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Virtual reality (VR) has become a popular tool for investigating human behavior and

brain functions. Nevertheless, it is unclear whether VR constitutes an actual form

of reality or is more like an advanced simulation. Determining the nature of VR

has been mostly achieved by self-reported presence measurements, defined as the

feeling of being submerged in the experience. However, subjective measurements

might be prone to bias and, most importantly, do not allow for a comparison with

real-life experiences. Here, we show that real-life and VR height exposures using

3D-360◦ videos are mostly indistinguishable on a psychophysiological level (EEG

and HRV), while both differ from a conventional 2D laboratory setting. Using a fire

truck, three groups of participants experienced a real-life (N = 25), a virtual (N = 24),

or a 2D laboratory (N = 25) height exposure. Behavioral and psychophysiological

results suggest that identical exogenous and endogenous cognitive as well as

emotional mechanisms are deployed to process the real-life and virtual experience.

Specifically, alpha- and theta-band oscillations in line with heart rate variability,

indexing vigilance, and anxiety were barely indistinguishable between those two

conditions, while they differed significantly from the laboratory setup. Sensory

processing, as reflected by beta-band oscillations, exhibits a different pattern for all

conditions, indicating further room for improving VR on a haptic level. In conclusion,

the study shows that contemporary photorealistic VR setups are technologically

capable of mimicking reality, thus paving the way for the investigation of real-world

cognitive and emotional processes under controlled laboratory conditions. For a

video summary, see https://youtu.be/fPIrIajpfiA.
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1. Introduction

Getting into touch with virtual reality (VR), there is one fundamental question that arises
immediately: How real is VR? The answer to that question will decide whether VR will only
be considered an advanced form of computer technology, a next-generation PC, or if there is a
categorical difference between VR and conventional (immersive) media experiences. The answer
to this question is crucial for the application of VR for scientific purposes as a tool for learning
and for therapeutic purposes.

However, at first glance, the question itself, whether VR is real, seems redundant, as the
technology is labeled being a type of “reality” as most users describe an immersive experience.
Surprisingly, there is little objective scientific evidence to support these introspective reports
and there is little reason to believe that mounting a sophisticated monitor to the forehead
indeed leads to an experience that can be considered a form of reality. By contrast, 3D cinema
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is not considered to create a form of reality albeit highly immersive.
Whether VR actually can be considered “being real” is particularly
difficult to answer as there is no technique or experiment to directly
measure its reality or to derive its ability to create a feeling of
reality from its technical properties. It is not possible to accurately
quantify the degree to which a virtual reality (VR) experience might
be perceived as “real” by an individual as this is a subjective question
that depends on the individual’s perceptions. While there are various
methods and techniques that can be used to measure brain activity
and behavior in relation to VR experiences, these do not directly
provide insights into an individual’s subjective experience of reality
per se. However, comparing neural patterns and behavior during
VR experiences to those during real-life experiences can potentially
provide insights into the nature of VR and how it is processed by the
brain as opposed to real-life experiences.

Consequently, the benchmark for assessing VR simulation quality
can only be the user’s phenomenal consciousness, i.e., the subjective
experience of being aware of one’s thoughts, feelings, and perceptions.
Specifically, the crucial point is whether the brain can create an
alternative reality from the sensory input provided by the VR device
so that the brain itself regards this reality as sufficiently real overruling
and replacing the physical reality it is actually situated in. To put it
differently, the question is whether the sensory input provided by a
VR headset is sufficient to create a phenomenal consciousness that
is similar to or even indistinguishable from one constructed from
real-life sensory input. Contemporary approaches determining the
validity of virtual experiences follow this line of thought. One key
aspect of VR is the feeling of being physically present in a scene, called
“presence” (Sheridan, 1992; Slater et al., 1994).

Defining presence as the sensation of “being there” is the most
common understanding of the concept, while its definition is widely
debated (Murphy and Skarbez, 2022). Finding a definitive definition
for the concept in question is beyond the scope of this study. For
more extensive elaborations on the topic, see the studies by Schubert
et al. (2001), Slater (2009), Nilsson et al. (2016), Slater (2018), and
Murphy and Skarbez (2022). Nonetheless, three central factors are
identified as particularly important in defining the feeling of reality
in the present study. First, the sensory feed provided by the VR
hardware comprises enough modalities in an adequate quality to
relocate the user to the VR and to shield them from the physical
reality—a technical ability often referred to as “immersion” (Nilsson
et al., 2016). Especially regarding the visual sensory stream, VR offers
a surrounding, stereoscopic, and thus enveloping representation
of space (Murphy and Skarbez, 2022). Second, to create a feeling
of presence, the artificial virtual environment has to present itself
as a coherent plausible world following similar constraints as the
real physical world in terms of realism (Welch et al., 1996; Slater,
2009; Kothgassner and Felnhofer, 2020). Third, presence is closely
tied to agency (Piccione et al., 2019). A minimum requirement
is that real head movement changes the viewing perspective in
the virtual environment, thus physically locating the user in VR.
Especially the latter invites us to visually explore the virtual scene,
triggers sensations of awe (Chirico et al., 2018), and become
immersed in the environment’s atmosphere (Felnhofer et al., 2015).
This self-reinforcing phenomenon allows the physical world fade
away.

Presence is typically a self-reported judgment, surveyed after a
VR session using standardized questionnaires (IJsselsteijn et al., 2000;
Riva et al., 2003), and thus highly prone to individual differences
that arise from experiences with, e.g., computer games in general.

Although presence gives a hint about how realistic an environment
might have felt to the user, the questionnaire construction does not
conclude how real the experiences are compared to reality. Presence
solely serves the purpose of comparing the qualities of different
virtual environments to each other (Usoh et al., 2000), but not
assessing the simulation’s reality degree.

Overcoming these limitations of subjective post-induction
measurements, the behavior during the virtual experience provides
valid insights into the simulation’s realism [Freeman et al., 2000;
Kisker et al., 2021a, see also Stoffregen et al. (2003)]. Conscious,
deliberate responses to a virtual environment [e.g., refusal to cross
great heights, see Kisker et al. (2021a)] and the instinctive reaction
and automatic reflexes corresponding to real-life behavior [e.g.,
evasive action to physical objects or adaptions of posture, see
Freeman et al. (2000)] imply that the underlying psychological
mechanisms in VR resemble those under real-life conditions. This
holds not only true for observable behavior but also for sympathetic
responses such as enhanced skin conductivity (Gromer et al., 2019),
heart rate (Gorini et al., 2010; Chittaro et al., 2017; Peterson et al.,
2018; Kisker et al., 2021a), or any other way intense emotional
responses might manifest [e.g., Kisker et al., 2021c, for review on
emotion elicitation using VR, see Bernardo et al. (2021)]. Although
behavior and psychophysical reactions observed under immersive
VR conditions had been interpreted as resembling real behavior
(Blascovich et al., 2002; Slater, 2009; Bohil et al., 2011; Lin, 2017;
Kothgassner and Felnhofer, 2020; Kisker et al., 2021a), scientific
certainty can only be reached when the behavioral and physiological
reactions to a virtual scene are directly compared to those markers
observed in the real environment that the scene mimics.

