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In recent years, virtual reality (VR) technology has found its way into nearly all fields of psychology. Previous
studies indicated that virtual reality adaptations of the TSST are less potent in stimulating HPA-axis responses,
with lower salivary cortisol responses recorded as compared to the in-vivo TSST. (TSST-IV). In the present
experiment we tested the stress-induction potential of a refined version of the TSST-VR using a fully orthogonal
experimental design in which ninety-three healthy males were either assigned to the TSST condition or a cor-
responding control condition in a real or virtual environment. We found a significant increase of endocrine,

autonomic and self-reported stress markers in both stress conditions. Notably, we found a robust rise in salivary
cortisol to the TSST-VR comparable to that observed in the TSST-IV. Despite subtle differences in response
between virtual and in vivo settings, we conclude that VR adaptations of in-vivo stressors have the potential to
induce real physiological and subjective reactions.

1. Introduction

Over the last decades a number of highly standardized laboratory
stressors have been developed to induce psychosocial stress in the la-
boratory (e.g. the Socially-Evaluated Cold Pressor Test, SECPT,
(Schwabe et al., 2013); Maastricht Acute Stress Test, MAST, (Smeets
et al., 2012). Among these protocols, the Trier Social Stress Test (TSST;
Kirschbaum et al., 1993) has become widely used in psychobiological
stress research as it has been proven to evoke robust endocrine and
cardiovascular responses in the majority of participants.

The TSST mainly consists of a short mock job interview and a
mental arithmetic in front of an audience of two or three people. It thus
induces the two main factors for robust HPA-axis activation: Social
evaluative-threat and uncontrollability (Dickerson and Kemeny, 2004).
A recent meta-analysis provided evidence that the TSST is quite robust
against protocol variations (Goodman et al., 2017). As long as the
protocol comprises both tasks in front of evaluative judges, most par-
ticipants respond with a significant increase in free salivary cortisol
resulting in an overall average two-fold increase over baseline.

Aside from adaptations for specific environments (e.g. MRI, EEG,
groups) and populations (e.g. children, elderly), the TSST has been
adapted for the use in virtual realities (VR). Using the TSST-VR has
three main advantages: Firstly, it significantly reduces the resources
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needed for research as it makes the presence of extensively trained
judges obsolete. Secondly, it offers maximum experimental control, as
the agents reliably behave in a highly controlled and standardized way.
Lastly, it provides an environment that easily allows for the manip-
ulation of contextual factors (characteristics of the panel, features of the
room etc.). It is thus not surprising that a number of preliminary studies
have tried to validate their specific adaptation of the TSST-VR (Kelly
et al., 2007; Kotlyar et al., 2008; Jonsson et al., 2010; Wallergérd et al.,
2011) and to provide evidence that the TSST-VR induces a comparable
pattern and magnitude of psychobiological reactions as their in-vivo
counterpart.

Despite the fact that the published studies on variations of the TSST-
VR reported reliable subjective stress responses, most of them demon-
strated less robust or lower stress responses of the HPA-axis, concluding
that VR adaptations of the TSST are less potent in inducing psycho-
biological stress reactions. The explicit comparison to a comparable in
vivo stressor, however, was not made in most of these studies (e.g.
Jonsson et al., 2010; Ruiz et al., 2010; Fich et al., 2014; Montero-Lépez
et al., 2016). One recent study by Shiban et al. (2016) implemented a
control in vivo condition, and found lower average HPA-axis re-
sponding and lower responder rates (using predefined response criteria;
Miller et al., 2013) suggesting that the TSST-VR is a milder stressor
compared to its in vivo original. One possible explanation is based on
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the assumption that emotional reactions in virtual environments are
associated with the individual’s feeling of presence (Diemer et al.,
2015). Immersion and interactivity have been associated with the
subjective presence in VR environments (Bafos et al., 2004) and are
limited by technical factors such as the graphics engine modeling the
virtual environment and the extent to which the agents react to the
participants’ behavior. In the previous studies, these factors might have
limited immersion and interactivity and in consequence may have mi-
tigated the participant’s sense of presence which potentially led to
lower psychophysiological reactions to the stressful situation.

