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Stress-inducing virtual reality (VR) systems have various applications in research,
ranging from training to therapy to the observation of biological stress responses.
Stress in VR can be evoked through environmental, cognitive, and social stimuli.
Although various VR tasks can induce an autonomic nervous system (ANS) stress
response, hypothalamic-pituitary-adrenal (HPA) axis stress responses have only
been confirmed in VR for the virtual Trier social stress test (V-TSST).
Understanding the impact of a wider variety of tasks on HPA-axis stress
response could lead to the development of more effective stress relief
measures and treatments. This study aims to clarify whether a virtual
communication simulation, using a static procedure with a predetermined
dialog, can evoke an HPA-axis stress response. Employing a virtual customer
service system, we varied the intensity of the presented stress by changing the
tone and gestures of the virtual customer. The findings confirm that HPA-axis
stress responses can be elicited by such static virtual customer service training
systems, and the stress responses can be adjusted by altering the avatar’s attitude.
These findings suggest potential applications in research for observing human
physiological responses to stress and development of stress reduction strategies,
thereby affirming the effectiveness of VR in communication training.
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1 Introduction

Virtual reality (VR) systems that induce stress in users have been extensively developed
for research purposes, such as training, mental therapy, biological response monitoring, and
stress reduction for individuals under stressful conditions. VR can induce primarily three
types of stress in users: environmental stress such as heights that cause anxiety and fear;
cognitive stress such as mathematical tasks; and social stress such as those arising from
communication and domestic violence simulations (van Dammen et al., 2022). Virtual
environments (VEs) can induce stress through exposure to fear-inducing stimuli, such as
heights, darkness, and spiders (Toet et al., 2009; Notzon et al., 2015; Chessa et al., 2019), and
by presenting environments that cause anxiety, such as being trapped in small spaces or
disarming bombs (Lee and Jung, 2020). In terms of cognitive stressors, existing cognitive
tasks such as mental calculation and n-back tests have been studied and incorporated into
VR (Tremmel et al., 2019). Regarding social stressors, research has been conducted on the
virtual Trier social stress test (V-TSST) and virtual experiences of domestic violence (DV)
(Yao et al., 2016; Gonzalez-Liencres et al., 2020).
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To evaluate whether VR stress tasks induce stress in users, both
subjective evaluations using questionnaires such as the State-trait
anxiety inventory (STAI) and physiological stress biomarkers that
include heart rate variability (HRV), galvanic skin response (GSR),
heart rate (HR), pupil diameter, salivary alpha-amylase (sAA), and
cortisol, have been used. These biomarkers reflect the significant
responses from the hypothalamic-pituitary-adrenal (HPA) axis and
the autonomic nervous system (ANS). The ANS stress response is a
rapid reaction that can occur within seconds to minutes of exposure
to a stressor and is mediated primarily by the sympathetic nervous
system, resulting in physiological changes like increased heart rate
and blood pressure. The HPA axis stress response is slower than that
of ANS. It involves the release of hormones, most notably cortisol,
which has widespread effects in the body including suppressing
inflammation, increasing energy supply, and influencing
memory formation.

Differences in the stressors that trigger each stress response have
been reported (Thayer and Lane, 2000; Kudielka et al., 2009). For the
aforementioned VR stressors, a wide variety of tasks have been
developed that induce anxiety or fear through the VR experience,
including cognitive tasks within VR that have been shown to induce
autonomic stress responses. Although it has been confirmed through
various studies that HPA-axis stress responses occur due to social
challenges (DeVries et al., 2003; Schwabe et al., 2008), in the context
of VR tasks, these responses have only been evidenced in a specific
task called V-TSST.

Contemporary stressors often have a social-evaluative nature,
and chronic maladaptive responses to these stressors can lead to
deterioration in physical and psychological health (Schneiderman
et al., 2005). Among these, changes in HPA-axis regulation in
response to such stressors are closely correlated with the onset
and progression of various diseases (Kudielka and Wüst, 2010).
Research has been conducted to characterize an individual’s HPA-
axis activity and reactivity patterns to psychosocial stress. In
advancing such research, it is important to experimentally induce
stable HPA-axis stress responses, using stress tasks such as the
Socially evaluated cold pressor test (SECPT) and the Trier social
stress test (Schwabe et al., 2008; Birkett, 2011). However, these tasks
often involve unusual situations, such as putting your hands in ice
water or performing a speech after a calculation task. Using VR can
allow for the replication of more realistic social situations, such as
handling customer complaints, enabling more accurate assessment
of stress impacts encountered in real life, and aiding in the design of
measures to counteract them (Powers et al., 2013).

Social challenges in VR are being applied to interpersonal
training such as customer service, and various systems are being
researched and implemented in society. Conversational skills are
one of the most important skills in modern society and are widely
used in many professions, including management and commercial
scenarios. The training cycle for managers and sales representatives
often includes role-playing sessions with instructors; however, such
training involves significant human and financial costs (Taupiac
et al., 2019). Therefore, the implementation of interpersonal training
using VR has been proposed, and various VR systems have been
suggested for interpersonal skill training in situations such as
managerial tasks, sales to customers, and doctor-patient
interactions (Pan et al., 2016; Taupiac et al., 2019). If these VR
training systems can be proven to induce HPA axis stress responses,

they could be used as an indicator of training effectiveness, leading
to the development of more effective social skill training systems.