Determining VR’s degree of reality requires a triad. Not only
the potential overlap between virtual and physical reality needs to
be scientifically quantified, but also both need to be distinguished
from conventional 2D computer simulations. Otherwise, it remains
unclear which behavioral and physiological markers are hallmarks
of realistic psychological functioning (see, e.g., Stoffregen et al.,
2004). Only a few studies compare either VR or conventional
setups with physical reality or even compare all of them in a triad.
Furthermore, most studies that investigate VR in direct comparison
to physical reality have a practical background and are based on
clinical applications, foremost exposure therapies (Krijn et al., 2004;
Gorini et al., 2010; Oing and Prescott, 2018; Boeldt et al., 2019).
Although the use of VR as a therapeutic tool provides strong evidence
that VR applications result in effective changes in real-life behavior
and cognition even over the long term (Opriş et al., 2012), it needs
to be considered that such findings are based on samples that tend
to respond extremely to respective aversive stimuli (Cisler et al.,
2010). Only recently, researchers venture into classifying VR with
regard to its degree of reality based on norm samples. For example,
emotional reactions to 360◦ footage of an enjoyable landscape
resemble reactions to its real-life counterpart (Chirico and Gaggioli,
2019). Moreover, the perception of virtual height sufficiently evoked
anxiety and reduced standing balance, not significantly differing from
outcomes obtained from the equivalent real-life setup (Simeonov
et al., 2005). However, to the best of our knowledge, no previous
study has put an immersive 3D-360◦ VR setup into perspective
by comparing it to both, an equivalent real-world setup and a
conventional PC setup at the same time. Hence, the reality of VR is
positioned in the theoretical “no-man’s land” which can be marked
out in the border areas of physical reality and conventional computer
simulations.
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1.1. Current study and hypothesis

The study at hand aims to identify reliable electrophysiological,
physiological, and subjective markers that distinguish between
different degrees of reality in an environment that was experienced
in physical reality, virtual reality by means of photorealistic 3D-
360◦ videos, or conventional media. As a result, the study allows us
to conclude to what degree virtual reality can be regarded as real.
A height exposure paradigm was chosen to juxtapose these levels of
reality for the following reasons: Reactions to virtual height exposure
have been of interest from the very beginning of VR research and
can to some extent be considered a classical application (Hodges
et al., 1995; Rothbaum et al., 1995). Height exposure leverages
the affordances of VR. The three-dimensionality instantly creates
a strong sensation of height, triggering appropriate emotional and
associated psychophysiological responses in most individuals. In
other words, it is a proven, simple, almost classical way of eliciting
stress responses in VR (Asjad et al., 2018; Gromer et al., 2018, 2019;
Wolf et al., 2020; Kisker et al., 2021a). Previous attempts to directly
compare VR and physical reality used rather calming nature scenes
with mixed results. Although some studies concluded that VR elicits
the same emotions as their real counterparts (Higuera-Trujillo et al.,
2017; Chirico and Gaggioli, 2019), the latest meta-analysis states
that reality surpasses virtual reality at least for positive emotions
(Browning et al., 2020).

To maintain experimental control under realistic conditions
as much as possible and to minimize motion artifacts that could
significantly affect the quality of the EEG data, the method of choice
was a fire truck bringing the participants up to a height of 33 m
(Figure 1). The experimental conditions vary only slightly among
the participants: Movements and the viewing gaze are restricted by
the firefighter basket, a fixed time course consisting of an ascending
phase, a maximum height, and a descending phase ensures high
comparability of the experiences and thus a high data quality.
To recreate this experience in VR and under conventional screen
conditions, the ride in the firefighter basket was recorded several
times with a VR video camera capable of stereoscopic 360◦ images
(for details see Section “2. Materials and methods”). Stereoscopic 360◦

videos have previously been proven to be a viable option for creating
believable virtual environments (Serino and Repetto, 2018) and were
successfully utilized in scientific experiments (Higuera-Trujillo et al.,
2017; Serino and Repetto, 2018; Schöne et al., 2019, 2020; Kisker et al.,
2021b). Although the users’ location is fixed within the environment,
it can be explored via head movements. Both, VR and conventional
PC setups were identically designed except for the visual presentation
form: In the VR version, the height exposure was mediated by a head-
mounted display (HMD) depicting the fire basket video, whereas the
very same video was mapped onto a 2D screen for the conventional
PC experience. To render the virtual experience as authentic as
possible with respect to the haptic and proprioceptive dimensions,
a replica of the fire basket was built and complemented by unsteady
ground and wind simulation. This mixed reality approach, aligning
the visual impression of the height exposure with stereoscopic sound
and haptics, is hypothesized to enhance immersion.

The rationale of this approach might at first glance seem at
odds with the study’s aim to delimit VR settings from conventional
screen experiences, but takes up a central thought about the nature
of VR. In a devil’s advocate approach, all aspects of the experience
which might factor into the sensation of reality were held constant—
except the visual VR impression. The PC condition’s big screen

occupying most of the participant’s field of view leads to low-level
immersion [sometimes even referred to as desktop-VR, see Smith
(2019)], and looking around the video via the keyboard, in turn,
facilitates agency. Alternatively, the participants would sit in front
of a much smaller monitor and passively watch the video. Yet, it
would remain uncertain which of all the many differences between
VR and 2D screen presentation would account for the differences
in perception of reality. The proposed setup, however, allows us to
pinpoint the difference to the HMD. On the other side, when no
measurable difference between VR and 2D would arise, which given
this devil’s advocate setup is much more likely, it would be hard
to argue for a categorical difference between VR and conventional
computer simulations with respect to their level of reality.

Following the general narrative of VR, we hypothesized that the
difference in perceived realism should primarily manifest in a feeling
of physical and emotional involvement, with reality being the most
stressful experience as opposed to 2D being the least stressful one.
VR was hypothesized to be somewhere between the two poles of this
continuous scale of reality.

On a subjective level, self-reporting questionnaires should
indicate the stronger presence and emotional involvement along
this scale. Cardiovascular and electrophysiological measurements
serve as objective markers. Heart rate variability (HRV) denotes
the time variance between heartbeats (Shaffer and Ginsberg, 2017),
and as it is controlled by the autonomous nervous system (ANS),
it is a reliable indicator of resilience to stress and behavioral
and emotional adaptability. Whereas a low HRV is interpreted as
experiencing distress, a higher HRV indicates states of relaxation.
The ANS modulates the intervals between two consecutive R-peaks
of the QRS-complex (RR interval) through parasympathetic and
sympathetic branches. Specifically, during mental stress, a shift in the
autonomic balance of sympathetic activation and parasympathetic
withdrawal occurs (Castaldo et al., 2015). The HRV is predominantly
vagally controlled, however, on a physiological side, high-frequency
oscillations reflect respiratory influences, low-frequency HRV
indexes blood pressure control mechanisms, and very low-frequency
HRV relates to kidney functions (Reyes del Paso et al., 2013).

Among other biomarkers such as hormone secretion,
vasoconstriction of blood vessels, and increased blood pressure,
the HRV reflects the “fight-or-flight” reaction (Taelman et al., 2008).
High heart rate variability (HRV) is associated with resilience to
stress and behavioral flexibility, while low HRV is associated with
an increased stress response (Castaldo et al., 2015; An et al., 2020).
Within the context of this paradigm, HRV should indicate if the level
of stress elicited by the VR setting rather resembles the stress elicited
by the real setting or by the feeling of safety of the 2D setting.

The power of cortical alpha- (8–12 Hz), theta- (4–7 Hz),
and lower beta-band (15–20 Hz) oscillations were selected as
electrophysiological markers for further investigation. Alpha and
theta power are sensitive to stress, arousal, and anxiety (Schlink et al.,
2017; Horvat et al., 2018; Klotzsche et al., 2018; Hofmann et al., 2019)
with different functional properties. Alpha-band activity is associated
with tonic alertness (Sadaghiani et al., 2010) and maintenance of
attentional resources (Klimesch, 2012), it thus is believed to reflect
unspecific alert and general vigilance (Davies and Krkovic, 1965) and
correlates with anxiety (Knyazev et al., 2004). Overall, alpha functions
are a promising marker for emotional arousal processing (Luft
and Bhattacharya, 2015; Klotzsche et al., 2018). Whereas variations
of alpha indicated exogenous orientated processing, i.e., threat-
related external stimuli, theta serves as a marker for endogenous
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FIGURE 1

Photographs from the real-life setting: (1) Basket on the ground at the starting point. (2) Basket with firefighter and participant declining. (3) Basket at a
maximum height of 33 m/108 feet. (4) Basket on the ground with firefighter and Insta 360 Pro VR camera instead of a participant. Photos taken by BS.

processes. Theta is mostly associated with cognitively demanding
processes (Klimesch, 1999) and primarily encoding and related
working memory processes (Jensen and Tesche, 2002; Sauseng et al.,
2004). However, theta also varies as a function of emotion or affective
involvement and indicates the cognitive processing of emotional
stimuli. It thus might indicate emotion regulation (Ertl et al., 2013;
Uusberg et al., 2014) or cognitive anxiety, i.e., perseverative worrying
thoughts and feelings (Suetsugi et al., 2000; Gold et al., 2013; Moran
et al., 2014; Putman et al., 2014; Lee et al., 2017). As an increase
in theta has specifically been associated with the ability to reduce
emotional reactions (Ertl et al., 2013), it might reflect active emotional
regulation processing during the height exposure (see Grunwald
et al., 2014). Whereas the alpha-band reflects the exogenous cortical
response to the emotional arousal of the height exposure, the
theta-band oscillations indicate the endogenous regulation of the
experience. As mentioned earlier, VR has generally the ability to elicit
strong emotions and especially reflex-like fear responses. Hence, it
is even more important to assess whether the emotional reactions in
VR, here negative arousal by means of height induction, are regulated
like emotions elicited under real-life conditions or like emotions
elicited by screen presentations.

