress reactivity in the
laboratory on repeated instances. Notably, the change in social context
between sessions seems to provide the necessary novelty to prevent
habituation and sensitization, but not anticipation. More specifically,
the cardiovascular system shows an anticipation effect on the second
session, meaning that the task must be further refined to address that
effect. It is also of consequence to highlight that the rMIST may not be
suitable in instances where cortisol is the measure of interest as it proved
unable to elicit a significant cortisol response in the sample as a whole.
Finally, task design is important. In order to maximize comparability,
preference for a design with a single stress exposure should be given over
a multiple-run design.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

This work was supported by the FWO Odysseus grant GOF8416N.

References

Al’Absi, M., Bongard, S., Buchanan, T., Pincomb, G.A., Licinio, J., Lovallo, W.R., 1997.
Cardiovascular and neuroendocrine adjustment to public speaking and mental
arithmetic stressors. Psychophysiology 34 (3), 266-275.

Almeida, D.M., Wethington, E., Kessler, R.C., 2002. The daily inventory of stressful
events: an interview-based approach for measuring daily stressors. Assessment 9 (1),
41-55. https://doi.org/10.1177,/1073191102091006.

Anderson, R., Lyons, G.M., 2001. Data logging technology in ambulatory medical
instrumentation. Physiol. Meas. 22 (2), R1-R13.

Belda, X., Fuentes, S., Daviu, N., Nadal, R., Armario, A., 2015. Stress-induced
sensitization: the hypothalamic-pituitary-adrenal axis and beyond. Stress 18 (3),
269-279.

Boesch, M., Sefidan, S., Ehlert, U., Annen, H., Wyss, T., Steptoe, A., La Marca, R., 2014.
Mood and autonomic responses to repeated exposure to the Trier Social Stress Test
for Groups (TSST-G). Psychoneuroendocrinology 43, 41-51. https://doi.org/
10.1016/j.psyneuen.2014.02.003.

Boyle, N.B., Lawton, C., Arkbage, K., West, S.G., Thorell, L., Hofman, D., Weeks, A.,
Maryssa, K., Croden, F., Dye, L., 2016. Stress responses to repeated exposure to a
combined physical and social evaluative laboratory stressor in young healthy males.
Psychoneuroendocrinology 63, 119-127. https://doi.org/10.1016/j.
psyneuen.2015.09.025.

Chung, K.C., Peisen, F., Kogler, L., Radke, S., Turetsky, B., Freiherr, J., Derntl, B., 2016.
The influence of menstrual cycle and androstadienone on female stress reactions: an
fMRI study. Front. Hum. Neurosci. 10, 44. https://doi.org/10.3389/
fnhum.2016.00044.

Dedovic, K., Renwick, R., Mahani, N.K., Engert, V., Lupien, S.J., Pruessner, J.C., 2005.
The Montreal Imaging Stress Task: using functional imaging to investigate the effects
of perceiving and processing psychosocial stress in the human brain. J. Psychiatry
Neurosci. 30 (5), 319.

Dedovic, K., Rexroth, M., Wolff, E., Duchesne, A., Scherling, C., Beaudry, T., Lue, S.D.,
Lord, C., Engert, V., Pruessner, J.C., 2009. Neural correlates of processing stressful
information: an event-related fMRI study. Brain Res. 1293, 49-60. https://doi.org/
10.1016/j.brainres.2009.06.044.

Dickerson, S.S., Kemeny, M.E., 2004. Acute stressors and cortisol responses: a theoretical
integration and synthesis of laboratory research. Psychol. Bull. 130 (3), 355-391.
https://doi.org/10.1037/0033-2909.130.3.355.

Dressendorfer, R.A., Kirschbaum, C., Rohde, W., Stahl, F., Strasburger, C.J., 1992.
Synthesis of a cortisol-biotin conjugate and evaluation as a tracer in an immunoassay
for salivary cortisol measurement. J. Steroid Biochem. Mol. Biol. 43 (7), 683-692.
https://doi.org/10.1016,/0960-0760(92)90294-S.

