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ABSTRACT
Compared to the in-person Trier Social Stress Test (TSST), virtual reality (VR) variants reduce 
resource-intensity and improve standardization but induce stress with smaller effect sizes. However, 
higher cortisol reactivity is given for more immersive TSST-VRs. Immersivity depends on the VR-system, 
but perceived immersion may be targeted by exposure to, or interaction with the VR. We investigated 
whether stress reactivity towards the openly accessible OpenTSST VR can be enhanced by prior 
exposure to a sensorimotor game completed in VR as mediated by increased immersion. Therefore, 
N = 58 healthy participants underwent the OpenTSST VR or its inbuilt control condition (placebo TSST-VR, 
pTSST-VR). Beforehand, participants completed a sensorimotor game either in VR or in real life. Stress 
was measured by means of self-reports, salivary cortisol concentrations, and salivary alpha-amylase 
(sAA) activity. Perceived immersion was assessed with the Igroup Presence Questionnaire (IPQ). The 
TSST-VR-group showed higher subjective stress than the pTSST-VR-group. Even though area under the 
curve measures indicated significant differences in cortisol levels between TSST-VR and pTSST-VR, this 
effect was not replicated in omnibus-analyses. Likewise, sAA was not responsive to stress. Our data 
suggests the OpenTSST VR does not reliably trigger physiological stress reactivity. Likewise, participants 
playing the VR-game before exposure to the TSST-VR did not show enhanced stress reactivity. 
Importantly, playing the VR-game did not lead to increased immersion (indicated by the IPQ), either. 
The key question resulting from our study is which manipulation may be fruitful to obtain a comparable 
stress response toward the TSST-VR compared to the in-person TSST.

Introduction

The Trier Social Stress Test (TSST, Kirschbaum et  al., 1993) can 
be considered a gold-standard in experimental stress induction 
methods (Allen et  al., 2017). It combines key features of stress-
ors with a special emphasis on social-evaluative threat 
(Dickerson & Kemeny, 2004) and has been shown to produce 
responder rates of 70-80% (Kudielka et  al., 2007) in terms of 
cortisol reactivity which can be detected with a large effect 
size (d’ = .925, Goodman et  al., 2017). Moreover, the TSST leads 
to significant increases in salivary alpha-amylase (sAA) activity 
(Nater et  al., 2005; 2006; Rohleder et  al., 2004) which has been 
conceptualized as a marker of activation of the vegetative ner-
vous system (Nater et  al., 2005, 2006; Nater & Rohleder, 2009; 
Rohleder et  al., 2004). With that, the TSST serves for standard-
ized acute stress induction in the laboratory which might be 
applied in the context of diverse stress-related research ques-
tions (e.g., research questions concerning the nature or deter-
minants of the stress response itself or research questions 
concerning stress-induced effects on cognition and emotion 
that may be assessed after TSST exposure).

During the TSST, participants perform a job interview and 
subtraction in front of a panel of researchers that keep a neu-
tral appearance, and do not provide feedback. The TSST 
requires personnel in form of the panel. Moreover, the TSST 
varies across laboratories and participants (i.e., panel mem-
bers vary) so that it is not perfectly standardized. For instance, 
laboratories dispose of a pool of research assistants who are 
trained to take the role of panel members during a TSST at 
different times during the week or at different times during 
the whole period of data collection. Therefore, different par-
ticipants might be confronted with a varying TSST panel. 
Publications by Goodman et  al. (2017) and Labuschagne et  al. 
(2019) suggested that such factors can influence effect sizes 
of cortisol reactivity. Most prominently, the sex of participants 
and panel members was evaluated to be relevant in that 
female only panels have been shown to produce lowest cor-
tisol effects while panels that include the opposite sex of the 
participant seem to be most effective.

To improve resource-intensity and standardization, the 
TSST has been translated to virtual reality (VR) as TSST-VR pre-
viously (e.g., Shiban et  al., 2016). Currently, different versions 
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of TSST-VRs co-exist which differ in their degree of immersiv-
ity: TSST-VRs are conducted in different VRs (Cave Automatic 
Virtual Environments (CAVEs), head-mounted displays (HMDs), 
or screens), and either use virtual avatars or prerecorded vid-
eos of human researchers (for an overview over different 
TSST-VRs, see Helminen et  al., 2019). A meta-analysis clarified 
that overall, the TSST-VR elicits a cortisol response (Helminen 
et  al., 2019), while more immersive TSST-VRs lead to higher 
cortisol reactivity. Still, with medium effect sizes (Helminen 
et  al., 2019), the TSST-VR consistently undercuts in-person 
applications of the TSST which provoke large cortisol effects 
(Goodman et  al., 2017, but see Helminen et  al., 2021). As a 
result, there seems to be a need for a well-immersive version 
of the TSST-VR that may be used by researchers around the 
world. Indeed, the application of various versions of TSST-VRs 
(of which some seem to be less immersive than others) might 
not only impair effect sizes in terms of cortisol reactivity, but 
also conflicts with the purpose of better standardization as 
compared to the in-person TSST. The OpenTSST VR (von 
Dawans et  al., 2022) might counteract this shortcoming since 
it is an openly accessible version of the TSST-VR which might 
be used across different laboratories. During the OpenTSST 
VR, the original protocol of the TSST is highly conserved 
(preparation, speech and math in front of a non-responsive 
panel) but it is realized in VR where virtual avatars form the 
established social-evaluative panel. Indeed, a validation of the 
OpenTSST VR is currently available as a preprint (Linnig et  al., 
2024) which rendered mixed results on stress responsiveness 
(i.e., subjective stress, heart rate and cortisol) towards the 
procedure. Direct comparisons between TSST-VRs and 
in-person applications have only been addressed by few stud-
ies. Zimmer et  al. (2019) exposed participants to the TSST, or 
the placebo-TSST (pTSST, Het et  al., 2009), either in-person, or 
in VR, respectively. They reported comparable cortisol reactiv-
ity between the in-person TSST and the TSST-VR, a finding 
that was not reported by Shiban et  al. (2016). While advan-
tages of the TSST-VR lie in resource-efficiency and standard-
ization, lowered cortisol reactivity and variability across 
laboratories represent targets for improvement.