Both, alpha- and theta-band oscillations have been proven
effective for evaluating emotional arousal and stress in VR setups
(Schlink et al., 2017; Klotzsche et al., 2018; Hofmann et al., 2019).
Furthermore, beta-band oscillations have also been associated with
numerous emotional processes (Bos, 2006; Schubring and Schupp,
2021). A considerably less recognized functional property that is
more relevant for this study is that the beta-band also reflects
somatosensory processing (Cheyne et al., 2003), sensory gating
(Buchholz et al., 2014), motor planning, and execution (Campus
et al., 2012). The beta-band even distinguishes between pleasant
and unpleasant tactile stimulation on a single trial basis with high
accuracy (Singh et al., 2014). Thus, it might effectively contribute to

gaining insights into the quality and valence of the somatosensory
information within this study’s context. In particular, it comes close
to an objective marker of the otherwise subjective feeling of physical
presence—one of the vital factors underlying VR.

In summary, our study aims at determining to what degree virtual
reality simulates real-life experiences by comparing a virtual height
exposure to corresponding real-life and a 2D monitor setup. Among
other criteria, foremost the benchmark was whether the cognitive
and emotional processes deployed by the brain to process the virtual
experience resemble the ones in real-life or the monitor condition.
Specifically, we investigated objective markers of emotional arousal,
i.e., tonic alterness or vigilance, the regulation thereof, and the haptic
processing by means of EEG and HRV, respectively.

2. Materials and methods

2.1. Participants

Seventy-nine participants were recruited from the Osnabrück
University. The study was conducted in accordance with the
Declaration of Helsinki and approved by the local ethics committee
of Osnabrück University. Participants gave their informed written
consent. They were screened for psychological and neurological
disorders using a standard screening (anamnesis) and were excluded
from participation if they suffered from a respective condition (e.g.,
affective disorders or epilepsy). All had a normal or corrected-to-
normal vision. Five participants were excluded from the analysis due
to insufficient data quality (n = 2) or technical problems during the
ride in the fire truck’s basket (n = 3), resulting in a final sample
size of N = 74 participants [Real-Life (RL) condition: n = 25,
Mage = 25.32, SDage = 4.28, 36.0% male, none diverse, 92.0% right-
handed; Virtual Reality (VR) condition: n = 24, Mage = 22.29,
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SDage = 2.82, 20.8% male, none diverse, 87.5.0% right-handed; and
Computer (PC) condition: n = 25, Mage = 22.52, SDage = 2.96, 12.0%
male, none diverse, all right-handed]. Participants were rewarded
with either partial course credits or 10€ for participation. As we
recruited a random sample from the local student population, with
most of them being psychology students, the sample is characterized
by a high proportion of female students. It is well-known that gender
imbalance might cause systematic biases (see, e.g., Perez, 2019). For
example, women are more likely to suffer from anxiety disorders or
general experiences of fear than men (e.g., McLean and Anderson,
2009). Some studies report that women are more prone to motion
sickness (e.g., Chattha et al., 2020) and cybersickness (Shafer et al.,
2017), while others do not find evidence for a gender bias in these
factors [e.g., Wilson and Kinsela, 2017; Fulvio and Rokers, 2018;
for review, see MacArthur et al. (2021)]. Yet, we assume that the
gender imbalance did not affect the results obtained from group
comparisons as we found no significant differences between groups
before the height exposure, e.g., concerning trait anxiety, fear of
height, avoidance of height, as well as positive and negative affects
(see Section “3. Results”).

2.2. Conditions and setup

Participants were randomly assigned to one of three conditions:
real-life (RL), virtual reality (VR), or computer screen (PC). The
conditions were measured in a block-wise manner per condition as
the measurements of the RL condition depended on the cooperating
fire department’s schedule. However, the participants did not know in
advance in which condition they would participate.

2.2.1. Real-life condition (RL)
Participants were elevated in the firefighter’s basket of a fire

truck up to 33 m height at a relatively remote and quiet part of
the university’s campus (see Figure 1; Coordinates 52◦16′57.5′′N
8◦01′12.9′′E; viewing direction north). To ensure the participants’
safety, they were accompanied by a firefighter in the basket and the
fire truck was operated by another firefighter from the ground. Both
firefighters wore their full uniforms. The firefighter who accompanied
the participants in the basket was instructed to turn his back on
the participants throughout the ride and not to speak to them.
Participants were instructed not to speak to the firefighter unless they
wanted to quit the experiment early. The measurements of the RL
condition were performed on 4 days in total.

2.2.2. Virtual reality condition (VR)
The 3D-360◦ videos used for the VR condition were recorded

with the Insta360Pro VR camera (Insta360, Shenzhen, China), at a
frame rate of 60 fps, 4k resolution, and spatial sound. To cope with
different weather conditions, wind force, changes in the environment,
and time of day, the camera was set up on each day of the RL
condition two to three times for recording. The elevation of the
camera was performed exactly as with participants: the camera was
accompanied by the same firefighter in full uniform, turning his back
on the camera and not speaking at all. A total of 10 videos of the ride
in the fire truck’s basket were recorded, two of which were not further
used due to disturbed audio recording.

Participants in the VR condition were equipped with an
HTC Vive Cosmos (HTC, Taoyuan, Taiwan) head-mounted display

(HMD) which allows for a 3D-360◦ view and head tracking. The
Cosmos HMD provides a resolution of 1440 × 1700 pixels per eye
and spatial sound.

The videos were presented using the Simple VR video player
(Simplevr.pro, Los Angeles, CA, USA). To enhance immersion and
provide haptic feedback as similar as possible to the RL condition,
participants were standing in a replica of the firefighter’s basket
during the VR ride in the fire truck’s basket. The replica of the
firefighter’s basket corresponded to the real basket in appearance
and size and was positioned on unsteady ground. A fan was used
to simulate wind.

2.2.3. Computer condition (PC)
The very same video recordings as for the VR condition were used

but presented in 2D instead of 3D-360◦. The videos were presented
in full-screen mode using GoPro VR Player (GoPro Inc, San Mateo,
CA, USA). Participants were able to look around the video using the
arrow keys on a conventional keyboard. Participants were positioned
in front of an 86′′ wide smartboard (SMART SBID-7086-v2; SMART
Technologies ULC, Calgary, AB, Canada). The smartboard provided
a resolution of 4k (3840 × 2160 pixels) and a frame rate of 60 fps.
Equivalent to the VR condition, participants were standing in the
same replica of the firefighter’s basket on unsteady ground, and a fan
was used for wind simulation. The replica was positioned at a distance
of 150 cm from the smartboard, resulting in a horizontal viewing
angle of 2× 32.33◦.

2.3. Procedure

The experiment consisted of two appointments with a duration
of approximately 75 min at the first and approximately 15 min at the
second appointment. The ride in the fire truck’s basket was carried
out during the first appointment. During the second appointment,
the participants’ mood regarding the past ride in the fire truck’s
basket was surveyed.