To overcome these limitations, we designed a virtual reality adap-
tation of the TSST, in which the virtual surroundings are precisely
modeled after the actual laboratory setting. Furthermore, an eye-
tracking device was used for real-time feedback of eye-to-eye contact
between the participant and the virtual judges. In addition, we modified
the VR judges to match their real counterparts as closely as possible,
thus maximizing interactivity and sense of presence.

We conducted a standard TSST (Kirschbaum et al., 1993) in VR and
in vivo and carefully parallelized both conditions. Similarly, we ad-
ministered a comparable, but non-stressful placebo version of the TSST
(Het et al., 2009) in vivo and in VR. This orthogonal design permitted
us to assess the effects of the social stress induction in vivo and in VR
independently and therefore detect potentially differential outcomes.
We hypothesized that in this rigorous experimental design that uses a
refined TSST-VR, similar physiological and psychological stress reac-
tions to a social evaluative stressor will be found in vivo and in VR.

2. Methods
2.1. Participants and design

The experimental design comprised two between-subjects factors:
Strain (stress or control) and Reality (VR or in vivo). An a priori cal-
culation of required sample size for the two-way interaction resulted in
a minimum of N 84 for a power of 1-f =.95 and an effect of
d = 0.8—an effect size which can be expected in combinations of public
speaking and cognitive tasks like the TSST (Dickerson and Kemeny,
2004).

Participants were recruited by on-campus advertisement and were
included into the study if they had a BMI between 19 and 26 kg/m? and
an age between 18 and 50 years. Further exclusion criteria were (a)
acute or chronic somatic or psychiatric disease, (b) regular intake of
medication, (c) psychotherapeutic treatment during the last year, (d)
nicotine intake of more than five cigarettes per day, and (e) regularly
working night shifts (Niu et al., 2011). Participants were asked to re-
frain from physical exercise and alcohol at least 24 h prior to testing
and to refrain from consuming anything but water two hours prior. The
study was approved by the ethics committee at the University of Trier
and conducted in line with the Declaration of Helsinki. All participants
gave informed written consent and were paid 30€ for their participa-
tion.

Ninety-three male participants (M = 25.02; SD = 4.41; age range:
19-45) enrolled for the study and were randomly assigned to one of the
four conditions: Stress-VR (n = 29; age range: 20-45; M = 24.93;
SD = 4.63), stress in vivo (n = 21; age range: 21-44; M = 26.05;
SD = 4.80), control-VR (n = 22; age range: 18-33; M = 22.82;
SD = 3.72), and control in vivo (n = 21; age range: 19-32; M = 24.30;
SD = 3.61). A one-way ANOVA revealed no significant age differences
between the groups (F(3, 88) = 2.17 p = .097, 5,* = .07). Five parti-
cipants of the stress-VR group and one of the stress in vivo group had to
be excluded due to technical errors in the VR procedure, resulting in a
total sample of N = 87. Furthermore, due to technical errors, one
person had to be excluded from the heart rate (HR) data analysis and
another four people from the skin conductance level analysis.
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2.2. Apparatus

The VR environment was generated using the Steam Source engine
(Valve Corporation, Bellevue, Washington, USA) and controlled by the
VR simulation software CyberSession 5.6 (VTPlus GmbH, Wiirzburg,
Germany). A Head-Mounted Display (HMD; Oculus Rift DK2, Oculus VR
LLC, Menlo Park, CA, USA) and headphones were used. Heart rate and
skin conductance were monitored and recorded with Brain Vision
Recorder (Version 1.20.0801, Brain Products GmbH, Gilching,
Germany). Further technical specifications can be found in the sup-
plementary methods published online with this article.

2.3. Measures

2.3.1. Saliva sampling and analysis

At seven time points throughout the experiment, participants were
asked to give saliva samples, using Salivettes (Sarstedt, Niimbrecht,
Germany), to determine salivary cortisol and alpha amylase (sAA) le-
vels. After the experiment saliva samples were stored at — 20 °C until
biochemical analysis was carried out by the University Laboratory. For
details of biochemical analyses, see supplementary methods online.