According to Slater (2009), two illusions unfold in VR: The 
place illusion triggers feelings of being in the VR. The plausi-
bility illusion provokes the impression that events in VR are 
actually happening. While immersion is evaluated by the 
user, it depends on immersivity of the technology providing 
sensorimotor contingencies. That is, valid sensorimotor actions 
are given as events occurring in VR lead to meaningful 
changes in sensory-perceptual experience of the user. Valid 
effective actions imply that operations executed by the user 
causally result in alterations in VR. As a result, Slater (2009) 
emphasized that above-mentioned illusions in VR can be 
considered a perceptual rather than a cognitive phenome-
non. Nevertheless, users can learn how to perceive a sys-
tem’s sensorimotor contingencies to gate processing of virtual 
input. The place illusion might be achieved by means of 
attention or some sort of ‘mental recreation’ in that partici-
pants still know that they reside in VR but in that they just 
behave normally (Slater, 2009). Indeed, normal behavior 
implies movement and exploration of the VR - two aspects 
that contribute to the occurrence of the plausibility illusion 

by rendering subtle but meaningful correlations between 
internal, proprioceptive and external, VR-generated sensa-
tions (Slater, 2009; Slater et  al., 1995). Several studies tried 
to manipulate the level of immersion in VR. For instance, 
Melo et  al. (2016) let participants watch 360° videos as pre-
sented via an HMD for different time intervals. Interestingly, 
even though this procedure did not involve any movement, 
presence ratings as assessed by means of the Igroup 
Presence Questionnaire (IPQ, Schubert, 2003) increased with 
time for men while they decreased for women. This effect 
was not replicated by Lachlan and Krcmar (2011). The impor-
tance of movement in VR was finally emphasized by Usoh 
et  al. (1999) and Slater et  al. (1995) who showed that partic-
ipants indicated place illusions to be stronger when they 
actually used their body to walk around or move in VR com-
pared to conditions in which they manipulated a device 
(e.g., pressed a button) in order to move forward. This result 
was confirmed from another perspective in that the vivid-
ness of movement imagery was positively correlated with 
self-reported feelings of presence in VR as assessed by 
means of the IPQ (Ferrara et  al., 2021).

Taken together, more immersive versions of the TSST-VR 
trigger higher cortisol reactivity (Helminen et  al., 2019). 
Exposure to, and interaction with VR leads to increased per-
ceived immersion through enhanced processing of virtual 
input (Slater, 2009). This may result in increased stress reactiv-
ity toward the TSST-VR. We hypothesized prior sensorimotor 
interaction with the VR leads to enhanced stress reactivity 
toward the OpenTSST VR.

Methods

Sample

Our final sample comprised N = 58 (25 women) healthy partici-
pants, since an a priori sample size calculation in G*Power (Faul 
et  al., 2007) recommended a minimal sample size of N = 40 par-
ticipants. In particular, for a repeated measures one-way analysis 
of variance (ANOVA) assuming within-between interactions, we 
entered the following parameters: effect size f = 0.325 (Helminen 
et  al., 2019), power = 0.95, α = 0.05, correlation between repeated 
measures = 0.3, non-sphericity correction = 1.

Inclusion and exclusion criteria were defined a priori. 
Participants were eligible being aged 18-35 years, normally 
weighted (body mass index (BMI): 18-27 kg/m2), right-handed, 
and fluent in German language. Mental, neurological, or 
physical disorders, regular medication (all kinds of medica-
tions that were taken on a regular basis, especially such that 
are shown to affect sympathetic nervous system and 
hypothalamus-pituitary-adrenal axis (HPA) reactivity), acute 
psychosocial strain, smoking, or intake of other drugs were 
considered exclusion criteria while moderate regular alcohol 
consumption was accepted. Participants must not have 
completed a study on psychosocial stress before and psy-
chology students must not be more advanced than the 
third semester. Women were required to take hormonal con-
traceptives. This criterion was chosen from a logistical per-
spective. First, the university course framing the current 
study was limited in time so that we aimed at facilitating 



Stress 3

participant recruitment. That is, women of younger age 
(which were expected to dominate our target student pop-
ulation) take hormonal contraceptives frequently. Second, 
we aimed to avoid the logistical effort of aligning testing 
sessions with specific menstrual cycle phases as it is typi-
cally done with naturally cycling women. We still ensured 
that women were not tested during the pill off-phase. For 
the two to four weeks preceding the experiment, partici-
pants should not engage in activities that have been shown 
to disrupt basal cortisol reactivity. That is, participants must 
not donate blood (Hoogerwerf et  al., 2015), travel with time 
shift (Doane et  al., 2010), work in night shifts (Grosser et  al., 
2022), and report viral infections or colds (Rezai et  al., 2022), 
vaccinations (Phillips et  al., 2005), or extremely stressful sit-
uations (Kudielka et  al., 2009). With respect to the VR, we 
aimed for naïve participants so that regular use of VR 
devices represented an exclusion criterion just as motion 
sickness or dizziness/nausea. Normal vision or corrected 
vision (but only with contact lenses) was acceptable for the 
HMD. Regular exposure to video games/gaming was assessed 
but did not constitute an exclusion criterion. We decided so 
since the inclusion of respective individuals would have pro-
vided the opportunity for explorative analyses to test 
whether regular exposure to video games may have func-
tioned in the same sense as our game-manipulation was 
supposed to do. That is, gamers that should be habituated 
to game-related input might be primed to better process 
such kind of input and show better responsivity toward it 
– an effect that might have expanded to the VR. However, 
since our final sample did not contain a noteworthy propor-
tion of gamers, we did not realize this analysis ultimately.

Data collection took place between 02/2023 and 04/2023 at 
research facilities of the Ruhr University Bochum, Germany. 
Data collection was realized in the context of a university 
course of the third and fourth B.Sc. psychology semester. 
During that course, students accompany a study from concep-
tualization to completion which also involves that students 
help with data collection in taking the role of experimenters. 
Indeed, the current study was specifically designed for this uni-
versity course. The objective was to provide the students an 
interesting procedure with a relatively easy design. Indeed, vir-
tual reality is a technology that younger generations show 
increased interest in. We hoped that this effect would also arise 
during recruitment so that individuals might be interested to 
participate in a study using VR. Moreover, the strength that the 
TSST-VR does not require a real panel was considered a further 
advantage facilitating the scheduling of testing sessions for 
enrolled students. As a result, students (in total: N = 14) primar-
ily engaged in recruitment and testing of participants in the 
current study. In addition, since the same university course is 
realized at different departments of the Faculty of Psychology, 
it is considered that students themselves also participate in the 
studies of parallel courses. Therefore, recruitment of the current 
study was focused on fellow psychology students. Of note, it 
was not recorded whether experimenters and participants 
actually knew each other in the various pairings.

This study was approved by the local ethic committee 
of the Ruhr University Bochum, Germany and conducted 
in accordance with the Declaration of Helsinki. In the 

interest of open and reproducible science, experimental 
design and data analysis of the current study were pre-
registered in a project at the Open Science Framework 
(OSF) under the link https://osf.io/9cjqk. Raw data and 
final analysis scripts can also be retrieved from this OSF 
using the link https://osf.io/yhg8s.

Experimental design

The experimental design (see Figure 1) involved data collection 
taking place in the afternoon so that testing sessions started 
between 12:40 pm and 6:00 pm. Prior to the testing session, par-
ticipants received written information about the procedure and 
background of the current study. That is, participants were aware 
that during the experiment, they would be exposed to a VR and 
that they would perform a short game as well as a further con-
dition which might be moderately stressful or not stressful. 
Participants did not know to which of the conditions they were 
allocated so that all participants received the same information. 
Concerning the stressful condition, it was conveyed that the situ-
ation might be well faced during everyday life so that there was 
no reason for excitement or tension.