Before the ride in the fire truck’s basket (t0), participants
filled in the German versions of the Positive and Negative Affect
Schedule (PANAS, Krohne et al., 1996), the State-Trait-Anxiety-
Inventory, trait version (STAI-T, Laux et al., 1981), the Acrophobia
Questionnaire (AQ, Cohen, 1977), and the Sensation Seeking
Scale Form-V (SSS-V, Zuckerman, 1996). The selection of the
questionnaires was based on two previous studies investigating height
in VR settings (Biedermann et al., 2017; Kisker et al., 2021a) and
aimed to cover general affective responses, anxiety, and sensation
seeking on the subjective level.

The mobile EEG and the ECG were applied by the test leaders (see
Section “2.3.1. Electrophysiological recordings and preprocessing”).
Afterward, the participants were led to the firetruck’s basket (real or
replica). The participants saw neither the real basket nor the replica
at any earlier time.

Participants were asked to stand still for 30 s facing the
firetruck’s basket for ECG baseline measurement. The baseline
of 30 s was chosen to determine the participants’ current state
immediately before the ride in the basket. HRV is conventionally
determined beginning at 5 min intervals, especially with respect
to the diagnosis of cardiovascular disease (Salahuddin et al.,
2007). Yet, previous studies showed that 30 s of measurement are
sufficient to determine current mental stress using HRV in mobile
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setups [Cho et al., 2002; Salahuddin et al., 2007; for review, see
Shaffer and Ginsberg (2017)]. Even much shorter baselines have been
sufficient for EEG frequency analyses in conventional EEG (e.g.,
Gruber et al., 2008; Friese et al., 2013), mobile EEG (e.g., Packheiser
et al., 2020, 2021; Lange and Osinsky, 2021), and combined VR-
EEG studies (e.g., Kisker et al., 2021c; Schöne et al., 2021). After
the baseline interval, participants entered the basket and were
asked not to walk around in the basket during the ride. All
participants were facing the same direction and were asked to lay
their hands on the handrail. For the VR condition, participants
were equipped with the Vive Cosmos HMD, which showed the
still image of the starting position of the ride in the fire truck’s
basket similar to the RL condition. For the PC condition, the
same still image of the starting position was projected onto the
smartboard. Afterward, the ascend of the basket started (real, VR,
or video). When the highest point of 33 m was reached, the
firefighter stopped the ascend and held the position for 63 s on
average before descending again. The duration of the total ride
and the timing of significant events (e.g., start of ascending, see
Section “2.3.1. Electrophysiological recordings and preprocessing”)
were individually recorded for each participant. The ride took
7.26 min on average (ascend: 2.6 min; descend: 3.7 min; see Section
“3. Results”).

Directly after the ride in the fire truck’s basket (t1), participants
filled in the German versions of the Igroup Presence Questionnaire
(IPQ, Schubert et al., 2001) and the PANAS.

On the third day after the ride in the fire truck’s basket (t2, second
appointment), the participants were asked to return to the laboratory
to fill in the PANAS again and were debriefed.

2.3.1. Electrophysiological recordings and
preprocessing

For the EEG data acquisition, the mobile EEG system LiveAmp32
by Brain Products (Gilching, Germany) with active electrodes
was used. The electrodes were applied in accordance with the
international 10–20 system. An online reference (FCz) and ground
electrode (AFz) were applied. A threshold of 25 k� is recommended
for the used EEG system and the thresholds of 25, 20, and 15 k�

have successfully been applied in previous studies using the same
mobile EEG equipment (Burani et al., 2021; Lange and Osinsky, 2021;
Liebherr et al., 2021; Visser et al., 2022). To ensure a good balance
between signal quality and preparation time in our elaborate setting,
the impedance of all electrodes was kept below 15 k� (see, e.g., Lange
and Osinsky, 2021). The data were recorded with a sampling rate of
500 Hz and online band-pass filtered at 0.016–250 Hz. The following
significant events of the ride in the fire truck’s basket were inserted
as markers into the data based on the individual time measurement
per participant: getting into the basket, starting the ascend, arriving
at the highest point, starting the descend, and arriving at the starting
position.

The EEG data were pre-processed using MATLAB (version
R2020b, MathWorks Inc) and EEGLAB (Delorme and Makeig, 2004).
The data were segmented into four epochs based on the individual
time measurement, covering baseline, ascending phase, staying at the
highest point, and descending phase. Per segment, each electrode was
detrended separately. The continuous data were filtered between 1
and 30 Hz to reduce slow drifts and high-frequency artifacts. The
electrodes were re-referenced to the average reference for further
off-line analysis as recommended for large electrode sets (see, e.g.,
Cohen, 2014).

Artifact correction was performed per epoch by means of
the “Fully Automated Statistical Thresholding for EEG artifact
Reduction” (FASTER, Nolan et al., 2010). In brief, this procedure
automatically detects and removes artifacts, such as blinks and white
noise, based on statistical estimates for various aspects of the data,
e.g., channel variance. FASTER has a high sensitivity and specificity
for the detection of various artifacts and is described in more detail
elsewhere (Nolan et al., 2010). Due to the recommendations for the
use of FASTER with 32 channels, independent component analysis
(ICA) and channel interpolation were applied, whereas channel
rejection and epoch interpolation were not applied.

To isolate the theta-band (4–7 Hz), alpha-band (8–13 Hz),
and lower beta-band (15–20 Hz) specific activity, each band power
was calculated using a windowed fast Fourier transform (FFT).
A hamming window with a length of 1 s and 50% overlap of the
windows was applied. The mean FFT scores were calculated per
electrode, logarithmized, and squared to determine the respective
band power [ln(µ V2)].

2.3.2. Cardiovascular measurements and
preprocessing

A three-channel ECG was applied and transmitted to the mobile
EEG system via a BIP2AUX adapter by Brain Products (Gilching,
Germany). The electrodes were placed at the left collarbone, the right
collarbone, and the lowest left costal arch. The ECG was recorded
synchronously with the EEG data.

The ECG data were segmented into epochs corresponding to
the EEG epochs using MATLAB and further preprocessed using
Brain Vision Analyzer. They were filtered between 5 and 45 Hz.
A notch filter (50 Hz) was applied. An automatic R-peak detection
was applied and counterchecked per visual inspection. The classical
HRV parameters standard deviation of RR intervals (SDRR) and root
mean square of successive differences (rmSSD) were calculated per
phase (baseline, ascend, highest point, and descend) using MATLAB.
The HRV parameters differed significantly between groups during
baseline (see Section “3. Results”). To cope with these baseline
differences, the individual changes in SDRR and rmSSD compared
to the baseline were calculated for further analysis (delta = phase
value− baseline value).

2.4. Statistical analysis

The statistical analyses were carried out using SPSS version 26. All
variables were tested for normal distribution regarding the separate
groups using the Shapiro–Wilk test. All further statistical tests were
chosen accordingly (see Supplementary Table 6 for a detailed report
of the Shapiro–Wilk test).

2.4.1. Subjective measures
The scales of the questionnaires were calculated as sum scales.

Concerning the PANAS, the scores for positive and negative affects
concerning the time points before the ride in the fire truck’s basket
(t0), directly after the ride (t1), and 3 days after (t2) were calculated.
In addition, the change in affect was calculated as the difference
between the pre-measurement and both post-measurements (change
t1 = t1 − t0; change t2 = t2 − t0). PANAS, STAI, AQ, and IPQ were
analyzed using the Kruskal–Wallis test and complemented by post hoc
Mann–Whitney U-tests. The SSS-V was analyzed using a one-way
ANOVA, complemented by post hoc t-tests.
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2.4.2. Dependent measures
Duration of the ride: To ensure that all participants experienced

the ride in the fire truck’s basket for the same duration, the timing of
the ride was compared using the Kruskal–Wallis test separately per
phase as well as cumulated for the total ride.