2.3.2. Heart rate

Heart rate (HR) was recorded using a finger-pulse-plethysmograph
(Becker Meditec, Karlsruhe, Germany). The sampling rate was 100 Hz.
Brain Vision Analyzer (Version 2.1.1.964, Brain Products GmbH,
Gilching, Germany) was used to export RR-intervals. ARTiiFACT
(Kaufmann et al., 2011) was used to correct artifacts and export mean
HR of the different experimental segments.

2.3.3. Skin conductance level

Skin conductance level (SCL) was recorded using two Ag/AgCl
surface electrodes (@ = 8 mm?) that were covered with isotonic elec-
trode gel and placed on the thenar and hypothenar area of the non-
dominant palm (Dawson et al., 2016). The sampling rate was 100 Hz.
Again, Brain Vision Analyzer was used to export SCL to Ledalab
(Benedek and Kaernbach, 2010) which allowed conduction of artifact
correction and exporting of mean SCL of the different experimental
segments.

2.3.4. Subjective measures

At five time points, participants rated their subjective feelings of
stress on visual analogue scales with a range of 0 (not at all) to 100
(very much) (cf. von Dawans et al., 2012).

2.4. Procedure

Experimental sessions were scheduled to start at 3.30 p.m. or 5.30
p.m. to control for the circadian rhythm of cortisol (Kudielka and Wiist,
2010). After giving informed consent, participants filled out the first
subjective stress ratings (VAS1) and gave the first saliva sample (S1)
before being lead into the VR laboratory. After application of the
equipment for the physiological measurements, participants in the VR
conditions put on the HMD and the TSST (or Placebo TSST (Het et al.,
2009), began.

After the baseline measurements—that doubled as a period of ac-
climatization to the new situation—in either the real laboratory or the
virtual environment (which was an exact replicate of the real labora-
tory), participants received instructions on the following task either by
the experimenter or via headphones and written on the screen. In the
stress conditions, they were told that they would have to do a job in-
terview in front of a panel of judges who would shortly enter. In the
control conditions, participants were told that they would have to talk
about a self-chosen topic in an empty room. Both conditions were
conducted in accordance with their respective original protocols
(Kirschbaum et al., 1993), and (Het et al., 2009) although minor
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Fig. 1. (a) Picture of the VR (upper panel) and the in vivo (lower panel) judges
in the stress conditions and (b) experimental procedure depicting experimental
phases and time of assessment of subjective stress ratings (VAS) and saliva
samples (S). Procedures in the preparation room are depicted in white; proce-
dures in the VR laboratory have been marked in grey. Hatched patterns re-
present crucial phases of the (placebo) TSST procedure.

changes were made to facilitate the implementation into a virtual en-
vironment. These changes included a shorter preparation time of 3 min
in front of the panel after they had been introduced to the task instead
of preparing their speech for 10 min in another room alone. In addition,
due to the virtual environment they were not able to take notes with
paper and pencil. These changes were made to both TSST conditions.
The entire procedure was controlled by the experimenter behind a
one-way mirror. Furthermore, prompts to maintain eye contact were
automatically triggered in the TSST-VR after five seconds without eye-
contact (i.e., not looking into a predefined area surrounding the judges’
heads). After the task, the judges left the room (and the screen turned
black in VR). The experimenter subsequently reentered the VR
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laboratory and participants in the VR conditions took off the HMD. All
participants remained in the lab until 60 min after TSST started and
provided five questionnaires with VAS and seven saliva samples in
total. Following the last sample, participants were debriefed and com-
pensated. Further details about the experimental procedure can be
found in Fig. 1 or in the supplementary methods.