Having given informed consent, participants provided a first 
measure of stress and affect parameters (see sections “Saliva 
samples” and “Questionnaires” for further details). Subsequently, 
participants engaged in the sensorimotor game, either in real 
life (RL) or in VR, followed by a second assessment of stress 
and affect parameters. Notably, the duration of the game also 
served as an acclimatization period prior to stress induction. 
Then, participants were exposed to the OpenTSST VR in form 
of the TSST-VR or its inbuilt control condition, a placebo ver-
sion of the TSST-VR (pTSST-VR). Afterwards, participants gave 
stress and affect measures for the third time and completed 
the Igroup Presence Questionnaire (IPQ) evaluating their expe-
rience in the TSST-VR or the pTSST-VR. Importantly, the IPQ was 
not given after the game-manipulation since only one half of 
participants completed the game in VR whereas the other half 
played the game in RL. As a result, only half of our sample size 
(i.e., participants having engaged in the VR-game) would have 
been applicable for completion of the IPQ after the 
game-manipulation. Moreover, we aimed at minimizing the 
delay between the game-manipulation and the subsequent 
exposure toward the (p)TSST-VR in order to preserve effects 
that may have been temporary. Indeed, a break between the 
game-manipulation and the subsequent exposure toward the 
(p)TSST-VR was already given by another assessment of stress 
and affect measures as mentioned above. In the following, par-
ticipants underwent two waiting periods during which they 
engaged in mandala painting or sudoku. Waiting periods 
served for assessing later cortisol responses such as cortisol 
recovery with stress and affect measures four (after the first 
waiting period) and five (after the second waiting period), 
respectively. Finally, participants were debriefed and reimbursed.

Virtual environment

In the current study, the virtual environment was shown via an 
HMD by VIVE (i.e., VIVE Pro 2, HTC Corporation, Taoyuan City 

https://osf.io/9cjqk/?view_only=f8e34ea88c18452ebc74557ee9b5b318
https://osf.io/yhg8s/?view_only=e7c4ea7a01e64609a8b1caaa87fcb72c


4 L. S. PFEIFER ET AL.

330, Taiwan) also disposing of inbuilt headphones. Moreover, 
for the VR version of the sensorimotor game, participants were 
equipped with controllers for their hands, also by VIVE. 
Importantly, experimenters assisted participants in putting on 
the HMD and in adjusting it to individual requirements (e.g., 
size of head, sharp vision). Likewise, experimenters helped to 
set down the HMD after completion of the TSST-VR or pTSST-VR. 
Of note, for participants who underwent the game in VR, there 
was no need to set down the HMD between the game and 
the TSST-VR or pTSST-VR. Instead, the second assessment of 
stress and affect measures was completed wearing the HMD in 
that experimenters placed the Salivette in the mouth of partic-
ipants with gloves and read out the self-report measures while 
documenting the participants’ responses. During the whole 
time spend in VR, participants were standing as this was 
required by the VR-game as well as by the TSST-VR or pTSST-VR. 
During the TSST-VR or pTSST-VR, we placed a real microphone 
in front of the participants.

Sensorimotor game

We manipulated experienced immersion using a two-group 
manipulation prior to stress induction. Participants were 
asked to play a sensorimotor game either in VR or in RL. For 
the VR-condition (VR-game), we used a mini-game included 

in Eleven Table Tennis (from ©ElevenTable Tennis, By For Fun 
Labs, Inc., Austin, Texas), which we acquired at Steam (Valve 
Corporation, Bellevue, WA). The chosen mini-game was called 
Beer Pong and was experienced from a first-person perspec-
tive. That is, participants stood in a virtual living room in 
front of a virtual table tennis table with ten virtual plastics 
cups on it. Virtual plastic cups were arranged in a pyramid 
form at the end of a virtual table tennis table. Furthermore, 
participants saw their hands as represented by the controllers 
which moved whenever participants moved in reality by 
engaging in the task. The game involved throwing a virtual 
ball into one of the ten virtual cups. The ball was continu-
ously shown in VR so that participants could also follow its 
trajectory as thrown to the cups. Per round, players had 1 min 
to throw as many balls as they needed to strike all cups. 
Importantly, participants did not have to pick up the ball, but 
it always reappeared in their hands after each throw. For the 
RL-condition (RL-game), the set-up mimicked the one from 
the VR-game, though participants threw real table tennis balls 
into real plastic cups, which were half-filled with water to 
remain stable on a regular table. When all balls were thrown, 
participants recollected them and threw again. Both groups 
played the game for the duration of 10 min. For a screenshot 
of the VR-game and a photo of the RL-setup, see Figure 1.

We opted for this VR-game since it seemed to capture the 
features exposed to be relevant for creating the place and 

Figure 1.  Overview over the experimental design of the current study.
Note. Stress measures covered saliva samples as well as self-report measures of stress and affect. Saliva samples were taken in form of Salivettes® (Sarstedt, Nümbrecht, Germany) and 
were analyzed for salivary cortisol concentrations and salivary alpha-amylase (sAA) activity. Subjective measures comprised the Positive and Negative Affect Schedule (PANAS) and a verbal 
analogue scale (VAS). For the VAS, participants were instructed to rate the stressfulness of the previous situation on a scale from 0 to 100. Timepoints of the stress and affect measures 
are given relative to stressor onset (i.e., onset of TSST-VR or pTSST-VR). On the bottom, there are screenshots/photos of the VR-game (VR = virtual reality), the RL-game (RL = real life), the 
TSST-VR, and the pTSST-VR, respectively. The VR-game was screenshotted from ©ElevenTable Tennis, By For Fun Labs, Inc., Austin, Texas. The Igroup Presence Questionnaire (IPQ) was 
given in parallel to our third assessment of stress and affect measures to capture perceived immersion of participants during the TSST-VR or pTSST-VR. Created with BioRender.com.
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the plausibility illusion in VR according to Slater (2009). That 
is, the VR-game required movement (i.e., grasping and throw-
ing) of participants. On the one hand, movement was shown 
to contribute to increased reports of place illusion (Slater, 
2009). On the other hand, we deemed the VR-game to cover 
valid effective actions in that there was a direct cause-effect 
relationship between throwing the virtual ball, hitting a vir-
tual plastic cup and seeing the virtual cup disappear after 
being hit. As a result, we considered the chosen VR-game 
appropriate for increasing our participants’ immersion into 
the VR. Moreover, we were in search of a VR-game that was 
equally well applicable in a real-world setting. Indeed, this 
aspect was also given with the current VR-game.

Stress induction: OpenTSST VR

For stress induction in VR, we applied the OpenTSST VR (von 
Dawans et al., 2022, http://www.uni-trier.de/index.php?id=88863), 
an openly accessible tool that is currently being validated (see 
preprint by Linnig et  al., 2024). The OpenTSST VR can be down-
loaded autonomously or provided by Trier University via per-
sonal communication. The OpenTSST VR provides a virtual 
environment as generated with Steam VR as well as a graphical 
user interface (GUI) which allows to control over the protocol of 
the OpenTSST VR as well as the activation of virtual avatars 
during execution. The OpenTSST VR may be easily installed by 
unzipping the folders and copying them to a desired directory 
on a client PC. This client PC needs to be connected with an 
HMD device which is then inputted by the PC to setup the VR. 
In the current study, the OpenTSST VR was realized in a labora-
tory room which was slightly larger sized in order to provide 
enough space to allow for movement in the VR.