Considering these findings, our study aims to clarify whether
virtual communication simulations can evoke HPA-axis stress.
Specifically, we examined the simulations implemented by a
“static procedure,” with predetermined flow of conversation
between the dialog avatar and the participant. This type of
communication simulation with scripted dialog has already been
utilized in areas such as customer service training, hereinafter
referred to as CST, making further clarification of evoking HPA-
axis stress, a valuable objective. If an HPA-axis stress response can
indeed be triggered, its use in stress experiments could enhance
standardization, with identical content for each participant, possibly
reducing interference between researchers and participants (van
Dammen et al., 2022).

In addition, this study also aims to elucidate how the simulated
communication load alters the stress response. Adjusting the
intensity of stress load according to objectives and target
individuals is crucial when inducing stress responses through a
VR system. In the context of training or mental therapy, excessive
stress could potentially cause severe damage to the trainee or patient.
Similarly, when applying stress for research purposes, the level of the
stress applied to the participants of the experiment should be
commensurate with the purpose.

To realize the research objectives, a specific VR experiment
involving a CST was designed using the framework provided by
Tanikawa et al. (2021), thereby adjusting it for the specific research
needs. In the simulated scenario, participants are in the position of
handling a complaint from a customer who is upset about a delayed
flight due to airport mishaps. The dialog between the participant and
the virtual customer is predetermined, making this a scripted dialog
virtual communication. We modified this training system by
changing only the tone of voice and gestures of the virtual
customer while keeping the dialog content the same, to
manipulate the intensity of the presented stress. This experiment
allowed us to examine how differences in the presented stress
intensity affect the HPA-axis stress response, specifically cortisol
concentration in the saliva.

2 Related work

2.1 Stress responses in physiological systems
and the stressors that cause them

The renowned endocrinologist Hans Selye explored the
physiological mechanisms underlying non-specific health
problems, and borrowing from the field of engineering, defined
stress as “the state manifested by a specific syndrome which consists
of all the non-specifically induced changes within a biological
system” (Selye, 1956). Factors that cause stress responses include
environmental factors evoking fear or anxiety, social factors such as
human relationships, interpersonal evaluations, feelings of
loneliness, and physiological factors such as illness, injury, and
lack of sleep (van Dammen et al., 2022). Three primary stressor
elements have been identified by researchers to help distinguish the
differences in stressor effects on individuals. These include the
elements of social evaluative threat, defined as the fear of being
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negatively judged by others; uncontrollability, defined as the
inability to change or alter the course of events; and
unpredictability of future events.

Stress responses can be broadly categorized into as originating
from the ANS and HPA-axis responses (Thayer and Lane, 2000;
Kudielka et al., 2009). The ANS stress response occurs within
seconds to minutes of stressor exposure, causing physiological
changes such as an increase in heart rate, blood pressure, and
breathing rate. The ANS stress response is primarily mediated by
the sympathetic nervous system, and its activation triggers the
release of adrenaline and noradrenaline. The HPA-axis stress
response, on the other hand, is relatively slower, occurring within
tens of minutes after exposure to stress. The activation of the HPA
axis begins with the hypothalamus releasing corticotropin-releasing
hormone (CRH). CRH acts on the pituitary gland, promoting the
release of adrenocorticotropic hormone (ACTH). ACTH reaches the
adrenal cortex through the bloodstream, where it stimulates the
production and release of the stress hormone cortisol. Cortisol has
widespread effects throughout the body, suppressing inflammatory
responses, increasing energy supply, and influencing memory
formation, among others. The response of the HPA axis provides
a longer-term strategy for dealing with more persistent stress.

Differences have been reported in stressors triggering a stress-
related response. For example, cognitive tasks, such as n-back and
the Stroop test, as well as minor stressors in daily life, tend to induce
ANS stress responses. However, social and physiological stressors
have been reported to be more likely to induce HPA-axis stress
responses. Autonomic measures are thought to react to physical or
mental exertion, whereas endocrine measures are particularly
reactive to social information processing (Bertsch et al., 2011;
Seery, 2011). Although inducing an ANS stress response is easy,
experimentally inducing an HPA stress response is difficult
(Dickerson and Kemeny, 2004). Consequently, reports on
stressors that cause an HPA-axis response are limited compared
to those causing ANS stress responses. Experimental methods that
have been reported to elicit HPA axis stress responses include the
socially evaluated cold pressor test referred to as SECPT and the
Trier social stress test referred to as TSST.

The SECPT stressor involves immersing the hand of a
participant in ice water for a certain period while capturing on
film their suffering. In previous studies, cortisol levels in saliva have
been shown to increase before and after SECPT (Schwabe et al.,
2008). SECPT is feasible to implement and does not require specially
trained experimenters, provided ice water is available. Another
advantage of SECPT is that the intensity of the stressor can be
adjusted by modifying the temperature of the ice water or the
duration of hand immersion. However, the situation of this task
differs greatly from the stressful situations experienced in real-
life society.