2.5. Statistics

Mixed repeated-measures ANOVAs were conducted to test for ef-
fects of stress condition (TSST vs. Control), experimental environment
(VR vs. in vivo) and time over the course of the experiment (as a re-
peated-measures factor) on subjective and physiological measures. In
cases where Mauchly’s test indicated a violation of the assumption of
sphericity, we used Greenhouse-Geisser correction and calculated &-
and corrected p-values. All analyses were conducted with SPSS for
Windows (Version 24). Significance level was set at p < .05. Effect
sizes are reported as r,” with 95% Confidence Intervals. All pairwise
comparisons were Bonferroni corrected.

3. Results
3.1. Free salivary cortisol

The cortisol responder rates to the different experimental conditions
give a first indication of the success of the stress manipulation (see
Table 1). To further evaluate whether the manipulation of stress was
successful, we conducted two separate chi-square tests including the
factor Strain and cortisol response—using the conservative criterion of
a baseline-to-peak increase of 2.5 nmol/lI—for the VR (y? (1) = 3.81,
p = .051) and in vivo condition (}? (1) = 17.53, p < .001). In line
with our hypothesis, the odds suggest that it is more likely to show a
cortisol reaction to stress than to the control conditions in VR (3.3
times) and in vivo (40 times).

To follow up on these analyses, we conducted a 2 (Strain [stress,
control]) x 2 (Reality [VR, in vivo]) x 7 (Time) repeated measures
ANOVA (see Fig. 2, upper panels) which revealed significant main ef-
fects for Time (F(6, 498) = 29.04, ¢ = .51, p < .001, 5,> = .26, 95%
CI [.19; .31]), Strain (F(1, 83 = 13.36, ¢ = .51, p < .001, npz .14,
95% CI [.03; .28]), and Reality (F(1, 83 = 4.10, ¢ = .51, p = .046,
2 = .05, 95% CI [.00; .16]). In line with our prediction, these main
effects were qualified by the significant two-way interaction between
the factors Time and Strain (F(6, 498) = 13.94, ¢ = .51, p < .001,
npz = .14, 95% CI [.08; .19]), but also by the three-way interaction
between the factors Time, Strain, and Reality (F(6, 498) = 3.86,
e=.51,p= .01, ’7p2 = .04, 95% CI [.01; .07]). Pairwise comparisons
revealed that stress conditions differed from their corresponding con-
trol conditions (VR: +15 to + 60 min. post stress induction, all
ps <.016; in vivo: +20 to+ 60min post stress induction, all
ps < .011). Comparing in vivo and VR stress conditions using pairwise
comparisons revealed significant effects at + 30 min and + 40 min (all
ps < .004). All in all, and although cortisol rose and declined earlier in
the VR than in the in vivo stress condition, the results indicate that the
virtual TSST can activate the HPA-axis in a similar pattern.

Similar results were obtained when computing Area under the

Table 1
Cortisol Responder rates by conditions for a liberal and a conservative response
criterion (1.5 vs. 2.5 nmol/1 baseline-to-peak increase in free salivary cortisol).

VR In vivo

Stress Control Stress Control
Response criterion n (%) n (%) n (%) n (%)
1.5nmol/1 increase 18 (75%) 9 (42.9%) 21 (100%) 10 (47.6%)
2.5nmol/l increase 15 (62.5%) 7 (33.3%) 20 (95.2%) 7 (33.3%)
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Fig. 2. Concentration of free salivary cortisol in response to the stress and
control condition sampled at seven time points over the course of the experi-
ment and as a function of the experimental conditions. (a) VR vs. (b) In vivo
condition. (c) Area under the Curve with respect to ground (AUCgZ). (d) Area
under the Curve with respect to increase (AUCI). Error bars denote standard
€errors.