Electrophysiological and cardiovascular measures: The EEG data
and the HRV parameters were analyzed using the Kruskal–Wallis
test and complemented by the post hoc Mann–Whitney U-tests.
The HRV parameters were analyzed with respect to baseline and
three separate phases (ascend, highest point, and descend) for an
in-depth analysis. For the EEG data, the topographies were visually
inspected and the electrodes of interest were determined using a false
discovery rate (FDR, Benjamini and Yekutieli, 2001) based approach:
the Kruskal–Wallis test and the post hoc Mann–Whitney U-tests
were carried out per electrode, frequency band, and phase of the
ride. The individual critical p-value indicating significant differences
between groups was determined for each electrode. For further
analysis, a whole brain analysis was performed, i.e., all electrodes
were included in the mean values for statistical analysis as the FDR
approach indicated significant differences between groups at the vast
majority of electrodes. We successfully implemented a comparable
analysis protocol for combined VR/EEG analysis yielding robust and
meaningful data in previous studies (Kisker et al., 2021c; Schöne et al.,
2021).

To provide statistical evidence for the equality of measures,
we used the Wilcoxon two one-sided test (TOST) (1) as a robust
equivalence test for all non-significant comparisons (Caldwell, 2022).
The TOST procedure allows us to provide support for the null
hypothesis, i.e., the absence of effects large enough to be considered
worthwhile. In the TOST procedure, the smallest effect size of interest
(SESOI) is determined to set upper and lower equivalence bounds.
Two composite null hypotheses are tested: first, the effect found must
be equal to or greater than the lower bound, and second, it must be
equal to or smaller than the upper bound. If both can be statistically
rejected, it can be concluded that the observed effects are practically
equivalent to zero (Lakens, 2017).

We calculated the largest difference between groups in the
baseline to determine the smallest SESOI for the comparisons in the
alpha, theta, and beta bands. The rationale behind this approach is
that for a difference between groups to be meaningful, i.e., being
based on more than the simple baseline differences between the
conditions, it has to surpass the largest differences present in the
baseline. Hence, for alpha, we used 0.5199 ln(µV2), for theta 0.7455
ln(µV2), and for beta 0.4555 ln(µV2) (see also Figure 2).

3. Results

3.1. Duration of the ride

The duration of the separate phases as well as of the total ride
did not differ between groups. The ascend took 2.5 min on average
[H(2) = 2.76, p = 0.25; MRL = 2.49, SDRL = 0.30; MVR = 2.54,
SDVR = 0.19; MPC = 2.53, SDPC = 0.19], and all participants stayed for
63 s at the highest point [H(2) = 0.6, p = 0.97; MRL = 1.06, SDRL = 0.05;
MVR = 1.06, SDVR = 0.04; MPC = 1.06, SDPC = 0.04] and descended for
3.7 min on average [H(2) = 0.886, p = 0.65; MRL = 3.75, SDRL = 0.30;
MVR = 3.67, SDVR = 0.33; MPC: 3.66, SDPC = 0.36]. The total ride took
an average of 7.26 min [H(2) = 0.24, p = 0.89; MRL = 7.27, SDRL = 0.55;
MVR = 7.27, SDVR = 0.22; MPC: 7.25, SDPC = 0.29].

3.2. Subjective measures

All groups were equal with respect to trait anxiety, fear of height,
avoidance of height, as well as positive and negative affects before
the ride in the fire truck’s basket [all Hs(2) < 20, all ps > 0.05;
see Supplementary Table 2], and sensation seeking [F(2,68) = 0.25,
p = 0.78]. Furthermore, participants did not differ with respect
to negative affect, neither directly after nor 3 days after the ride
in the fire truck’s basket [all Hs(2) < 50, all ps > 0.05; see
Supplementary Table 2].

However, participants reported different sensations of presence,
positive affect, and change in positive affect directly after the ride
in the fire truck’s basket as well as 3 days later as a function of
the experimental condition [all Hs(2) > 24.00, all ps < 0.05, see
Supplementary Table 2].

In particular, the RL group reported higher levels of general
presence, spatial presence, and realness compared to both, VR and
PC groups (all Us ≤ 151.0, all ps ≤ 0.003). Counterintuitively, the
RL group reported lower levels of involvement compared to the
VR group (U = 32.5, p < 0.001) and did not differ significantly
from the PC group (U = 241.5, p = 0.64). Notably, the IPQ scale
involvement compares the experienced environment with the real-
life environment, which might be very ambiguous for the RL group to
answer. The VR group reported significantly higher levels of presence
regarding all IPQ scales compared to the PC group (all Us > 92.00,
all ps ≤ 0.003, see Supplementary Table 3).

Moreover, the RL group experienced a stronger positive affect and
reported higher changes in positive affect at t1 and t2 compared to
both other groups (all Us ≤ 45.00, all ps < 0.05, see Supplementary
Table 3). Furthermore, the VR group exhibited higher levels of
positive affect and change in positive affect compared to the PC group
(all Us≤ 152.0, all ps < 0.03), with exception of the change in positive
affect at t1 (U = 191.5, p = 0.074). See Supplementary Tables 2, 3, 8
for a detailed report of all statistics.

3.3. Alpha, theta, and beta powers

Overall, the Kruskal–Wallis test indicated significant
differences between groups regarding each phase and each
aforementioned frequency range [all Hs(2) > 6.00; ps < 0.05;
see Supplementary Table 9].

The RL group and the VR group exhibited similar levels of alpha
and theta powers during all phases of the ride in the firetruck’s
basket, significantly differing in beta power and during baseline in
theta power only (all ps > 0.09, see Supplementary Table 4). In
contrast, the PC group differed significantly from the RL group for
each frequency band and each phase of the ride (all ps < 0.045, see
Supplementary Table 4). In line, differences between VR and PC
conditions were found for all phases and frequency bands as well,
with exception of the baseline phases (see Supplementary Table 4).

In more detail, the RL group exhibited considerably greater
alpha- and theta-band powers compared to the PC group regarding
all phases, but only slightly and non-significantly different levels
compared to the VR group (all ps < 0.025, see Figures 2, 3;
Supplementary Table 4). Diverging from the trend, beta power was
highest for the VR group, lower for the RL group, and lowest for
the PC group (see Figures 2, 3; Supplementary Table 4). Overall,
the results suggest that the observed alpha and theta band effects in
the RL and VR groups are largely similar, as indicated by the TOST
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procedure (Table 1), while both groups differ significantly from the
PC condition (Figure 2).

See Supplementary Tables 4, 8, 9 for a detailed report
of all statistics.

3.4. HRV parameters

The groups exhibited significant differences in SDRR
[H(2) = 18.64, p < 0.001] and rmSSD [H(2) = 17.17, p < 0.001]
during baseline. The baseline was recorded while participants stood
in front of either the real fire truck’s basket (RL condition) or its
replica (VR and PC conditions). Hence, instead of the uncorrected
SDRR and rmSSD values, the changes in SDRR and rmSSD
compared to the baseline (see Section “2. Materials and methods”)
were further analyzed.

For an in-depth analysis, the HRV parameters were calculated
and analyzed for the separate phases and corrected for baseline
differences (delta = HRV during respective phase minus HRV
during baseline; see also Figure 4). The Kruskal–Wallis test revealed
significant differences in changes of SDRR and rmSSD as a function
of the group regarding all separate phases [all Hs(2) > 14.00, all
ps ≤ 0.001; see Supplementary Table 10]. Specifically, RL and
VR conditions did not differ for any phase and HRV parameter,
with exception of the change in rmSDD during the phase at which
participants stayed at the highest point of the ride. However, the PC
condition significantly differed from both other conditions during
all phases for both HRV parameters (see Figure 4; Supplementary
Table 5). Notably, SDRR and rmSSD decreased during all phases
compared to baseline regarding the PC condition and increased only
slightly during the stay at the highest point (SDRR only, see Figure 4).
On the contrary, the SDRR and rmSSD increased during the ascend
and the stay at the highest point regarding the RL condition and
deceased during the descend. The VR condition differed from this

TABLE 1 Wilcoxon TOST results for non-significant comparisons.