The TSST involves a process in which participants are allowed a
certain preparation time, followed by a 5-min speech and a 5-min
calculation task, while recording their pressured state during the
process (Birkett, 2011), and the experimenters are required to ensure
a strict atmosphere. In previous studies cortisol levels in the saliva
were shown to increase significantly before and after the speech and
calculation tasks, indicating that TSST is a stressor that triggers
endocrine stress responses (Schommer et al., 2003; Wüst et al., 2005;
Yao et al., 2016). Although TSST does not carry the risk of physical

harm, adjusting the intensity of the stressor is difficult because the
timing of adjusting the intensity is restricted primarily to the period
the participants receive instructions from the experimenters. The
interventions provided by the experimenters during TSST are
limited to speech-related instructions and for highlighting
mistakes during the calculation task if the participants finish
before the allotted time. Consequently, there is still room for
more research on stressors that trigger HPA-axis stress responses,
as the number of reported stressors is limited.

2.2 VR stress task

Virtual reality stress tasks have attracted attention as a new
methodology for stress presentation because they can reproduce
stressful environments that are impossible or difficult to realize in
the real world. VR stresses can be classified into those that cause
anxiety or fear (high-altitude or tragedy), cognitive stress
(computing task), and social stress (domestic violence).

Examples of VEs that induce anxiety or fear include scenarios of
escaping from a fire or firefighting (Breuninger et al., 2017; Narciso
et al., 2020), horror experiences (Cebeci et al., 2019; Lemmens et al.,
2022), exposure to high-altitude (Diemer et al., 2016; Chessa et al.,
2019), accidents and related rescue of people (Dibbets, 2020), and
medical emergency training simulators in noisy environments
(Viciana-Abad et al., 2004). Examples of cognitive stressors in
VR include time-pressure tasks (Gradl et al., 2019), n-back
(Luong et al., 2019), and real-life cognitive tasks transformed into
VR, sometimes combined with virtual stressors, such as the virtual
high-altitude penalty for wrong answers in subtraction tasks used by
Finseth et al. (Finseth et al., 2018). Examples of social stressors in VR
include public-speaking scenarios (Felnhofer et al., 2014; Kishimoto
and Ding, 2019), virtual blind dates, job interviews (Hartanto et al.,
2014), and V-TSST (Jönsson et al., 2010; Kothgassner et al., 2021).

3 Materials and methods

3.1 Stressor design

In this study, we selected CST as a stressor using VR for the
reasons stated in the Introduction section and examined whether it
would cause an HPA stress response through a between-subject
experimental design. Specifically, we used a modified version of the
customer-service VR system developed by Tanikawa et al. (2021). In
this experimental system, the trainer interacted with the customer’s
avatar at a virtual airport service counter (Figure 1). In Tanikawa’s
system, the conversation route can branch depending on the
response of the trainer and the training difficulty can be adjusted
based on the emotional state of the trainer, which is calculated from
biosignal data. To ensure that the participants perform the training
task under the same conditions and experience the same
conversation, we omitted the conversation-branching function of
Tanikawa’s system in this experiment. The conversation involved
customers complaining about missing their connecting flight
because of a delay in scheduled departure, resulting in a long
wait at the airport for the next flight. In this system, participants
in the experiment wore a head mounted display (HMD) and were
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stranded at the airport within a virtual environment. The flow of the
conversation was predetermined; the participant read the words
displayed on the screen, and the timing of the customer avatar’s
speech was controlled by the experimenter according to the
participant’s speech.

The effect of altering the load during the simulated conversation
on HPA stress response was further examined. In this system, the
level of conversation load can be altered by changing the gestures
and tone of the customer avatar, while keeping the conversation
content the same. To apply this feature to the experiment, we
divided the participants into two groups with one group
interacting with a ‘calm and kind, yet slightly dissatisfied’
customer avatar and the other interacting with an ‘angry and
rude’ customer avatar. The HPA stress responses, specifically
changes in cortisol levels in saliva, of the two groups were
compared. We did not perform within-participant comparisons
of stressor intensity because performing this method twice per

person could result in the participants becoming accustomed to
the stress stimulus, thus preventing a second occurrence of HPA
stress responses. Previous studies have shown that the HPA-axis
stress response is significantly reduced in the second occurrence of
the TSST (Kirschbaum et al., 1995; Schommer et al., 2003; Wüst
et al., 2005). The motion and sound data of the avatars were derived
from measurements recorded in previous research (Tanikawa et al.,
2021), which involved the performance of a professional actor using
a motion-capture system.

3.2 Experimental procedure

Figure 2 shows the experimental procedure. The stressor
protocol was based on the guidelines of TSST, which has been
commonly used in previous studies as a stressor to induce HPA-axis
stress responses (Birkett, 2011). As salivary cortisol concentration

FIGURE 1
Customer service training (CST) VR. A virtual customer stands in front of a virtual airport customer counter, complaining about airplane delay.
Participants listen to the customer and read the lines at the center to respond. Reproduced with permission.