Curve values using the formulas by (Pruessner et al., 2003) — see Fig. 2
lower panels. Conducting a 2 (Strain [stress, control]) x 2 (Reality [VR,
in vivo]) ANOVA with area under the curve with respect to ground
(AUCg) as the dependent variable, we found a significant main effect
for Strain (F(1, 83) = 11.70, p = .001, ,° = .12, 95% CI [.12; .26])
while the factor Reality missed significance (F(1, 83) = 3.93,p = .051,
np° = .05). There was no significant Strain*Reality interaction (F
(1,83) = .06, p = .809, n,* > .01). Similar results were found for area
under the curve with respect to increase (AUC;). Again, a significant
main effect for Strain was found (F(1, 83) = 27.86,p < .001, »? = .25,
95% CI [.10; .39]) while the main effect for Reality did not reach sta-
tistical significance (F(1, 84) = 2.84, p = .096, npz .03). No sig-
nificant Strain*Reality interaction (F(1,83) = .46, p = .501, 5,° = .01)
was found. In sum, no differences between VR and in vivo stress con-
ditions were found when using area under the curve values as an in-
dicator of cortisol output in response to the experimental manipulation.

3.2. Salivary alpha amylase

As with cortisol, we conducted a 2 (Strain [stress, control]) x 2
(Reality [VR, in vivo]) x 7 (Time) repeated measures ANOVA (see
Fig. 3) testing the effects on salivary alpha amylase. This ANOVA
yielded a significant main effect of the factor Time (F(6, 498) = 10.57,
e=.71,p < .001, 5, = .11, 95% CI [.06; .16]). The main effects of
the factors Strain and Reality did not reach statistical significance (F(1,
83) =157, ¢=.71, p= .21, np2 = .02 and F(1, 83) =.03, ¢ = .71,
p = .87, np,® < .01, respectively).

Furthermore, the two-way interaction between the factors Time and
Strain (F(6, 498) = 2.89, ¢ = .71, p = .020, r]pz = .03, 95% CI [.00;
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Fig. 3. Concentration of salivary alpha amylase (a) VR vs. (b) in vivo. Error bars
denote standard errors.

.06]) reached statistical significance while the two-way interaction
between Time and Reality (F(6, 498) = .35, ¢=.71, p= .857,
p> < .01) and the three-way interaction between Time, Strain, and
Reality (F(6, 498) = .08, ¢ = .71, p= .992, 1,° < .01) did not. As
predicted, further examination of the significant two-way interaction
via pairwise comparisons revealed that the stress conditions differed
significantly from the control conditions at +15 (p = .037) but not at
any other time points (all ps > .105). Since the three-way interaction
did not reach significance, we did not obtain evidence suggesting dif-
ferences in the efficacy of in vivo and VR stressors concerning SAM-
activation as measured by sAA concentration.

3.3. Heart rate

To analyze another indicator of the SAM, we conducted a 2 (Strain)
x 2 (Reality) x 4 (Time) repeated measures ANOVA using HR as a de-
pendent variable (see Fig. 4). The four time points refer to the different
phases of the TSST: Baseline measurements while standing, TSST pre-
paration phase, TSST Interview, and TSST arithmetic task. This ANOVA
yielded a significant main effect of the factor Time (F(3, 246) = 112.40,
e=.72, p < .001, npz = .58, 95% CI [.50; .63]) and Reality (F(1,
82) = 4.39,¢ =.72,p = .039, 1,°> = .05, 95% CI [.00; .17]). The main
effect of the Factors Strain did not reach statistical significance (F(1,
82) = .20, ¢ =.72,p = .656, ;1p2 > .01).

Furthermore, the two-way interactions between the factors Time
and Strain (F(3, 246) = 8.47, ¢ = .72, p < .001, npz = .09, 95% CI
[.03; .16]) and Time and Reality (F(3, 246) = 3.03, ¢ = .72, p = .047,
npz = .04, 95% CI [.00; .08]) reached statistical significance. These in-
teraction effects were qualified by the significant three-way interaction
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Fig. 4. Average heart rate during the four phases. (a) VR vs. (b) in vivo con-
dition. Error bars denote standard errors.
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between Time, Strain, and Reality (F(3, 246) = 8.57, ¢ =.72, p <
.001, 7,* = .10, 95% CI [.03; .16]). Pairwise comparisons revealed that
in the in vivo conditions, stress differed significantly from control
during the TSST interview and arithmetic task (p = .021 and p =
.006). In the VR conditions, no significant effects emerged at any of the
TSST phases (all ps > .222). Comparing the respective VR and in vivo
conditions, pairwise comparisons revealed significant differences be-
tween the stress conditions in all stages of the experimental procedure
(all ps < .046); these differences in HR indicate that the in vivo stressor
was more efficient in activating the SAM.