In the OpenTSST VR, the original TSST procedure is highly 
conserved. That is, after a preparation period of 5 min, partic-
ipants apply for their dream job in front of a VR-animated 
panel for 5 min. Thereafter, participants have to serially sub-
tract the number 13, starting at 2023, also for 5 min. Overall, 
the OpenTSST VR takes about 15 min. Importantly, instruc-
tions during the OpenTSST VR are given in written form (i.e., 
are depicted in the visual field in VR) and are also read out 
aloud to the participant via headphones.

Similar to the TSST as originally introduced by Kirschbaum 
et  al. (1993), the VR-animated panel consists of three entities. 
That is, one female and two male researchers in white lab 
coats. During the preparation phase, the panel is still absent 
but suddenly appears with the start of the job interview. The 
panel is positioned at a table in a neutral room that resem-
bles a common laboratory testing environment and that is 
animated in a 360° angle. Behind the panel, there is a 
video-camera creating the impression that the scenario is 
video-taped. Likewise, a microphone is placed right in front 
of the participant pretending that the tasks are audio-recorded. 
Importantly, in the current study, we further placed a real 
microphone in front of the participants. During the tasks, 
panel members are animated to occasionally make use of 
pen and paper in front of them, pretending they are taking 
notes. For the speech part, it is possible to further activate 
the avatars to voice statements such as “You still have time. 
Please continue.” or “What are your strengths?”. For the serial 

subtraction, avatars can be activated to express that partici-
pants made a mistake and must restart at 2023 (i.e., “That 
was wrong. Please start over at 2023.”).

In the current study, the start of the OpenTSST VR as well 
as the activation of the panel members during the TSST was 
executed by a neutral experimenter. This was done via the 
GUI of the OpenTSST VR which allows to choose from various 
statements the avatars may voice. All experimenters were 
carefully trained to activate the virtual avatars whenever par-
ticipants began to hesitate during the speech part and when-
ever participants made a mistake during the math part. 
Indeed, a comprehensive list of statements the virtual avatars 
are able to voice through the experimenter’s activation can 
be found in the user’s guide of the OpenTSST VR (https://
www.uni-trier.de/fileadmin/fb1/prof/PSB/TKP/TSST-VR/Open_
TSST_VR_User_s_Guide_20221123.pdf). We specified no fixed 
number of activations that must have been voiced. Indeed, 
we considered the activation of avatars as a tool that serves 
to provide individuality (thereby potentially diminishing stan-
dardization) and interactivity - two criteria that we deemed to 
be captured only without strict activation targets.

During exposure to the OpenTSST VR, the experimenter 
was sitting behind a curtain (approximately 1 m away from 
the participants) and kept silent while participants were 
instructed to follow requests made by the virtual panel. 
Importantly, the experimenter executed actions in the VR via 
a silent mouse to prevent the participants’ awareness that the 
experimenter was actually controlling the avatars. For further 
details on the OpenTSST VR, please check out the official 
users’ guide on the homepage (http://www.uni-trier.de/index.
php?id=88863).

As a control condition, participants were exposed to the 
inbuilt placebo-version offered by the OpenTSST VR which is 
a VR-adaptation of the established pTSST (Het et  al., 2009). 
Here, after a 5 min preparation period, participants are allowed 
to speak about their preferred topic for 5 min. Then, partici-
pants are instructed to count upwards from “0” in steps of 
“15”. Both tasks are performed in the same virtual environ-
ment (i.e., the testing room) in front of an empty table while 
the panel is absent. Importantly, the microphone was still 
present during the pTSST-VR while the camera was not there.

Of note, we struggled with technical difficulties during test-
ing sessions of N = 18 participants. In detail, these technical dif-
ficulties involved the curiosity that the VR-environment was no 
longer properly aligned within the real world. For instance, 
when starting the TSST-VR or pTSST-VR, participants found 
themselves standing in the floor whereas the table with the 
virtual panel was at the height of their chest. Indeed, these 
technical difficulties were solved by means of a recalibration of 
the virtual environment. This sometimes involved a delay of 
several minutes as well as participants to set down the HMD. 
Moreover, even though recalibration was required only once 
per every of those N = 18 participants, exact timepoints differed 
unsystematically across participants. Importantly, we repeated 
all analyses in a subsample of participants without technical 
difficulties (see Tabel S10-S13 and Figure S2 in the 
“Supplementary Material” for results on these analyses). Indeed, 
in this subsample, findings did not deviate from the pattern of 
results that was observed in the whole sample.

http://www.uni-trier.de/index.php?id=88863
https://www.uni-trier.de/fileadmin/fb1/prof/PSB/TKP/TSST-VR/Open_TSST_VR_User_s_Guide_20221123.pdf
https://www.uni-trier.de/fileadmin/fb1/prof/PSB/TKP/TSST-VR/Open_TSST_VR_User_s_Guide_20221123.pdf
https://www.uni-trier.de/fileadmin/fb1/prof/PSB/TKP/TSST-VR/Open_TSST_VR_User_s_Guide_20221123.pdf
http://www.uni-trier.de/index.php?id=88863
http://www.uni-trier.de/index.php?id=88863
https://doi.org/10.1080/10253890.2024.2361237
https://doi.org/10.1080/10253890.2024.2361237
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Saliva samples

We collected salivary cortisol levels and sAA activity by means 
of Salivettes® (Sarstedt, Nümbrecht, Germany) at different 
timepoints of the experiment (T1: −30 min, T2: −10 min, T3: 
+20 min, T4: +30 min, T5: +45 min, all times relative to stressor 
onset, Figure 1). We did not preregister the collection and 
analysis of sAA but evaluated it in order to obtain a more 
thorough view of physiological stress responses, including a 
measure of sympathetic activity. Salivettes were stored at 
−20 °C until data collection was completed. Subsequent anal-
ysis took place at the joint laboratory of the Genetic 
Psychology and the Cognitive Psychology departments of the 
Ruhr University Bochum. Cortisol was analyzed using com-
mercially available enzyme-linked immunosorbent assays 
(ELISA; Demeditec, Kiel, Germany) while sAA activity was 
quantified as described elsewhere (Lorentz et  al., 1999). All 
samples were analyzed in duplicates.

Analysis in duplicates was not possible for N = 2 samples 
so that we relied on single determination in these cases. N = 3 
samples did not provide enough content for a valid analysis 
so that these values are missing. In total, we were able to 
include data of N = 287 saliva samples. Intra-assay coefficients 
of variations (CVs) were below 6.5% (cortisol) and 6% (sAA) 
and inter-assay CVs below 7% (cortisol) and 8% (sAA).

Questionnaires

In parallel to the acquisition of objective stress measures (i.e., 
saliva samples), we asked participants to respond to all items 
of the Positive and Negative Affect Scale (PANAS, German 
version: Krohne et  al., 1996), which aims to assess 
subjective-emotional affect (divided for positive affect and 
negative affect) in a specific moment. In its German version, 
the PANAS was shown to reach Cronbach’s alpha of .86 for 
both the positive and the negative affect scale (Breyer & 
Bluemke, 2016). Of note, we only analyzed the negative affect 
scale of the PANAS for the current publication since we con-
sidered the positive affect less important in the context of an 
acute stress induction. Additionally, we asked participants to 
respond to the question “How stressed were you feeling since 
the last time you responded to this question?”/“- the start of 
the experiment?” on a verbal analogue scale (VAS) ranging 
from 0 to 100. Both subjective measures were acquired ver-
bally during saliva collection. At the start of the experiment, 
participants were presented with the instructions for the 
PANAS and the VAS and were asked to familiarize themselves 
with all items. We applied responses verbally since across the 
experiment, participants were partly wearing the HMD while 
assessing stress parameters.