FIGURE 2
Experimental procedure.
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has been reported to increase after a short period under stress, in
experimenting with this aspect, we observed that salivary cortisol
concentration changed immediately after the participants
experienced VR training and within a short period, compared to
the state immediately before they experienced VR training. The
detailed protocol is described below.

3.2.1 Preparation
As part of the pre-experiment instructions for participants, they

were instructed to avoid eating for 2 hours before the start of the
experiment and to refrain from consuming caffeine or other
stimulants, such as coffee during this period. They were also
advised to avoid intense exercise during this period. These
instructions were provided to the participants at the time of
recruitment, and adherence to these instructions was confirmed
through a questionnaire before the start of the experiment. It was
verified that all participants complied with these instructions prior
to participation.

Of the two rooms prepared for the experiment, as in TSST, one
was for the VR CST and the other served as a relaxation room for
waiting. These two rooms were provided to separate the stress and
relaxation states. The participants were informed of the false
experimental purpose and methodology similar to the TSST
protocol. This process is called “deception” in psychological
experiments. The participants were informed that the experiment
was intended to evaluate customer service attitudes and that their
customer service behaviors during the experiment would be
recorded and evaluated later. In providing this false explanation,
the aim was to increase participants’ perception of the seriousness of
the VR CST and provide them with a level of tension equivalent to
that of actual VR training. After the explanation, we obtained their
consent to participate and attached an electrocardiogram (ECG) to
measure their biological information (PLUX biosignals). The data
were recorded at 1,000 Hz.

3.2.2 Waiting in the relaxation room
After the sensors were attached, the participants were guided to a

relaxation room and instructed to wait for 45 min. During the
waiting period, participants were informed that they could leave
the relaxation room to use the restroom and read a magazine. They
were also instructed to avoid vigorous exercise and remain calm and
relaxed while waiting.

3.2.3 Collect saliva samples as “pre-stress”
After 45 min, the experimenter entered the relaxation room to

collect saliva samples and measure cortisol levels before the VR CST.
Saliva was collected using swabs (SAL-5001.02-50; SAL).
Participants were instructed to insert the swab into the back of
their tongue for 1 minute, after which the swab was collected in a
storage tube (SAL-5001.05-50; SAL). The collected swabs were
frozen at −80°C within 1 hour.

3.2.4 Calm
To establish a baseline for the biological information before

inducing stress, the participants were instructed to rest for 5 min in
the sitting position. Once the 5-min rest period began, the
experimenter immediately left the relaxation room. During the
rest period, the participants were instructed to look at the

crossed gaze points displayed on the monitor in the relaxation
room (Figure 3). To analyze the autonomic stress response,
which is discussed in Section 3.3, the participants’
electrocardiogram data were measured during this time as “Pre-
stress” data.

3.2.5 Waiting in the VR airport and preparing for
examination

After the 5-min rest period, the participants were led to the
experiment room to experience VR CST. The participants wore an
HMD (Vive Pro 2, HTC) to clearly see the VR images, and the
controllers were attached to both hands. The customer avatar’s voice
was presented through headphones attached to the HMD.
Participants were given brief instructions on how to use the VR
equipment. The positions of the controllers were reflected in VE as
the avatar hands of the participant. To help participants become
accustomed to VE and focus on customer service tasks, they were
instructed to wait for 10 min at the VR airport displayed during the
task and were shown the lines they were expected to say during the
customer service task (Figure 4).

3.2.6 Examination
After 10 min, the participants were again provided with an

overview of the customer service content prior to initiating the
customer service response VR experience. The participants were
informed that although the dialog was predetermined, their tone,
intonation, speaking speed, and body language would be evaluated
as part of the assessment.

The VR customer service task took approximately 5 min. During
the experiment, the high-intensity group was presented with a
virtual customer who complained severely, glared tightly at the
participants, slam the desk, and talked rigorously. In contrast, the
low-intensity group was presented with a virtual customer who
complained, but had a calm attitude, did not glare at the participants,
spoke softly, and made small gestures (Figure 5). The differences in
avatars between conditions were shown in Table 1.

Upon completion of examination, saliva was collected
immediately and labeled as “Post-stress.” The method of saliva
collection was the same as that described above.

3.2.7 Waiting in the relaxation room
The participants were instructed to move to the relaxation room

and wait for 40 min, using the same method as for the initial waiting
period. They were also asked to provide saliva samples at the 20- and
40-min marks while waiting, thereby labeling them as “Recovery1”
and “Recovery2,” respectively. Previous studies confirmed that the
HPA-axis stress response is stronger approximately 20 min after the
stress load than immediately after (Petrowski et al., 2012; Eisenlohr-
Moul et al., 2018; Cettolin et al., 2020). Therefore, measurements
were conducted at two time points immediately after the task, to
confirm this tendency. The experimenters did not enter the
relaxation room except during saliva collection.