Gerra, G., Zaimovic, A., Mascetti, G.G., Gardini, S., Zambelli, U., Timpano, M., Raggi, M.
A., Brambilla, F., 2001. Neuroendocrine responses to experimentally-induced
psychological stress in healthy humans. Psychoneuroendocrinology 26 (1), 91-107.
https://doi.org/10.1016/S0306-4530(00)00046-9.

Groves, P.M., Thompson, R.F., 1970. Habituation: a dual-process theory. Psychol. Rev.
77 (5), 419-450.

Jonsson, P., Wallergard, M., Osterberg, K., Hansen, A.M., Johansson, G., Karlson, B.,
2010. Cardiovascular and cortisol reactivity and habituation to a virtual reality
version of the Trier Social Stress Test: a pilot study. Psychoneuroendocrinology 35
(9), 1397-1403. https://doi.org/10.1016/j.psyneuen.2010.04.003.

Jonsson, P., ésterberg, K., Wallergérd, M., Hansen, A.M., Garde, A.H., Johansson, G.,
Karlson, B., 2015. Exhaustion-related changes in cardiovascular and cortisol
reactivity to acute psychosocial stress. Physiol. Behav. 151, 327-337. https://doi.
org/10.1016/j.physbeh.2015.07.020.

von Kanel, R., Kudielka, B.M., Preckel, D., Hanebuth, D., Fischer, J.E., 2006. Delayed
response and lack of habituation in plasma interleukin-6 to acute mental stress in
men. Brain Behav. Immun. 20 (1), 40-48. https://doi.org/10.1016/j.
bbi.2005.03.013.

Kirschbaum, C., Prussner, J.C., Stone, A.A., Federenko, 1., Gaab, J., Lintz, D.,
Schommer, N., Hellhammer, D.H., 1995. Persistent high cortisol responses to
repeated psychological stress in a subpopulation of healthy men. Psychosom. Med.
57 (5), 468-474.

Kogler, L., Seidel, E.M., Metzler, H., Thaler, H., Boubela, R.N., Pruessner, J.C., Kryspin-
Exner, L., Gur, R.C., Christian, W., Moser, E., Habel, U., Derntl, B., 2017. Impact of
self-esteem and sex on stress reactions. Sci. Rep. 7 (1), 1-9. https://doi.org/10.1038/
$s41598-017-17485-w.

Koolhaas, J.M., Bartolomucci, A., Buwalda, B., de Boer, S.F., Fliigge, G., Korte, S.M.,
Meerlo, P., Murison, R., Olivier, B., Palanza, P., Richter-Levin, G., Sgoifo, A.,
Steimer, T., Stiedl, O., van Dijk, G., Wohr, M., Fuchs, E., 2011. Stress revisited: a
critical evaluation of the stress concept. Neurosci. Biobehav. Rev. 35 (5),
1291-1301. https://doi.org/10.1016/j.neubiorev.2011.02.003.

Kudielka, B.M., Hellhammer, D.H., Wiist, S., 2009. Why do we respond so differently?
Reviewing determinants of human salivary cortisol responses to challenge.
Psychoneuroendocrinology 34 (1), 2-18. https://doi.org/10.1016/j.
psyneuen.2008.10.004.

Lataster, J., Collip, D., Ceccarini, J., Haas, D., Booij, L., van Os, J., Pruessner, J., Van
Laere, K., Myin-Germeys, 1., 2011. Psychosocial stress is associated with in vivo
dopamine release in human ventromedial prefrontal cortex: a positron emission
tomography study using [18F] fallypride. Neuroimage 58 (4), 1081-1089. https://
doi.org/10.1016/j.neuroimage.2011.07.030.

Myin-Germeys, 1., Oorschot, M., Collip, D., Lataster, J., Delespaul, P., van Os, J., 2009.
Experience sampling research in psychopathology: opening the black box of daily
life. Psychol. Med. 39, 1533-1547.