After exposure to the TSST-VR or pTSST-VR and the third 
assessment of stress and affect measures (at +20 min), partic-
ipants additionally completed the Igroup Presence 
Questionnaire (IPQ, German version: Schubert, 2003). Using 
14 items, the IPQ measures the subjective sense of spatial 
presence, involvement, experienced realism and sense of being 
there after exposure to a virtual environment. In two indepen-
dent German samples (study 1: N = 264, study 2: N = 296), the 
IPQ was confirmed to feature good validity and internal 

consistency (Regenbrecht & Schubert, 2002). For instance, 
Cronbach’s alpha was reported to range between α = .85 
(study 1) and α = .87 (study 2) for the whole 14-item ques-
tionnaire. The different subscales showed Cronbach’s alpha as 
following: spatial presence: α = .80 (study 1) and α = .77 (study 
2), involvement: α = .76 (study 1 and 2), experienced realism: 
α = .68 (study 1) and α = .70 (study 2). We expected the IPQ 
to reflect the game-manipulation of our study especially for 
the presence subscale. Indeed, several studies (e.g., Ferrara 
et  al., 2021; Melo et  al., 2016) found effects in the presence 
scale of the IPQ after movement interventions in VR. Indeed, 
we hypothesized this increased presence or increased immer-
sion to transfer to the following (p)TSST-VR.

Data preparation

We prepared and summarized acquired data using Python (ver-
sion 3.11.4) implemented in Spyder (version 5.4.2). All analyses 
were conducted using R (version 4.2.2) implemented in RStudio 
(RStudio Team, 2021). For analyses and plotting, we used the 
following R-packages: psych (Revelle, 2023), dplyr (Wickham 
et al., 2022), tidyr (Wickham & Girlich, 2022), rstatix (Kassambara, 
2022b), ggplot2 (Wickham, 2016), ggpubr (Kassambara, 2022a), 
effectsize (Ben-Shachar et  al., 2020), ARTool (Elkin et  al., 2021), 
multcomp (Hothorn et  al., 2008), rcompanion (Mangiafico, 
2023), and DescTools (Andri et  al., 2022).

Statistical analysis

Prior to statistical analysis, we checked the normality distribu-
tion of data by means of visual inspection of QQ-plots and by 
means of Shapiro-Wilk tests (of note, we deviated from our 
preregistration in omitting an outlier exclusion since this was 
suggested by a reviewer). When normality was violated, for 
(unaggregated) physiological stress measures (i.e., cortisol or 
sAA), we applied transformation by means of the natural log-
arithm and used parametric one-way analysis of variance 
(ANOVA) subsequently. When normality was violated for sub-
jective measures (i.e., PANAS, VAS, IPQ) as well as for aggre-
gated stress and affect measures (see below), we used 
non-parametric aligned rank transform (ART)-ANOVA. In both 
cases, we used Type II SSs and accounted for main effects as 
well as for two-way and three-way interactions. We checked 
for differences between our experimental groups in terms of 
demographic sample characteristics using ANOVA or Pearson’s 
Chi-squared tests for categorial variables. For all analyses, we 
used the standard significance level of 0.05. and corrected for 
multiple comparisons with Holm-correction. Pairwise post-hoc 
tests were performed for significant main and interaction 
effects either using parametric t-tests or non-parametric 
post-hoc tests of the ART-package, again using Holm-correction. 
Effect sizes are given as partial eta squared (ηp

2).
For our hypotheses-driven analyses, we set up 2 

(game-condition) x 2 (TSST-condition) x 5 (time) ANOVA 
which were run for all our dependent stress and affect mea-
sures separately (i.e., negative affect as given by the PANAS, 
self-reported stressfulness as given by the VAS, cortisol levels, 
and sAA activity). In contrast, the factor time was omitted for 
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the IPQ since this questionnaire was only given once as well 
as for analyses of repeated stress and affect measures in 
terms of aggregated indices. That is, all repeated stress and 
affect measures were additionally analyzed using the (1) 
area-under-the-curve with respect to increase (AUCi; Pruessner 
et  al., 2003) as well as using (2) min-max differences (Miller 
et  al., 2018). Importantly, for all dependent variables, these 
indices, (AUCi and min-max differences) were calculated using 
raw, untransformed data.

1.	 The AUCi reflects changes across time and indicates 
sensitivity of the system being studied. For AUCi mea-
sures, we included timepoints T2-T5 (T2: -10 min, T3: 
+20 min, T4: +30 min, T5: +45 min). This was done 
since timepoint T1 (at -30 min) was originally added to 
enable evaluations of whether the game-manipulation 
was stressful (i.e., by comparing T1 and T2). However, 
T2 was considered the proper baseline for analyses 
concerning stress reactivity, which is not confounded 
by the effect of the game-manipulation and anticipa-
tory stress. We calculated AUCi measures based on the 
AUC with respect to ground (AUCg). That is, for each 
dependent variable, the AUCi was calculated in sub-
tracting the product of the raw value of the depen-
dent variable at the first timepoint (T2, -10 min.) and 
the added temporal distance between all timepoints 
(T2-T5) from the AUCg measures of the respective 
dependent variable.

2.	 Min-max differences acknowledge the fact that corti-
sol reactivity might be better captured by means of 
cortisol concentrations as observed after stressor 
onset compared to indexing a single baseline as it is 
done during AUCi analyses. Therefore, in addition to 
the AUCi, we identified the raw individual minimal 
cortisol concentration and the raw maximal cortisol 
concentration across the timepoints T2-T5 for each 
participant. Indeed, in the publication by Miller et  al. 
(2018), min-max differences were created using indi-
vidual minimal and maximal cortisol concentrations 
from timepoint “0” on. Since in our study, there was 
no assessment directly at stressor onset, we included 
T2 to approximate some sort of timepoint” 0”, also in 
line with our AUCi approach. To form min-max differ-
ences, we then subtracted the raw individual minimal 
concentration from the raw maximal cortisol concen-
trations to create min-max differences.

Deviating from our preregistration, we also applied 
sex-dependent analyses for cortisol data. We did so since 
women have been shown to respond less strongly than men 
in terms of cortisol in stress induction protocols (see Liu 
et  al., 2017 for the in-person TSST, and Helminen et  al., 2019 
and Santl et  al., 2019 for the TSST-VR). Noteworthy, hor-
monal contraceptives can explain a substantial amount of 
lowered cortisol reactivity towards experimental stressors in 
women (Liu et  al., 2017). This is of relevance since we tested 
women taking oral contraceptives in the current study. 
Concerning our analyses, we realized sex-specific analyses 
by adding sex as a factor to our repeated measures ANOVA 

so that it included both group-manipulations (game-condition 
and TSST-condition), sex and time as predictors for cortisol 
as our dependent variable. Results on this analysis can be 
found in the “Supplementary Material” (Table S9 and 
Figure S1).