TOST

W P Effect
size

Alpha Base RLVR 207 0.032 0.277

VRPC 209 0.035 0.237

Ascend RLVR 84 <0.001 −0.023

High RLVR 125 <0.001 0.027

Descend RLPC 219 0.036 0.331

VRPC 190 0.014 0.38

Theta Base VRPC 109 <0.001 0.297

Ascend RLVR 50 <0.001 0.067

High RLVR 75 <0.001 0.167

Descend RLVR 100 <0.001 0.27

Beta Base VRPC 182 0.009 0.08

Wilcoxon TOST (W) of the upper equivalence bound and rank-biserial correlations as effect
size. In rank-biserial correlations, zero indicates no relationship between the variables, positive
values indicate the dominance of the first sample with 1 meaning that all values of the first
sample are larger than all values of the second sample, and negative values indicate the
dominance of the second sample, with−1 being the total dominance. Except this table, all tables
reporting detailed statistics can be found in the Supplementary material. They are sorted by
their relevance for the comprehension of the results.

trend regarding the rmSSD during the stay at the highest point
only (see Figure 4; Supplementary Table 5). See Supplementary
Tables 5, 10 for a detailed report of all statistics.

4. Discussion

The study aimed to determine to what degree emotional and
cognitive processing in virtual reality resembles the corresponding
mechanisms deployed in a real-life setting as opposed to conventional
laboratory conditions using objective markers. In turn, this allows
estimating to which degree VR provides adequate sensory input for
the brain from which it can construct a form of reality that it itself
regards to be sufficient.

To this end, we set up a height exposure paradigm in which we
shifted the degree of reality from a 2D monitor presentation to a VR
simulation to a real experience in a parametric fashion. The premise
by which it was assessed whether the VR experience can be considered
sufficiently real to mimic a real-life experience was the simulation’s
emotional potency. The real and the 2D monitor experience serve
as the two opposite poles of a reality scale with VR located
somewhere in between. The participants’ emotional experiences
were indexed by several subjective measurements and further
complemented by an objective measure of the ANS response (HRV),
as well as electrophysiological correlates of arousal (alpha-band),
emotion regulation (theta-band), and somatosensory processes (beta-
band). The results shed new light on virtual experiences and
confirm the introspective (or anecdotical) reports of VR users and
scientific studies presuming that VR elicits real emotions while
leaving a margin for further technological improvements on the
somatosensory level.

Statistically speaking, the real-life condition and the virtual
condition exhibit numerous non-significant differences across
questionnaires and psychophysiological measurements, while they
both differ from the PC condition. The overall pattern supports the
notion that participants in real-life and virtual reality conditions
generally exhibit the same level of alpha and theta powers (see below).
Thus, when discussing the outcome of the study, the overall pattern
of results is taken into consideration and not a single result is either
significant or non-significant. Splitting the data into several phases
makes the data more difficult to interpret and leads to a loss of
statistical power, however, investigating the dynamic unfolding of
cognitive and emotional processes with respect to the phases of the
experiment (baseline, ascend, peak, and descend) seemed preferable
to us from a scientific perspective. The baseline measurements
foremost yield the weakest effects between VR and RL implying that
with the increasing arousal from the height exposure, the differences
between VR and RL seem to diminish. Therefore, the degree of reality
that VR can evoke is closely related to its ability to evoke situational
emotional responses.

4.1. Presence and interaction fidelity

In line with previous research, the VR condition generally
elicited a stronger feeling of presence as opposed to the monitor
condition. While immersive media like VR primarily might invoke
presence using the perception of an enveloping space, they
yet invoke realistic, most likely bottom-up mediated, responses
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FIGURE 2

Average topographic oscillatory power amplitude [ln(µV2)] distribution across participants by frequency band (rows) and conditions (columns) while
staying at the highest point of the ride in the fire trucks basket. The pictograms in the last row depict the experimental setup per condition. See
Supplementary Figure 11 for the topographical distribution separately per phase and frequency band power.

(Murphy and Skarbez, 2022). A higher sense of presence is a crucial
hallmark of VR especially in this experiment as it facilitates real-life
behavior (Blascovich et al., 2002; Slater, 2009; Kisker et al., 2021a)
and is in turn positively correlated with the emergence and strength
of emotions, although the causal dynamics remain unspecified (Riva
et al., 2007; Diemer et al., 2015; Felnhofer et al., 2015). A higher
sense of presence in the VR condition as opposed to the monitor
condition is thus a first indicator as well as a necessary precondition
or accompaniment for real-life processing of VR content.

For the sake of completeness, we also obtained data for the real-
life condition, showing that presence is highest for this condition.
However, we suggest discarding this data as uninterpretable as
the questionnaire is not meant for real-life application, and some
questions cannot be answered meaningfully (Usoh et al., 2000).
According to the data, a measurement artifact reflects this assumption
as the self-reported involvement between the real and the monitor
condition does not differ. We consider it imperative and essential to
tackle this problem in the medium term. Immersion and presence
are vital features of VR and thus need to be adequately measured
to compare the score across different types of (simulated) reality.

Notwithstanding the difficulties, the conventional questionnaire
approach seems to fall short, especially as it poses a post-induction
reappraisal method (IJsselsteijn et al., 2000; Usoh et al., 2000; Riva
et al., 2003) and should be complemented, e.g., by objective and
behavioral measures to estimate the fidelity of the simulation [e.g.,
Kisker et al., 2021a, see also Stoffregen et al. (2003)].

Since our setting was only limitedly interactive, it restricted the
possibility to express behaviors. However, this restriction especially
of body movements was desired to interfere as little as possible with
the EEG measurement. Yet, the participants were not completely
passive in this setting: They were able to control their field of
view either by head-motion (RL and VR) which offered high
interaction fidelity between both conditions (Shafer, 2021; see also,
e.g., Riva, 2006; Cipresso et al., 2018; Kisker et al., 2021c) or were
mediated by keystrokes (PC). Moreover, they were surrounded by
a photorealistic 3D environment in both former conditions, while
the PC condition was limited to a large 2D screen. Considering that,
involvement should definitely differ between the former two and the
latter conditions as high interaction fidelity increases the presence,
interactivity, and realism (Shafer, 2021).
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FIGURE 3

Median band power [ln(µV2)] per group, phase, and frequency band. Negative power values result from the logarithmic transformation during
preprocessing: The logarithm of values greater than zero and smaller than one is negative. Hence, negative power values are to be read as smaller power
compared to positive power values. The respective tables indicate the statistical characteristics per comparison in a reduced overview. Significant
differences between groups are marked respectively (*p < 0.05, **p < 0.01; ***p ≤ 0.001), and the effect size r is interpreted as follows: a, small effect;
b, medium effect; c, large effect. Find a detailed report of all statistics in the Supplementary material.

As Stoffregen et al. (2004) pointed out, direct comparisons
of real-life and simulated environments are needed to investigate
whether perception and (inter-)actions under both conditions are
similar. However, these comparisons can only be realized to a limited
extent based on subjective assessments. Moreover, presence is neither
necessarily nor fully dependent on the knowledge that the experience
is mediated by an immersive medium. For example, emotional
experiences trigger coherent reactions despite the knowledge that the
experience cannot be real (Kisker et al., 2021c) or the knowledge that
one is wearing a VR headset (see Murphy and Skarbez, 2022). The
feeling of presence is therefore not to be equated with the illusion
of non-mediation (Murphy and Skarbez, 2022) and can be evoked
despite the knowledge of mediation (Slater and Sanchez-Vives, 2016).

4.2. Emotions during and after the
experiment

The comparison of the emotional responses between the three
groups revealed an ambiguous pattern. Whereas positive affect differs
substantially between all three conditions over time, negative affect

did not differ at all. The ride thus was thrilling but perceived as a
safe experience.