Niskanen, J.P., Tarvainen, M.P., Ranta-Aho, P.O., Karjalainen, P.A., 2004. Software for
advanced HRV analysis. Comput. Methods Prog. Biomed. 76 (1), 73-81.



Noack, H., Nolte, L., Nieratschker, V., Habel, U., Derntl, B., 2019. Imaging stress: an
overview of stress induction methods in the MR scanner. J. Neural Transm. 126 (9),
1187-1202. https://doi.org/10.1007/s00702-018-01965-y.

Peters, M.L., Godaert, G.L., Ballieux, R.E., Van Vliet, M., Willemsen, J.J., Sweep, F.C.,
Heijnen, C.J., 1998. Cardiovascular and endocrine responses to experimental stress:
effects of mental effort and controllability. Psychoneuroendocrinology 23 (1), 1-17.

Petrowski, K., Wintermann, G.B., Siepmann, M., 2012. Cortisol response to repeated
psychosocial stress. Appl. Psychophysiol. Biofeedback 37 (2), 103-107. https://doi.
org/10.1007/5s10484-012-9183-4.

Pruessner, J.C., Kirschbaum, C., Meinlschmid, G., Hellhammer, D.H., 2003. Two
formulas for computation of the area under the curve represent measures of total
hormone concentration versus time-dependent change. Psychoneuroendocrinology
28 (7), 916-931.

Pruessner, J.C., Dedovic, K., Khalili-Mahani, N., Engert, V., Pruessner, M., Buss, C.,
Renwick, R., Dagher, A., Meaney, M.J., Lupien, S., 2008. Deactivation of the limbic
system during acute psychosocial stress: evidence from positron emission
tomography and functional magnetic resonance imaging studies. Biol. Psychiatry 63
(2), 234-240. https://doi.org/10.1016/j.biopsych.2007.04.041.

Schiweck, C., Gholamrezaei, A., Vaessen, T., Claes, S., Vrieze, E., 2019. Cardiac vagal
adaptation to a recurrent laboratory stressor is exhausted in women with major
depressive disorder. Psychoneuroendocrinology 107, 29. https://doi.org/10.1016/j.
psyneuen.2019.07.081.

Schommer, N.C., Hellhammer, D.H., Kirschbaum, C., 2003. Dissociation between
reactivity of the hypothalamus-pituitary-adrenal axis and the sympathetic-adrenal-
medullary system to repeated psychosocial stress. Psychosom. Med. 65 (3), 450-460.
https://doi.org/10.1097/01.PSY.0000035721.12441.17.

Shaffer, F., Ginsberg, J.P., 2017. An overview of heart rate variability metrics and norms.
Front. Public Health 5, 258. https://doi.org/10.3389/fpubh.2017.00258.

Shirtcliff, E.A., Peres, J.C., Dismukes, A.R., Lee, Y., Phan, J.M., 2014. Hormones:
commentary: riding the physiological roller coaster: adaptive significance of cortisol
stress reactivity to social contexts. J. Personal. Disord. 28 (1), 40-51.

Skoluda, N., Strahler, J., Schlotz, W., Niederberger, L., Marques, S., Fischer, S.,
Thoma, M.V., Spoerri, C., Ehlert, U., Nater, U.M., 2015. Intra-individual
psychological and physiological responses to acute laboratory stressors of different
intensity. Psychoneuroendocrinology 51, 227-236. https://doi.org/10.1016/j.
psyneuen.2014.10.002.

Spruyt, A., Clarysse, J., Vansteenwegen, D., Baeyens, F., Hermans, D., 2009. Affect 4.0.
Exp. Psychol.

Stein, L., 1966. Habituation and stimulus novelty: a model based on classical
conditioning. Psychol. Rev. 73 (4), 352-356.

Turner, A.L, Smyth, N., Hall, S.J., Torres, S.J., Hussein, M., Jayasinghe, S.U., Ball, K.,
Clow, A.J., 2020. Psychological stress reactivity and future health and disease
outcomes: a systematic review of prospective evidence. Psychoneuroendocrinology
114, 104599.