Results

Sample

Our final sample comprised N = 58 participants. Demographic 
characteristics of the final sample can be found in Table 1. 
The groups were statistically equal concerning sex, age, BMI, 
overall gaming activity, regular gaming hours, and highest 
educational degree (all p > 0.05).

Immersion

No subscale of the IPQ revealed a significant effect of group 
affiliation, namely neither a main effect of game-condition, 
nor a main effect of TSST-condition (all pHolm > 0.05). In line 
with that, we did not find an interaction effect between 
game- and TSST-condition for any of the IPQ subscales (all 
pHolm > 0.05).

Subjective stress

Subjective stress is illustrated in Figure 2, panel A and B. 
Exhaustive statistical parameters can be found in detail in the 
“Supplementary Material”.

Negative affect
We found a significant main effect of TSST-condition (F(1, 53.954) 
= 19.198, pHolm < 0.001, ηp

2 = 0.262) in that negative affect 
was significantly higher during the TSST-VR compared to the 
pTSST-VR across timepoints. The main effect of game-condition 
did not reach statistical significance (pHolm > 0.999, see Table 
S1). However, there was a significant main effect of time (F(4, 

208.718) = 45.148, pHolm < 0.001, ηp
2 = 0.464) as well as a signif-

icant interaction effect of time and TSST-condition (F(4, 208.853) 
= 12.572, pHolm < 0.001, ηp

2 = 0.194) whereas other interac-
tions did not reach statistical significance (all pHolm > 0.05, see 
Table S1). For the main effect of time, pairwise post-hoc com-
parisons revealed significant differences in negative affect 
across the TSST-conditions between various points in time 
(see Table S2). In line with that, pairwise post-hoc compari-
sons that concerned the interaction of time and TSST-condition 
indicated significant differences between several timepoints 
within the TSST-VR and the pTSST-VR (see Table S3). Likewise, 
several timepoints differed between TSST-VR and pTSST-VR 
(see Table S3). However, concerning the same point in time, 
significant differences between the TSST-VR and the pTSST-VR 
were only found at +20 min (pHolm < 0.01) but at no other 
point in time (all pHolm > 0.05). In detail, negative affect was 
significantly higher in the TSST-VR-group compared to the 
pTSST-VR at +20 min. Additional analyses of aggregated mea-
sures (AUCi and min-max differences) extended these results 
in revealing a main effect of TSST-condition (AUCi: F(1, 54) = 

https://doi.org/10.1080/10253890.2024.2361237
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11.71, pHolm < 0.01, ηp
2 = 0.18, min-max differences: F(1, 48) = 

12.976, pHolm < 0.01, ηp
2 = 0.213) as negative affect was sig-

nificantly higher during the TSST-VR compared to the pTSST-VR 
(AUCi: pHolm < 0.01, min-max differences: pHolm < 0.001).

Visual analogue scale
Analysis of VAS-ratings revealed a significant main effect of 
time (F(4, 208.769) = 69.273, pHolm < 0.001, ηp

2 = 0.570) as well as 
significant interaction effect of time and TSST-condition (F(4, 

208.844) = 10.338, pHolm < 0.001, ηp
2 = 0.165). However (see Table 

S4), there was no significant main effect of TSST-condition 
(pHolm= 0.087) and no significant main effect of game-condition 
(pHolm > 0.999). Concerning the main effect of time, pairwise 
post-hoc comparisons revealed significant differences in VAS 
ratings between several points in time across the TSST-VR and 
the pTSST-VR (see Table S5). This was again confirmed by 
pairwise post-hoc comparisons unraveling the interaction in 
that time-dependent effects were found within the different 
groups of the TSST-condition (see Table S6). Likewise, TSST-VR 
and pTSST-VR differed from each other at various points in 
time (see Table S6), but a significant difference between the 
TSST-conditions was not found at one and the same point in 
time (all pHolm > 0.05). Analyses of aggregated measures (AUCi 
and mix-max differences) further confirmed the main effect of 
TSST-condition (AUCi: F(1, 54) = 12.41, pHolm < 0.01, ηp

2 = 0.19, 
min-max differences: F(1, 48) = 17.578, pHolm < 0.01, ηp

2 = 0.268) 
in that self-reported stressfulness was significantly higher 
during the TSST-VR than during the pTSST-VR (AUCi: pHolm < 
0.001, min-max differences: pHolm < 0.001).

Physiological stress

Physiological stress parameters are illustrated in Figure 2, 
panel C and D. Exhaustive statistical parameters can be found 
in detail in the “Supplementary Material”.

Cortisol
Comparing cortisol levels between groups over time resulted 
in a significant main effect of time (F(1.8, 93.50) = 4.378, pHolm < 
0.05, ηp

2 = 0.078), but neither in a significant main effect of 

game-condition (pHolm > 0.999), nor in a significant main 
effect of TSST-condition (pHolm = 0.964, see Table S7). 
Furthermore, we did not observe any significant interaction 
effects for cortisol (all pHolm > 0.05, see Table S7). Concerning 
the main effect of time, pairwise post-hoc comparisons did 
not survive corrections for multiple comparisons so that there 
was no difference in cortisol levels between any of the points 
in time (all pHolm > 0.05). Concerning analyses of aggregated 
indices, AUCi and min-max differences rendered deviating 
results. AUCi of cortisol was significantly higher and positive 
in the TSST-VR compared to a negative AUCi of cortisol in the 
pTSST-VR (pHolm < 0.01). In the omnibus-model, this was indi-
cated by a main effect of TSST-condition (F(1, 48) = 7.26, pHolm 
< 0.05, ηp

2 = 0.13). In contrast, min-max differences did not 
render any statistically significant main or interaction effect 
(all pHolm > 0.05).

Alpha-amylase
For sAA, none of the tested main or interaction effects 
reached statistical significance (all pHolm > 0.05, see Table S8). 
Analyses of aggregated measures (AUCi and min-max differ-
ences) confirmed this pattern of null-findings (all pHolm > 0.05).

Discussion

We investigated whether stress reactivity towards the 
OpenTSST VR (von Dawans et  al., 2022) can be increased by 
prior exposure to a sensorimotor game in VR. In our sample, 
subjective measures (i.e., negative affect as assessed by means 
of the PANAS as well as self-reported stressfulness as assessed 
by means of the VAS) increased with exposure to the TSST-VR. 
In contrast, physiological measures (i.e., cortisol and sAA) did 
not respond well to the TSST-VR. This pattern did not differ 
between participants having played a sensorimotor game in 
VR and participants having completed a game in RL. Likewise, 
self-reported immersion was not affected by the gaming- 
manipulation.

Results of higher negative affect and self-reported stress-
fulness in the TSST-VR-group compared to the pTSST-VR-
group were in line with our expectations: In accordance 
with existing literature, data confirm the OpenTSST VR to 

Table 1.  Demographic sample characteristics and descriptive aggregated stress and affect measures.