Interestingly, the pattern is reversed for the measurements
obtained 3 days later. In retrospect, participants in the real and
the VR condition rated their experience equally positive, whereas
both groups differ from the PC condition. In contrast to the first
pattern, this could indeed be interpreted as an indicator of VR
being able to evoke real-life emotional responses. The PC condition,
however, deviates. These contradicting results can be resolved by
taking recruitment into account. To ensure that the collected data
would come from a homogeneous sample, especially with respect to
fear of heights, all participants were told that they would experience
a real trip. Two groups of participants had to be disappointed, which
might decrease the validity of the t1 data. The meaningfulness of the
data regarding the perception of reality could be overshadowed by the
disappointment of having missed a real ride.

Against the background of VR memory studies (Harman et al.,
2017; Ernstsen et al., 2019; Krokos et al., 2019; Schöne et al., 2019;
Smith, 2019; Kisker et al., 2020, 2021b), the comparison 3 days
later is more informative. A common phenomenon comparing
retrieval success for VR and conventional PC experiences is
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FIGURE 4

Changes in the HRV parameters SDRR (A) and rmSSD (B) for the separate phases of the ride in the fire truck’s basket compared to baseline per condition:
The phases were corrected for the baseline (delta = HRV during the respective phase minus HRV during the baseline). The zero line thus marks the
baseline, which was therefore not depicted separately. The error bars depict the standard deviation. Significant differences between groups are marked
respectively (**p < 0.01, ***p < 0.001).

that immersive experiences are remembered with higher accuracy.
Furthermore, behavioral (Schöne et al., 2019; Kisker et al., 2021b)
and electrophysiological (Kisker et al., 2020) evidence suggest
that different mnemonic processes are employed. Taken together,
VR experiences seem to be weaved into a person’s narrative or
autobiographical memory just like real experiences (Schöne et al.,
2019; Kisker et al., 2020). Like episodic memory, the autobiographical
memory is a subsystem of declarative memory (Renoult et al., 2012).
Both are characterized by a unique first-person perspective and its
encoding context. However, autobiographical memory comprises
a larger set of operations, of which especially self-referential
processing, personal relevance, and self-involvement are susceptible
to virtual experiences (Greenberg and Rubin, 2003). Remembering
VR experiences means remembering being at a place at a particular
time and not only having it seen on a screen. Although the post-
induction affects between the real and the VR condition differed
(presumably due to disappointment), the event is emotionally
remembered in the most similar way. This finding seems to be
more conclusive within the context of VR applications than the
immediate post-induction measurement: Although VR is perhaps
less exciting than a real-life ride, it is remembered as exciting. The
efficacy of, e.g., therapeutical and educational applications depends
on this aspect of VR. Long-term success can only be achieved when
the virtual application substitutes not only on a factual but also on
an emotional level for the corresponding real-life scenario: Virtual
treatment of acrophobia (Renoult et al., 2012), bulimia (De Carvalho
et al., 2017), or social anxiety (Bouchard et al., 2017) is effective
if patients remember the exposure emotionally as if it was a real
experience.

4.3. Heart rate variability

Although emotional memory provides a good starting point for
evaluating VR’s realness, online measures are needed to draw a clear
picture of the participants’ mental stress during the ride. To assess
the level of reality, VR, and PC simulations, the HRV functions as

a marker for stress imposed by the conditions on the autonomic
nervous system (ANS, Shaffer and Ginsberg, 2017).

Two measures are used to evaluate the variance of the RR
intervals; the standard deviation (SDRR) and the root mean square
of successive RR interval differences (rmSSD). Both measures are
commonly employed and appropriate ultra-short time measurements
(<5 min) (Baek et al., 2015; Shaffer and Ginsberg, 2017). The basis
for the short-term HRV is the aforementioned interplay between
sympathetic and parasympathetic branches, but also respiration-
driven speeding and slowing of the heart, baroreceptor reflex, and
rhythmic changes in vascular tone [for a comprehensive overview,
see Shaffer and Ginsberg (2017)]. SDRR and rmSSD reflect slightly
different ANS properties, with the rmSSD reflecting the vagally
mediated changes in variance (Shaffer and Ginsberg, 2017). Since
there is a debate about whether one measurement should be favored
over the other one predominantly arising from a lack of research
about their physiological origin (Shaffer and Ginsberg, 2017), both
measurements were used in this study to estimate the ANS stress
response.

The reported data are baseline corrected; however, another
baseline was chosen as opposed to the questionnaires to circumvent
the anticipated problem of disappointment. To assess the ride’s
emotional efficacy, the baseline was measured while standing in
front of the fire truck basket or the replica, making it clear to the
participants what they had to expect. While this approach avoids
the problems already mentioned, on the downside, it does not
provide an entirely emotionally neutral baseline. The participants
would joyfully expect a real ride or be aware that they would
participate in an unconventional but neutral experiment. The very
nature of this unconventional experiment makes it impossible to find
the ideal baseline.

As higher HRV scores indicate relaxation and lower scores
indicate stress, a baseline-corrected negative score indicates an
increase in stress and a positive score indicates relaxation. The
responses in all phases are identical for the SDRR showing that
the stress response did not differ between the real and the VR
condition. The rmSSD followed the same trend, except for the
response at the highest point. Both groups differed significantly
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from the PC condition in all phases and both measures: The
baseline-corrected data indicate an elevated stress response in the PC
condition and a likewise light to neutral stress response in the real
and virtual conditions.

This overall pattern unfolds the temporal dynamic of the
emotional experiences. The significance pattern for the SDRR phase
analysis confirms the first impression that the real and virtual
conditions are indistinguishable in terms of ANS responses. Positive
scores for both conditions in the ascend even increasing in the
peak phase, corresponding to the overall positive PANAS ratings,
indicate a vagotonic state of the ANS, associated with relaxation
or a positive mood (Shiota et al., 2011). During the descent, the
score again leans toward the baseline. The PC condition follows a
similar course; however, the peak resembles the baseline indicating an
overall dissatisfaction and an ergotropic state of the ANS (Gellhorn,
1970). The rmSSD pattern follows the course with a deviation at
the peak: Reality surpasses VR significantly. Since the significance
patterns otherwise support the equivalence of reality and VR, the
difference might be explained physiologically. Both measurements
reflect slightly different ANS properties with the rmSSD reflecting the
vagally mediated respiration-driven speeding and slowing of the heart
(Schipke, 1999). Hence, it might be a different respiratory pattern
that accounts for the differences. Being outside, experiencing a fresh
breeze at 33 m, when the temperature at the ground was beyond 30◦C,
and feeling a sensation of awe (Chirico et al., 2017) could trigger a
deep breath and thus increase the score technically.

As an interim conclusion, the HRV data corresponds to
self-reported emotional memory, revealing the same equivalence
pattern of the real and virtual domains in distinction to the PC
condition at t2. They thus confirm a previous VR video study
providing the first evidence that heart rate and by that the visceral
ANS stress response to VR environments corresponds to real-
life responses much more than to conventional laboratory settings
(Higuera-Trujillo et al., 2017).

4.4. Electrophysiological correlates

While the HRV analysis provides robust evidence for a somatic
level of arousal, the EEG analysis is more conclusive over a
wider variety of cognitive, emotional, and somatosensory processes.
Interestingly, the overall picture indicates that the EEG result
parallels what a naive VR user would have suspected: The emotional
responses elicited by the real-life and the virtual experience are
indistinguishable on an electrophysiological level as the alpha- and
theta-band oscillations do not yield significant differences. However,
the participants’ somatosensory experiences differed between all three
conditions as indexed by beta-band oscillations.

First of all, it should be noted that we employed a robust
methodological approach at the expense of the EEG’s already limited
ability to identify the neural underpinning of the obtained signal.
Thus, a distinct functional attribution of the respective oscillations
remains speculative to a certain degree and leaves a margin for
further improvements. Importantly, a more precise classification
of the functional properties does not necessarily augment the
epistemological value of this particular study. The brain’s oscillatory
response to VR by means of 3D-360◦ videos resembles the response
to a real-life event in two of the three selected frequency bands.
Regarding alpha and theta band powers, the equivalence tests (TOST)
strongly indicate that the effects for RL and VR are equivalent. On

the other side, differences between RL and PC as well as VR and PC
mainly exhibit strong effects.