3.4. Skin conductance level

Analogous to the HR analysis, we conducted a 2 (Strain) x 2
(Reality) x 4 (Time) repeated measures ANOVA with SCL as the de-
pendent variable. This ANOVA yielded only a significant main effect of
the factor Time (F(3, 237) = 10.41, ¢ = .69,p < .001, '7p2 =.12,95%
CI [.04; .19]), indicating a significant rise in SCL independent of con-
ditions. None of the other the main effects nor the interactions reached
statistical significance (all Fs < 1.39 and ps > .251).

3.5. Subjective measures

In accordance with previous research, we focused on the question
“How stressed are you at the moment?” to analyze participant’s sub-
jective stress ratings (Shiban et al., 2016). We conducted a 2 (Strain
[stress, control]) x 2 (Reality [VR, in vivo]) x 5 (Time) repeated mea-
sures ANOVA (see Fig. 5) that demonstrated a significant main effect of
the factor Time (F(4, 332) = 37.36, ¢ = .81,p < .001, 5,* = .31, 95%
CI [.23; .38]). Additionally, the two-way interaction between the fac-
tors Time and Strain (F(4, 332) = 6.27, ¢ = .81, p < .001, ,° = .07,
95% CI [.02; .12]) reached significance. To examine this interaction,
pairwise comparisons were used revealing the predicted data pattern;
the stress conditions deviated from the control conditions at VAS3
(directly after the TSST, p = .002) but not at any other point in time (all
ps > .155). No other effects or interactions were significant (all
Fs < 2.09 and ps > .152). We therefore conclude that the VR and in
vivo stress conditions are equally efficient in inducing subjective stress.

4. Discussion

The present study assessed whether a refined version of the TSST in
VR poses a viable alternative to traditional face-to-face in vivo stress
induction methods in the laboratory. Overall, the results suggest that
subjective and physiological reactions to the VR and the in vivo version
of the TSST were largely comparable. To the best of our knowledge, this
is the first study to examine the effects of the TSST-VR and the TSST in

a. TSST-VR b. TSST in vivo
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Fig. 5. Subjective ratings of stress (a) VR vs. (b) in vivo. Error bars denote
standard errors.
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vivo in a completely controlled experimental design with control
groups in vivo and in VR. This orthogonal design enabled us to compare
both versions of the TSST with their respective control group and thus
assess the effect of the social stress induction independently. Taken
together, we found similar patterns of results on most of our dependent
subjective and physiological variables. While participants showed an
increase of stress levels on almost all of our psychobiological stress
markers, no such rise was observed in our control groups.

Focusing on salivary cortisol as a major endocrine stress marker, the
results are indeed consistent with the assumption that a robust and
reliable stimulation of the HPA-axis with a social-evaluative stressor is
possible in VR. With a 62.5% responder rate using the 2.5 nmol/1 cri-
terion and an on-average twofold increase, our results are comparable
with the average cortisol reaction usually obtained with in vivo ver-
sions of the TSST (Goodman et al., 2017). The cortisol response to the
present, improved version of the TSST-VR was more pronounced and
more robust compared to previous studies that used variations of the
TSST in VR (e.g., Kelly et al., 2007; Ruiz et al., 2010; Shiban et al.,
2016). As stated above, this might be mainly due to rapid technological
progress, especially regarding advanced graphics, which can be con-
sidered a main prerequisite for an increased immersion and the sub-
jective feeling of presence in the virtual adaptation of the TSST. It is our
understanding that the current technological status at the time of ex-
perimentation plays an essential role in this field of research. In the
past, researchers often had to resort to VR headsets that are described as
rather clunky and uncomfortable, (e.g. Kelly et al., 2007 refer to their
headset as a helmet with a small viewing screen) and although tech-
nical aspects like weight, resolution, or viewing angle are often not
reported, it can be assumed that these devices might have hindered the
participants from experiencing the degree of presence that modern
HMDs achieve. This assumption is largely supported by the fact that
studies using a CAVE system to realize their VR conditions (an im-
mersive stereoscopic room in which images are projected onto the walls
and participants wear specifically designed glasses instead of HMDs)
tend to report large stress effects on physiological markers (Jonsson
et al., 2010; Fich et al., 2014). In a direct comparison of both modalities
of presentation, Juan and Pérez (2009) found that exposure therapy
provoked more anxiety and a higher sense of presence in acrophobic
patients when it was conducted in a CAVE system than with an HMD.
Since that time, however, technical progression and the introduction of
virtual reality headsets to a wider audience via the medium of video
games provided researchers with light, relatively comfortable HMDs
with high resolution displays and effective motion tracking mechan-
isms. It would thus be quite informative to experiment with both modes
of presentation with state of the art technology in order to elucidate
whether there are still significant differences in effectiveness.