TSST-VR pTSST-VR total

VR-game RL-game VR-game RL-game

N (male:female) 15 (9:6) 15 (7:8) 14 (10:4) 14 (7:7) 58 (33:25)
Age (years) 22.400 (2.667) 21.200 (2.651) 22.286 (3.338) 21.714 (1.939) 21.897 (2.667)
BMI (kg/m²) 22.476 (1.819) 22.371 (2.483) 23.284 (2.088) 23.400 (3.160) 22.867 (2.412)
Video-game consumption (yes:no) 5:10 5:10 8:6 5:9 22:35
AUCi Negative affect (PANAS) 15.233 (16.356) 11.183 (11.993) 2.732 (8.733) 1.875 (9.560) 7.944 (13.105)
Min-max Negative affect (PANAS) 1.027 (0.596) 0.947 (0.782) 0.536 (0.438) 0.436 (0.553) 0.745 (0.645)
AUCi Self-reported stressfulness (VAS) 705.833 (674.45) 686.000 (510.94) 12.857 (487.94) 337.857 (552.18) 444.61 (617.71)
Min-max Self-reported stressfulness 

(VAS)
55.000 (22.162) 52.800 (25.109) 33.286 (23.627) 29.643 (20.875) 43.069 (25.146)

AUCi Cortisol 35.712 (106.986) 11.268 (55.365) −34.398 (48.373) −16.592 (59.955) −0.068 (75.642)
Min-max Cortisol 2.436 (2.855) 1.550 (1.609) 2.249 (1.471) 2.006 (1.366) 2.058 (1.916)
AUCi sAA −158.82 (3625.0) 2999.01 (7266.9) −266.63 (4353.1) −888.48 (4792.5) 492.61 (5324.3)
Min-max sAA 124.79 (102.49) 195.92 (319.19) 111.08 (113.55) 143.50 (136.41) 144.39 (189.37)

Note. N (male:female) and mean (standard deviation) for demographic sample characteristics as well as for aggregated stress and affect measures (AUCi measures 
and min-max differences) separated for the four experimental groups (1) TSST-VR + VR-game, (2) TSST-VR + RL-game, (3) pTSST-VR + VR-game, and (4) 
pTSST-VR + RL-game, and for the whole sample (total). AUCi measures were calculated according to the formula by Pruessner et  al. (2003) whereas min-max 
differences rely on a publication by Miller et  al. (2018). Importantly, AUCi measures and min-max differences were calculated using raw, non-transformed data.
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successfully induce stress on a subjective dimension (e.g., 
Linnig et  al., 2024; Shiban et  al., 2016; Zimmer et  al., 2019). 
In contrast to our hypothesis, cortisol and sAA did not 
respond well to the OpenTSST VR. Indeed, this pattern of 
results overlaps with a preprint by Linnig et  al. (2024) vali-
dating the OpenTSST VR and its control condition in an 
independent project. Indeed, their data confirm that the 
OpenTSST VR might not trigger cortisol reactivity unambig-
uously. Meta-analytic evidence showed that TSST-VRs gener-
ally trigger cortisol reactivity. While effect sizes vary between 
individual studies, they consistently undercut in-person 
TSSTs with overall effects of medium size. Moreover, 
meta-analyses identified a publication bias toward larger 
effect sizes hinting at unpublished studies with small or no 
effects TSSTs (Helminen et  al., 2019; van Dammen et  al., 
2022; but see Helminen et  al., 2021). Consequently, the 
TSST-VR might not induce cortisol reactivity as reliably as 
the in-person TSST. The current results may be attributed to 
different factors.

Importantly, we included both sexes, and for women, we 
presumed intake of hormonal contraceptives. Following stress 
induction, women seem to respond less strong than men in 
terms of cortisol (in-person TSST: Liu et  al., 2017; TSST-VR: 

Helminen et  al., 2019; Santl et  al., 2019) especially when tak-
ing oral contraceptives (in-person TSST: Liu et  al., 2017; 
TSST-VR: Montero-López et  al., 2018). However, including sex 
as a further factor (see Table S9 and Figure S1 in the 
“Supplementary Material”) did not reveal a sex-specific pat-
tern in additional analyses. Men and women seemed to 
respond comparably low towards the TSST-VR, so that sex 
may not explain dampened cortisol responsivity as reported 
for the whole sample. Moreover, two aspects limit the validity 
of sex-specific analyses. First, sex-specific analyses were under-
powered for the current dataset since we did not plan to 
account for sex. Second, (if existent) sex-specific effects may 
not have been attributed to endocrine factors only (Jentsch 
et  al., 2022).

Concerning cortisol, it is noteworthy that AUCi analyses as 
well as other explorative analyses using an alternative approach 
(no transformation of cortisol data) partly led to significant 
results concerning differences between TSST-VR and pTSST-VR 
over time. This suggests that the OpenTSST-VR might be capa-
ble to induce small cortisol reactivity principally. In our con-
ventional approach, differences between the TSST-VR and the 
pTSST-VR might have not reached statistical significance since 
descriptively and by visual inspection of plotted data, cortisol 

Figure 2. R epeated stress and affect measures.
Note. Depicted are repeated stress and affect measures over the course of the experiment, separate for all four experimental conditions (VR-game + TSST-VR, RL-game + TSST-VR, 
VR-game + pTSST-VR, RL-game + pTSST-VR), including the mean and standard error of the mean at all points in time (T1: -30 min, T2: -10 min, T3: +20 min, T4: +30 min, T5: +45 min relative 
to stressor onset). Duration of the game (either in VR or in RL) is illustrated in green. Duration of the TSST-VR or pTSST-VR is illustrated in violet. Each panel (A-D) is divided for 
game-conditions, with the RL-condition on the left, and the VR-condition on the right. TSST-conditions are illustrated using different colors: red lines illustrate trajectories within the 
TSST-VR-group, whereas blues line reflect dynamics for the pTSST-VR-group. A: negative affect, as assessed by means of the PANAS, B: self-reported stressfulness as given by means of 
the VAS, C: raw (untransformed) cortisol level (nmol/l), D: raw (untransformed) sAA activity (nmol/l).
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appeared to rise in the pTSST-VR group even though AUCi 
measures did not confirm this. Therefore, dynamics in the 
pTSST-VR group as a reference may have led to a certain blur-
ring of effects. Indeed, the pTSST-VR condition might have 
included stressful elements. For instance, speaking in front of 
an empty room may have appeared bizarre and the math part 
might have challenged participants in requiring summation. As 
a result, control conditions other than the pTSST may be 
appropriate for VR. For instance, the friendly TSST (fTSST, 
Wiemers et  al., 2013) contains an interacting panel that does 
not induce stress, but avoids the curiosity of speaking in front 
of an empty table. Additionally, the fTSST omits the math part. 
Another reason for stress reactivity during the fTSST may lie in 
the pure exposure to VR triggering some sort of novelty effect 
for participants being unfamiliar with VR.