3.2.8 Deception description
After the 40-min waiting period, the participants were informed

that the experiment was over. They were then asked whether they
had experienced any stress during the experiment or noticed
deception regarding the purpose of the experiment, which had
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been previously explained. Subsequently, participants were
informed that they would not be screened for customer
service attitudes.

3.3 Analysis

The cortisol levels in the saliva samples collected during the
experiment (Kirschbaum and Hellhammer, 1989) were measured to
confirm the occurrence of an HPA-axis stress response, analyzing
the collected samples using the enzyme-linked immunosorbent

assay (ELISA) method (Shimada et al., 1995). The cortisol levels
measured in the saliva, were examined to determine whether “Post-
stress,” “Recovery1,” and “Recovery2” cortisol levels significantly
increased compared to the levels at “Pre-stress.” Given the
considerable variability in baseline salivary cortisol levels among
participants (“Pre-stress” levels), following the methodology of prior
research (Figueiro and Rea, 2012), “Post-stress,” “Recovery1,” and
“Recovery2” cortisol levels were normalized by “Pre-stress” levels for
each participant.

Statistical analysis was conducted to examine saliva
measurement timing and VR training intensity, with saliva

FIGURE 3
Participant gazing at the cross point during the Calm period.

FIGURE 4
Participant waiting in the virtual environment preparing the lines. Reproduced with permission.
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measurement timing as a within-participant factor and VR training
intensity as a between-participant factor at a significance level of p =
0.05. Specifically, the normality of the data was first confirmed using
the Shapiro-Wilk test. Subsequently, a mixed-design two-way
ANOVA was conducted to analyze the data. For post hoc tests,
Dunnett’s test was used within each VR training intensity group to
examine whether the “Post-stress,” “Recovery1,” and “Recovery2”
salivary cortisol levels significantly differed from those at
“Pre-stress.”

Additionally, the effect sizes (d and ESsg) were calculated to
compare the results of previous studies on TSST and V-TSST
with ours. ESsg has been used in meta-analyses of multiple studies
related to V-TSST (Helminen et al., 2019). Please refer
to Supplemental Material for details on the ESsg
calculation formula.

To avoid the potential influence of physiological indicators in
answering the questionnaire, a subjective evaluation of stress
levels was not conducted during or after the task. Instead,
participants were asked whether they experienced task-related
stress 40 min after their saliva was collected. Participants rated
the perceived stress on a scale of 1–5 (1: no stress, 5: high stress).
Additionally, to confirm whether stress responses of the

autonomic nervous system occurred during the task, we
investigated the change in electrocardiographic indicators
during the task in relation to the pre-stress “Calm” phase.
Using the low frequency/high frequency (LF/HF) ratio, we
derived a common index from ECG data, as an indicator of
stress response in the ANS. The LF/HF ratio is considered an
indicator of sympathetic nervous system activity, which increases
under stress. Previous studies have already revealed the
occurrence of subjective and autonomic stress responses
during communication with avatars (van Dammen et al.,
2022). Therefore, clarifying these aspects was not within the
scope of this study. A survey and ECG measurements were
conducted to confirm that the experiment was conducted
without any issues.

3.4 Participants

The study recruited participants who were between 20 and
30 years old, without any prior knowledge of the experiment,
and capable of using Japanese at a conversational level or higher.
Besides, as noted above, participants were subjected to restrictions

FIGURE 5
On the left, virtual customer with high-intensity stressor, and on the right, low-intensity stressor. In the high-intensity stressor condition, the virtual
customer glares tightly at the participants, slams the desk, and talks rigorously. In the low-intensity stressor condition, the customer does not glare at the
participants, instead speaking softly with small gestures. Reproduced with permission.

TABLE 1 Comparison of voice and gesture characteristics between high-intensity and low-intensity groups.

High-intensity group Low-intensity group

Tone of voice

Loudness Loud Normal

Speaking speed Fast Slow

Speaking style Impolite Polite

Gesture

Eye contact Always maintaining eye contact Occasionally looking away

Size of gestures Large Small

Handling of the desk Slamming the desk, Leaning forward with elbows on the desk Placing hands on the desk

Other gestures Sigh, tutting Sigh
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regarding eating and exercising before the experiment, and it was
planned not to conduct the experiment with participants who did
not meet these criteria. As it turned out, no one violated these
restrictions.

The sample size estimation was conducted using the
statsmodels package in Python. The primary effect we
wanted to confirm in this experiment was whether cortisol
levels in the High intensity condition significantly increased
at the Recover1 timing compared to the pre-stress period.
Therefore, we recruited four participants for a preliminary
validation and calculated an effect size of 0.96. Based on this,
with a significance level of 0.05 and a power of 0.7, the estimated
sample size for a one-sided test was 11. Consequently, we
gathered 11 participants for each condition for the
experiment. However, during post-experiment analysis, we
identified samples from which cortisol levels and biometric
data were not obtained, leading to their exclusion. As a
result, total of 19 participants were recruited.