In addition, we specifically aimed at maximizing comparability
between the different conditions by carefully emulating the in vivo
surroundings in the virtual environment and increasing interactivity by
introducing automated eye-tracking-based verbal feedback when the
participants did not maintain eye-contact with the agents. Both fac-
tors—the sophistication of the graphical presentation and the high level
of perceived interactivity—might have promoted immersion and pre-
sence and thus contributed to the comparability of psychobiological
stress responses in the stress conditions (Diemer et al., 2015).

Beyond examining cortisol responses, the comparability of psycho-
logical stress reactions in the virtual condition and in vivo can be shown
by the rise in sAA—a valid index of sympathetic activation (Nater and
Rohleder, 2009) —and the increase in subjective stress ratings. On
these measures, the TSST-VR elicited stress responses that were equally
high in the VR and the in vivo setting. This supports the conclusion that
stress induction paradigms in a virtual environment, such as the TSST-
VR, can be potent reflections of a stressful situation in reality.

Moreover, the orthogonal experimental design permits us to infer
that the observed stress reactions in the TSST-VR were indeed elicited
by the stressful characteristics of the task itself and not by the fact that
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it was performed in an unfamiliar artificial environment. As assessed
via self-report at the end of the experiment, almost all of our partici-
pants reported little or no previous experience with immersive virtual
reality technology. It is therefore conceivable that the novelty of being
immersed in a virtual environment that is entirely under the control of
the experimenter might be sufficient to make participants feel un-
comfortable and thus induce stress. This alternative explanation for the
observed stress effects in previous studies (Jonsson et al., 2010; Fich
et al.,, 2014) cannot be discarded without the implementation of a
control group in VR. In the present study, the comparison between the
TSST-VR and the control condition in VR showed differential patterns
of reactions. The fact that we found stress effects on our dependent
measures only in the stress condition suggests that the immersion in a
foreign virtual environment is not sufficient to elicit a stress response,
at least in terms of HPA-axis activation.

It should be noted, however, that cortisol and HR responses to the in
vivo stress condition were still slightly more pronounced than to the VR
stress condition, whereas the SCL response was not affected differently
in the conditions. Possible explanations for these findings may be that
the overall rise in heart rate in the virtual control condition might be
attributed to increased activation caused by the speaking task and an-
ticipatory arousal due to the unfamiliar virtual environment, and the
low reactivity in SCL to constraints of the measurement (e.g., very
sweaty palms). It may, however, also be the case that virtual adapta-
tions of the real world—although potent reflections of many aspects of
real situation—are still limited by technological restraints which lead to
slightly attenuated psychobiological reactions to these environments.
Furthermore and more specifically, the TSST might be especially diffi-
cult to replicate in a virtual environment because of its conceptualiza-
tion as a stressor that uses a performance situation in the presence of
unapproachable human judges to generate social evaluative stress.
These necessary characteristics—evaluation and negative feedback by
human experts and uncontrollability of the situation (Dickerson and
Kemeny, 2004)—should make the translation into virtual reality diffi-
cult, since participants will still be able to envision that they are not
actually performing in front of real human beings but programmed
entities. Nevertheless, previous studies and the present findings suggest
that a majority of participants still adhere to social conventions (Garau
et al., 2005) and experience social evaluative stress in the presence of
virtual agents, as indicated by the subjective and endocrine reactions
(Jonsson et al., 2010; Kothgassner et al., 2016; Montero-Lopez et al.,
2016; Shiban et al., 2016).