Moreover, and unfortunately, baseline measures of corti-
sol and sAA were surprisingly high in the current dataset. 
This concerned the TSST-VR and the pTSST-VR group but 
was even increased in the latter (cf. Figure 2C). Thereby, ini-
tial measures provided an unfavorable baseline for further 
unbiased responses. Baseline values may reflect some sort 
of anticipatory stress. Excitement prior to testing is conceiv-
able for participants as well as for student experimenters 
who engaged in data collection for the first time. To preven-
tion initial stress reactivity, we scheduled testing sessions to 
the afternoon and instructed participants to avoid behaviors 
that could potentially activate stress systems (see “Method” 
section). Moreover, we randomly allocated participants to 
experimental conditions and established a double-blinded 
procedure in which experimenters were informed about a 
participant’s condition shortly before the experiment. Lastly, 
beyond the intended manipulation, the game was consid-
ered an acclimatization period before further exposure. Still, 
our measures may not have sufficed to offset high initial 
levels in cortisol and systematic differences between the 
stress and the control group.

Furthermore, physiological stress parameters were only 
rarely responsive to our gaming manipulation. Initially, we 
assumed that completion of the VR-game may prepare pro-
cessing of and receptivity for virtual input thereby leading to 
increased stress reactivity toward the TSST-VR. Alongside the 
observed null effects, also the IPQ did not reveal increased 
immersion in the group having played the VR-game. 
Interestingly, a recent study could improve neither perceived 
presence, nor stress reactivity increasing similarity between 
the laboratory environment and a TSST-VR (Zimmer et  al., 
2019). For the current data, different factors may come into 
play. First of all, the VR-game may not have sufficed to alter 
perceived immersion in our participants. In fact, the chosen 
VR-game was assumed to enable learning of sensorimotor 
contingencies as elaborated by Slater (2009). Valid effective 
actions were implemented in that participants used their con-
troller to throw virtual balls into virtual cups. As virtual cups 
disappeared when being hit, the VR-game was further sug-
gested to feature valid sensorimotor actions. Of note, Slater 
(2009) also emphasized the importance of movement in VR 
which we deemed to be implemented with the utilized 
VR-game. Still, these aspects may not have been appropri-
ately captured by the VR-game. Furthermore, an exposure of 

10 min may not have sufficed to learn sensorimotor contingen-
cies. However, it is currently unknown which exposure-time 
triggers an immersion-effect. Lachlan and Krcmar (2011) who 
let participants play a video-game for different durations did 
not find effects on self-reported presence while another study 
by Melo et  al. (2016) succeeded that way. Indeed, both pro-
cedures did not involve movement. Thus, it is unclear whether 
exposure to VR affects immersion, how long such an expo-
sure should last and whether movement is moderator in such 
relations. An alternative explanation may consider the fact 
that sensorimotor contingencies noticeably differed between 
the VR-game and the TSST-VR and were not transferable. 
Indeed, participants completed a saliva sample and question-
naires between the VR-game and the TSST-VR. Thereby, par-
ticipants did not set down the HMD, but they saw the 
SteamVR starting screen. Thus, it is conceivable that partici-
pants considered the VR-game and the TSST-VR as separate 
episodes that were not related, neither content-, nor 
modality-wise.

Overall, since manipulation of perceived immersion was 
not successful, one may ask how immersivity of TSST-VRs can 
be further increased assuming that it remains an adjusting 
screw for gathering larger effect sizes. Considering Helminen 
et  al. (2019), it seems noteworthy that in their rationale, the 
current OpenTSST VR might have been evaluated as immer-
sive already. In contrast, non-immersive TSST-VRs concerned 
procedures on 2D-screens. Vice versa, there is currently only 
one avenue to present TSST-VRs even more immersively: 
CAVEs. However, CAVEs are expensive (Creagh, 2003; Ronchi 
et  al., 2019) and thus do conflict with benefits of TSST-VRs, 
namely resource-efficiency and accessibility. Still, more inter-
activity might improve immersivity of the OpenTSST VR. Even 
though not used in the current study, there is an eye-tracking 
option that enables judges to instruct participants to keep 
eye contact. In sum, future studies have to test immersivity as 
an adjusting screw for increased stress reactivity toward 
TSST-VRs and may clarify how immersivity can be enhanced 
targeting the TSST-VR procedure itself or contextual factors. 
As contextual factors, Schote et  al. (2022), for instance, dis-
cussed conscious knowledge of an experimenter being pres-
ent to add an external source of social evaluation. Finally, 
letting participants solve parallel cognitive tasks during expo-
sure to VR might be effective as these could bind cognitive 
resources that might otherwise serve for questioning validity 
of the VR. Still, it is not clear how to realize cognitive tasks in 
parallel to demands of a TSST-VR itself.

The current study faced methodological constraints. As 
mentioned, data were acquired by students taking the posi-
tion of experimenters. Thus, experimenters were less trained 
and probably varied more than normal (all students of the 
course had to engage in data collection) which may have 
impeded standardization. Still, we also see the strengths of 
this approach. On the one hand, the current study also 
served educational purposes. On the other hand, reduced 
standardization may be regarded a further sticking point to 
evaluate the true robustness of a stress induction procedure. 
Standardization may have also been impaired by the fact 
that we did not align the activation of avatars across exper-
imenters. Indeed, there were no fixed rates on how often 
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experimenters should activate avatars to voice further state-
ments so that this option might have been used with a cer-
tain variability. This leads to the question in how far a more 
frequent activation of avatars might have contributed to 
better stress reactivity in terms of physiological stress mea-
sures. Importantly, for the in-person TSST, it has been shown 
that stress reactivity was associated with the strength of the 
social evaluation as expressed by the panel (Vrshek-Schallhorn 
et  al., 2018; Way & Taylor, 2010). Still, as already mentioned, 
we deemed activation of the virtual avatars as a tool pro-
moting individuality and interactivity in that activation was 
utilized in response to the individual participant’s behavior 
over time. Additionally, as mentioned earlier, we faced tech-
nical difficulties requiring recalibration of the VR for some 
participants. This implied a temporal delay and an interrup-
tion of the immersivity-manipulation (i.e., participants had 
to set down the HMD). However, a subsample without tech-
nical difficulties yielded the same results. Last but not least, 
we cannot rule out that the sample size was sufficiently 
large enough in order to disentangle hypothesized relations. 
Of note, our sample size was based on an a priori power 
calculation and we even surpassed the recommended num-
ber of participants. Still, there is an option that the included 
effect size (which was drawn from a meta-analysis) overesti-
mated the true effect.

Conclusion

Adaptations of the TSST to VR open doors to new opportu-
nities for stress research. However, it seems crucial to ensure 
TSST-VRs to trigger stress reactivity comparable to in-person 
applications of the TSST in order to be considered a genu-
ine alternative. Moreover, against the background of various 
co-existing versions of TSST-VRs, research will benefit from 
a unified, openly accessible tool. The OpenTSST VR may sat-
isfy this request but needs further validation and adapta-
tion. As the current study suggests, the OpenTSST VR does 
not robustly lead to physiological stress reactivity, which 
may be partly attributed to inadequacy of the inbuilt con-
trol condition. While manipulation of perceived immersion 
independent of the OpenTSST VR did not lead to increased 
stress reactivity, upcoming work may prioritize optimization 
of the OpenTSST VR itself before targeting contextual vari-
ables. These may cover factors such as prior exposure to 
VR, similarity between VR and the real laboratory, as well as 
presence of experimenters as an external source of 
social-evaluative threat.
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