To ensure that there was no significant difference in
communication skills between the high- and low-intensity groups,
participants were initially asked to rate their subjective
communication abilities on a 7-point Likert scale (1: very poor, 7:
very good). Based on their responses, participants were then assigned to
one of the two condition groups so that the average scores of subjective
communication abilities would be equivalent in both groups. As a result,
nine participants (eight males and one female) were placed in the high-
intensity group, while 10 participants (nine males and one female) were
placed in the low-intensity group. In addition, we considered that the
magnitude of the stress response to the systemmay be dependent on the
customer service experience. Considering that a difference in the
number of participants with customer service experience between
the high and low intensity groups could affect the results,
recruitment was limited to include participants with no prior
customer service experience. The experimental plan was approved
by the Research Ethics Committee of the University of Tokyo
(No.22-72), and written informed consent was obtained from all
participants.

4 Result

In Figure 6, the normalized values for each participant’s data are
separately plotted for the high- and low-intensity groups, for avatars
with severe and relatively moderate attitudes, respectively. In the
data represented in this figure, the number of non-responders,
i.e., participants who exhibited little to no HPA-axis stress
response to the stressor, were two out of nine in the high
difficulty and six out of ten in the low difficulty group, with the
non-responders determined by the number of participants whose
cortisol levels did not exceed 1.1 times their pre-stress levels.

As a first step in statistical analysis, the normality for each
condition was checked using the Shapiro-Wilk test. Because no
significant difference from the normal distribution was detected, a
mixed-design two-way ANOVA was conducted. The results
demonstrated the main effects of saliva measurement timing
(F3,51 = 3.72, p < 0.05) and VR training intensity (F1,17 = 5.03, p <
0.05) and found a significant interaction between saliva measurement
timing and VR training intensity (F3,51 = 3.71, p < 0.05).

As a post hoc test, Dunnett’s test revealed that the “Post-stress”
and “Recovery1” values in the high-intensity group were
significantly higher than that of “Pre-stress,” with p < 0.05
(Table 2a). In the high-intensity group, no significant difference
was observed between “Recovery2” and “Pre-stress,” and in the low-
intensity group, no significant differences were found between any
of the conditions (p > 0.05).

In addition, salivary cortisol levels at each measurement timing
were compared between the high- and low-intensity groups. The
results of the unpaired t-test showed that the high-intensity group
had significantly higher salivary cortisol levels than the low-intensity
group for “Recovery1” and “Recovery2”, with p < 0.05, and there was
no significant difference between the two conditions for “Post-
stress” (Table 2b). Table 2 also presents Cohen’s d and the
within-subject effect sizes as the standardized mean gain effect
size (referred to as ESsg). These values suggest that the results
with significant differences in the simple main effect of saliva
measurement timing have a large effect size, and the results with
significant differences in the simple main effect of VR training
intensity have a moderate effect size.

The ANS stress response during the VR training task was analyzed
to determine whether stress was induced. Figure 7 shows the LF/HF
value during the stress task for each participant, normalized by the LF/
HF value of “Pre-stress.” Values larger than the baseline value of 1.0
(dashed line) indicate that the LF/HF increases during the task compared
to the resting state before the task, suggesting that a stronger ANS stress
response is induced by the task. For both high- and low-intensity groups,
statistical analyses were conducted to determine whether the normalized
LF/HF value was greater than the baseline value. The Shapiro-Wilk test
was conducted to check the normality of the data, and the results
confirmed that the data did not follow a normal distribution. Therefore,
aWilcoxon signed-rank test was used, revealing that the normalized LF/
HF value in the high-intensity group was significantly higher than the
baseline value of 1.0 (p < 0.01). However, no significant difference was
found between the normalized LF/HF value and the baseline criterion in
the low-intensity group (p = 0.39).

In the post-experiment questionnaire, participants rated the
stress they felt on a scale of 1–5 (1: no stress, 5: high stress). The
distribution of responses for each condition is shown in Figure 8. In

FIGURE 6
Time course of normalized salivary cortisol levels for high- and
low-intensity VR training groups. Cortisol concentrations were
normalized to pre-stress levels. Error bars represent 95%
confidence intervals.
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the high-intensity group, six out of nine participants reported feeling
stressed (score of 4 or higher) during the task, whereas in the low-
intensity group, three out of 10 participants reported feeling
stressed. The Wilcoxon rank-sum test revealed a significant
difference between the high- and low-intensity groups (p =
0.031), and a large effect size was observed (d = 0.91).

In the open-ended response section conducted at the end of the
experiment, the participants indicated the reasons for being stressed
or not stressed by the task. In the high-difficulty group, five people
felt stressed because they felt scolded by the avatar’s actions, such as
leaning on or slamming the desk, and four people felt stressed by the
tone of the avatar’s voice. In the low-difficulty group, two people felt

stressed by the avatar’s attitude, and one person felt stressed by the
tone of the voice. Among the reasons for not feeling stressed, in the
low-difficulty group, three people indicated not receiving any
complaints, and one person in each condition mentioned the low
realism of the VR as the reason for not feeling stressed.