As mentioned in the methods section, the implementation of the
TSST into virtual reality and the parallelization of the experimental
conditions required some alterations to the original study protocol
(Kirschbaum et al., 1993) mainly in the preparation phase. A recent
meta-analysis on protocol variations of the TSST has, however, shown
that the stress induction effect is quite robust against a variety of
changes that have been made to the paradigm over the years of its
application (Goodman et al., 2017). The substantial stress effects that
we report in both TSST conditions in our study seem to further support
the idea that the strict adherence to the original protocol might not be a
necessary precondition for successful stress induction as long as the
main stressful features, social threat and uncontrollability are realized
(Dickerson and Kemeny, 2004). It might be an interesting question for
future studies, whether the TSST protocol can be generally simplified
without reducing its stressfulness.

Some potential limitations of the present experiment should be
noted. As in many fundamental studies on endocrine stress reactivity,
we started by examining an exclusively male sample of participants.
Besides the fact that men and women differ in their endocrine profiles
and reactivity to social stress (Kudielka and Kirschbaum, 2005; Kelly
et al., 2008), some studies show a differential effect of gender on the
perception of virtual environments (Munafo et al., 2017), especially
regarding Sense of Presence (Felnhofer et al., 2012). Although the
widely assumed concept that men and women differ in their affinity to
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video gaming and virtual environments in general is slowly being dis-
proved (Rehbein et al., 2016), video games still occupy a larger role in
men’s free time than in women’s (Borgonovi, 2016). Secondly, we as-
sessed the endocrine stress responses by using salivary measures of
cortisol and alpha amylase. Although these measures have been proven
valid indicators of HPA-axis and catecholaminergic stress reactivity
(Hellhammer et al., 2009; Nater and Rohleder, 2009), direct measures
of ACTH, cortisol and catecholamines in plasma would have possibly
been more sensitive in the assessment of subtle differences between the
VR and in vivo version of the TSST. Lastly, it should be noted that al-
though the participant was alone in the room during all VR procedures,
the experimenter was in the adjacent room behind a one-way mirror
and supervised the experimental sessions and controlled the agents’
reactions to the participants’ performance. Moreover, the necessity of
taking a saliva sample right before the start of the task required the
experimenter to re-enter the room and hand the participant the Saliv-
ette. In the VR groups, this was done while the participants were
wearing the headset so that they consequently saw neither the experi-
menter nor their own hands while chewing the cotton swab. We
therefore cannot rule out that the participants were, to some extent,
aware of the experimenter’s presence. Thus, the feeling of being socially
evaluated might not have been exclusively conveyed by the virtual
agents, but to some degree also by the experimenter. Future studies
should evaluate the influence of the experimenter’s presence on im-
mersion and presence in the virtual reality.

5. Conclusion

Taken together, the present study demonstrates that social evalua-
tive stress can be successfully induced in a virtual environment re-
sulting in stress responses on several physiological measures associated
with the HPA axis and the SAM system. By using a refined VR version of
the TSST, we could show that situations realized in VR have the po-
tential to realistically simulate complex social interactions and evoke
comparable subjective and physiological reactions. Due to its computer-
generated nature, the TSST-VR has several key advantages: First, it is
entirely standardized with no variation between testing sessions.
Secondly, it is very economic insofar as it reduces the necessary amount
of personnel from at least three to one and makes training judges ob-
solete. Lastly, it facilitates the variation of parameters of interest. In
sum, the present study demonstrates that a technologically sophisti-
cated version of the TSST-VR that maximizes interactivity and presence
might be a valuable alternative to the traditional in vivo stress induc-
tion for experiments in psychoneuroendocrinology.
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