Generally, as alpha-band oscillations are correlating with
emotional arousal (Klotzsche et al., 2018; Schubring et al., 2020), the
data indicate that VR comes in with the same sense of arousal (or
thrill) as the real-life ride. The advantage of the study’s experimental
setup is that even the real-life situation with a professional firefighter
crew imparted a feeling of safety and assurance. Aside from these
safety considerations, it should be noted that the alpha-power
decreased with gaining altitude till the highest point, and then got
back closer to zero. As the alpha-band is inversely correlated with
cortical activity (Schöne et al., 2016), both measures, HRV and alpha
power, likewise imply heightened stress or arousal with a gaining
altitude. In other words, the 3D/360◦ VR video and the real-life
condition conveyed the same level of hazard and, as pointed out
in the Introduction section, likewise facilitated the same level of
tonic, unspecific alertness, and anxiety but also general vigilance
or sustained attention (Dockree et al., 2007). Interestingly, theta
oscillations are most positive in the baseline for the RL condition
as opposed to VR and PC: An increase in spectral theta has
been interpreted as reflecting an integrative regulatory function
(Cruikshank et al., 2012). Whereas the positive theta oscillations
indicate the downregulation of negative emotions, like it would be
expected when standing in front of the firetruck ready for departure,
the negative theta values reflect a diminished or even a loss of
emotional control (Grunwald et al., 2014). This can be either a
deliberate process, e.g., due to an overwhelming experience, or the
lack of necessity. The latter seems to apply to the PC condition, where
theta is most negative: Emotion regulation appears to be of minimal
importance in this context, as the experience is only displayed on a
screen. Conventional media elicits emotions that are less impactful
and are accordingly managed differently. Emotions are a response
to the environment in which they arise and prompt appropriate
actions. This link between emotion and environment is dissolved or
at least weakened when the current emotional state is triggered by
a monitor experience. For example, anxiety elicited by a screening
event does not provide information about the hazardousness of the
environment, often it is even elicited for entertainment purposes
by watching a horror movie. In a corresponding real-life situation,
it facilitates appropriate behavior and has to be regulated properly.
Processes that also occur in VR (Kisker et al., 2021a,c), which is why
it is in line with previous literature to the study at hand, and real
life do not exhibit significant differences with respect to the brain’s
theta-band response. The emotions elicited by the height exposure
need to be evaluated and regulated appropriately. This cascade makes
a case for the realism of VR. VR not only seems to be sufficiently
real to elicit genuine emotions (first response) but once provoked,
the brain processes them like real emotions; and seems to deploy the
same emotion regulation mechanisms as if they were evoked under
real-life conditions (second response). Denying the authenticity of
an experience or an emotion is a well-known way to regulate, e.g.,
fear (Cantor, 2006) and it would be a possible strategy in the VR
condition by discarding VR as being unreal. A feeling is only denoted
as imagination or fiction to alleviate it (e.g., cognitive avoidance, Lin,
2017). Given the premise that the obtained theta signal in our study
possesses sufficient discriminatory power for regulatory processes,
the data imply that this demotion to the imagination is not applied
to our experiment.

As an intermediate conclusion, the PANAS questionnaire (at
t2), the HRV measurements, and the alpha and theta oscillations
indicate—individually and in conjunction—that emotions elicited in
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VR resemble real-life emotions. The study thus fills the gap in VR
research showing that VR simulations elicit strong realistic emotions
(Gorini et al., 2010; Felnhofer et al., 2015; Chirico and Gaggioli,
2019; Gromer et al., 2019; Bernardo et al., 2021) and supports the
assumption that they reflect real-life emotional processing (Kisker
et al., 2021a,c).

However, the beta-band results exhibit a different pattern: All
three conditions differ from each other. As mentioned in the
introduction, the beta-band has also been associated with emotional
processes, but as all previously discussed metrics imply emotional
equivalence between VR and real-life scenarios, the somatosensory
account seems to be preferable. Technically speaking, the experiment
was a mixed reality (MR) setup as the study aimed to minimize
the perceptual differences between all three conditions by including
physical cues, e.g., a wobbly basket replica and wind simulation. All
three conditions still exhibited unique somatosensory characteristics:
especially the HMD sticks out. Only the participants in the VR
condition had additional weight mounted on the head, influencing
proprioceptive perception. It is unclear to what extent VR (or MR)
environments need to physically resemble a corresponding real-
world scenario to mitigate such somatosensory differences. Lighter
HMDs, synthetic skin mimicking touch sensation (Lucarotti et al.,
2013), and other technical advances might further enhance the
realism of simulations. Furthermore, the RL condition was the only
one that actually came with a vertical acceleration. Nevertheless,
according to the data, the study’s setup was sufficiently real to
elicit real-life emotions, leaving the question of to which degree
physical cues play a role at all. Notably, methodological examinations
demonstrated that wearing common VR headsets like the HTC Vive
does not impact the EEG’s signal quality regarding frequency bands
below 50 Hz (Hertweck et al., 2019). In a competition for cognitive
and especially attentional resources, sensory information might only
play a subordinate role to emotional cues, especially in a scenario
with a fixed body position and limited interaction. Conclusively,
it seems that the relevance of somatosensory information for the
manifestation of a sense of realism highly depends on the purpose
of the application.

Alternatively, ongoing beta activity is associated with subsequent
memory formation success, independent of stimulus modality
(Scholz et al., 2017). As the ride was a unique experience, the
beta power might also reflect a memory-promoting state that albeit
being modality independent might be modulated by attentional
or emotional states accounting for the differences between the
conditions.

5. Conclusion

The study has shown that today’s VR setups using photorealistic
3D-360◦ experiences fulfill the essential prerequisites for the
emergence of a feeling of reality and paves the way for a more
in-depth examination of the relevant cognitive and emotional
processes as well as the technological features of VR giving rise
to them. Furthermore, the study provides a scientific framework
for developing recreational, educational, and therapeutic VR
applications. Scientists might proportionally benefit from the
enhanced ecological validity achieved by VR. Psychological processes
can be studied under previously unprecedented realistic conditions
in controlled laboratory conditions (Bohil et al., 2011; Parsons,
2015). However, as outlined in the introduction, the realism of VR

simulations requires particular diligence in applying VR materials.
The laws and guidelines, according to which content is created and
evaluated for an audience (e.g., the MPA rating system in the USA,
scientific ethics committees), do not translate into the virtual domain
without any adjustment (Slater et al., 2020) as VR can be considered
to be sufficiently real to mimic reality. For a video summary, see
https://youtu.be/fPIrIajpfiA.

6. Limitations

For practical reasons, our study investigated only one scenario
under real-life, VR, and monitor conditions. It is yet unclear
to which condition or other scenarios our results generalize. As
the Introduction section mentioned, height exposures are classic
immersive VR experiences leveraging all its affordances. Future
research should investigate less immersive and less arousing scenarios
to determine a cutoff where VR and PC might be on the same
level, both differing from reality. However, the conclusions drawn
from our study are in line with previous VR studies from various
fields inferring the degree of reality of virtual reality from behavioral
observations (see Section “1. Introduction”). The generalizability of
our research thus should be given and is presumably higher than the
generalizability of monitor experiments.

The HRV baseline chosen for the experiment was not free of
induction. Standing in front of the fire truck expecting to go up
naturally led to increased arousal. The rationale behind this approach
was to correct for any condition’s specific arousal by subtracting
this baseline from the HRV during the ride. However, an induction-
free baseline might shed a more differentiated light on the temporal
dynamics of the arousal during the experience.

The participant in the experiment had no task but was
passively exposed to the height. Thus, tying the electrophysiological
responses to mental states is speculative beyond very basic
functions. Nonetheless, due to the very simple measurements, future
research should include behavior and investigate task-specific neural
oscillation for that reason.
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