5 Discussion

In the high-intensity group, salivary cortisol concentrations
were significantly higher at 20 and 40 min after completing the
high-intensity VR training task than before starting it, indicating
that HPA-axis stress was induced by the VR training task. The
number of non-responders in each condition also suggests that the
intensities of stress responses were perceived differently between the

TABLE 2 Results of Dunnett’s test and unpaired t-test as post hoc tests, indicated by p values and effect sizes (cohen’s d and ESsg).

(a) Simple main effect of saliva measurement timing

Training intensity Found difference p d ESsg

High Post-stress > Pre-stress 0.042 * 0.83 0.81

Recovery1 > Pre-stress 0.025 * 0.94 0.89

n.s between Recovery2 and Pre-stress 0.20 0.37 0.38

Low n.s between Post-stress and Pre-stress 0.56 0.13 0.14

n.s between Recovery1 and Pre-stress 0.74 0.011 0.011

n.s between Recovery2 and Pre-stress 0.96 −0.45 −0.46

(b) Simple main effect of VR training intensity

Measurement timing Found difference p d

Post-stress n.s between High and Low 0.098 0.38

Recovery1 High > Low 0.038 * 0.70

Recovery2 High > Low 0.016 * 0.68

*: p < .05

FIGURE 7
Box plots of LF/HF values during the stress task, normalized by
the “Pre-stress” values for high- and low-intensity VR training groups.
The box represents the interquartile range (IQR), with the median
indicated by the horizontal line inside the box. The mean is
represented by an ‘X’marker. A dashed line at 1.0 indicates the baseline
level, representing each participant’s normalized pre-stress value.

FIGURE 8
Box plots of participants’ subjective stress level (5-point
Likert scale).

Frontiers in Virtual Reality frontiersin.org09

Ban et al. 10.3389/frvir.2023.1302720

https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2023.1302720


two conditions. Consistent with the results of previous studies, the
salivary cortisol concentration was highest for Recovery1, which was
20 min after the end of the VR training task, in the high-intensity
group (Petrowski et al., 2012; Eisenlohr-Moul et al., 2018; Cettolin
et al., 2020). The standardized mean gain effect size (ESsg) for the
increase in cortisol concentration in transitioning from Pre-stress to
Recovery1 in the high-intensity group was 0.89, which is larger than
the average effect size of 0.65 (SE = 0.0069) observed in previous
studies on HPA-axis stress response in the V-TSST for the increase in
cortisol concentration from baseline to peakmeasurement (Helminen
et al., 2019). This result suggests that VR communication simulations
may elicit HPA-axis stress responses equivalent to or greater than
those of V-TSST.We believe the reason for the results obtained in this
study lies in the differences between our experimental system and the
interaction between avatars and participants in V-TSST. In V-TSST,
avatars mostly react to participants’ speeches, whereas in our system,
avatars actively complain to the participants, incorporating
exaggerated gestures such as raising their voices, banging on desks,
and making large hand movements. Responses from open-ended
questions also indicated that the attitude and tone of the avatars were
stressful, which differs from the existing V-TSST. This aspect likely
enhanced the effectiveness of our system as a stressor. This
interpretation was supported by the open-ended responses after
the experimental task, indicating that both the tone and gestures
of the avatar were stressful to the participants.

In addition to the comparison with V-TSST results, we also
compared with the traditional TSST results. A recent meta-analysis
evaluated 186 studies to determine the effectiveness of the traditional
TSST and indicated that this stress task was effective in eliciting a
cortisol response with a large effect size (d = 0.925 (Goodman et al.,
2017)). By contrast, existing meta-reviews suggest that although
V-TSST is effective as a stressor, it may not achieve the same
effectiveness as traditional TSST in terms of eliciting cortisol
responses. However, in our experiment, the VR training task in the
high-intensity group was effective in eliciting a cortisol response with a
large effect size (d = 0.94, ESsg = 0.89). This suggests that the aggressive
attitude of the interactive avatar in the communication simulationmay
potentially elicit stress-load effects equivalent to those of TSST.

Previous studies measuring HPA-axis stress responses in VR
tasks that induce social stress have only been confirmed for the
V-TSST task, where participants generate their own responses in
speech. Such responses have not been confirmed in static
communication simulations, where the conversation content is
predefined or scripted. The results obtained in this study suggest
new possibilities for designing HPA-axis stressors using VR.

Additionally, the difference in the results between the high-
and low-intensity groups suggests that the degree of HPA-axis
stress can be changed by the behavior of the avatar. Previous
studies confirmed that the level of ANS stress, judging from heart
rate information, changes depending on the dialog feedback
response (positive or negative) between humans and virtual
characters (Hartanto et al., 2014). However, this study suggests
that the HPA-axis stress response can be elicited by VR
communication simulation and that the response level varies
depending on the tone and attitude of the conversational avatar.

Furthermore, in the communication training environment used
in this study, the LF/HF significantly increased in the high-intensity
group compared to that in the pre-task resting state, confirming the

occurrence of ANS stress responses. This trend was also evident in
subjective stress evaluations, with the high-intensity group indicating
significantly higher stress assessment values on a 5-point Likert scale
than the low-intensity group. These results are consistent with
previous findings and show that the avatar’s behavior can indeed
modulate not only HPA-axis stress responses but also autonomic
nervous system stress responses and subjective stress levels.

6 Limitation and future work

In our experiment, we confirmed that HPA-axis stress responses can
be induced by the attitude of the avatar in a VR communication
simulation with scripted dialog. However, it is unclear which factors
of the avatars’ behavior, such as gestures or tone of voice, have a greater
influence on the HPA-axis stress response. The participants’ open-ended
responses suggest that both tone of voice and gestures contribute to stress.
However, separating and clarifying the effects of each element, as well as
understanding the impact of other factors such as the expressions of
avatars, would be beneficial in constructing effective VR communication
simulation systems for use as training systems and stressors.

Moreover, this experiment was conducted using a between-
subjects design, with approximately 10 participants in each
condition. This number is small compared to previous studies of
V-TSST (Helminen et al., 2019). Therefore, although the difference
between the high- and low-intensity groups was significant in terms
of effect size, comparable to prior research, in terms of the
generalizability of the results, limitations exist.

Additionally, there was an imbalance in the gender ratio of
participants, with only one female in each group. This imbalance
could have influenced the results. For example, it has been reported
that women have quicker and stronger HPA-axis stress responses to
stressors compared tomen (Goel et al., 2011). However, no significant
gender difference has been reported in the cortisol response induced
by V-TSST (Santl et al., 2019). Future studies should address this
imbalance in participants and examine the generalizability of HPA-
axis stress responses in fixed dialog VR communication simulations.

Furthermore, although the impact of immersion in a virtual
environment on stress has been discussed in previous studies on
V-TSST (Ling et al., 2012), it is unclear whether immersion also
contributes to the occurrence of HPA-axis stress responses in
communication simulations. Regarding immersion, in our
experimental system, there were challenges related to the avatar
quality, in particular caused by the limitations of the capture
system which affected the realism of the avatar models. The
impact of avatar realism on stress tasks such as V-TSST has not
been directly verified. However, there are reports suggesting that high
arousal emotions like fear and anxiety are susceptible to the quality
and immersion of VR (Diemer et al., 2015). Therefore, the quality of
the avatar could influence the intensity of stress in VR communication
simulations, which needs to be clarified in future experiments.

Identifying the factors that trigger HPA-axis stress responses in VR
is important for VR utilization as a stressor in the research and
development of VR communication training systems, which should
be addressed in future research. The factors causing such stress are likely
to differ based on individual user characteristics, underscoring the need
for future investigations into personalized VR communication
simulations.

Frontiers in Virtual Reality frontiersin.org10

Ban et al. 10.3389/frvir.2023.1302720

https://www.frontiersin.org/journals/virtual-reality
https://www.frontiersin.org
https://doi.org/10.3389/frvir.2023.1302720


Furthermore, the extent to which the intensity of the load can be
adjusted should be determined by changing the attitude of the
avatar. In the low-intensity training group of this study, salivary
cortisol levels did not significantly increase from pre-stress levels at
any time point. Thus, methods should be developed to adjust the
attitude of the avatar for more precise load adjustment.

From the perspective of applying VR communication simulation
to training, it is important to eliminate the “habituation” that occurs
through repeated training. In our experiment, changes in the cortisol
response from repeated exposure to VR communication simulations
were not measured, necessitating future investigation. However, it has
been reported that HPA responses quickly habituate in TSST, with
cortisol responses significantly decreasing after repeated stress
exposure (Wüst et al., 2005), making it highly likely that such
habituation will also occur in VR communication simulations. In a
training system, an appropriate level of stress should bemaintained on
the trainee throughout repeated training sessions. Therefore, it is
essential to develop a method to prevent stress load reduction from
habituation. Because the magnitude of HPA-axis stress responses has
been reported to decrease upon continuous exposure to the same
stressor (Roos et al., 2019), reduction in stress load may be avoided by
changing the appearance or voice of the avatar, even if the
conversation scenario remains the same.

7 Conclusion

In this study, a user study was conducted to investigate whether a
virtual communication simulation with scripted dialog can elicit HPA-
axis stress response. The experiment employed a virtual customer
service system inwhich participants addressed a complaining customer
in a scenario involving a flight delay due to airport mishandling. By
changing only the tone and gestures of the virtual customer while
keeping the content of the conversation the same, we examined how
varying the intensity of the presented stress affects HPA-axis stress
response, specifically the cortisol levels in saliva.

The results of the experiment confirmed that HPA-axis stress
responses can be elicited by a static virtual CST system, and the stress
responses can be adjusted by differences in the attitude of a virtual
customer. Because the only established VR social stress task that can
generate HPA-axis stress is the V-TSST, the results of this study have
potential applications in observing human physiological responses to
stress and formulating stress reduction strategies. Furthermore, the
finding that a VR-based communication simulation can elicit an
HPA-axis stress response similar to actual verbal interactions, with
predetermined conversation flow, provides evidence of the
effectiveness of communication training using VR.
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