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Abstract: Background: Given that VR is used in multiple domains, understanding the effects of
cybersickness on human cognition and motor skills and the factors contributing to cybersickness
is becoming increasing important. This study aimed to explore the predictors of cybersickness and
its interplay with cognitive and motor skills. Methods: 30 participants, 20–45 years old, completed
the MSSQ and the CSQ-VR, and were immersed in VR. During immersion, they were exposed to a
roller coaster ride. Before and after the ride, participants responded to the CSQ-VR and performed
VR-based cognitive and psychomotor tasks. After the VR session, participants completed the CSQ-VR
again. Results: Motion sickness susceptibility, during adulthood, was the most prominent predictor
of cybersickness. Pupil dilation emerged as a significant predictor of cybersickness. Experience
with videogaming was a significant predictor of cybersickness and cognitive/motor functions. Cy-
bersickness negatively affected visuospatial working memory and psychomotor skills. Overall the
intensity of cybersickness’s nausea and vestibular symptoms significantly decreased after removing
the VR headset. Conclusions: In order of importance, motion sickness susceptibility and gaming
experience are significant predictors of cybersickness. Pupil dilation appears to be a cybersickness
biomarker. Cybersickness affects visuospatial working memory and psychomotor skills. Concerning
user experience, cybersickness and its effects on performance should be examined during and not
after immersion.

Keywords: virtual reality; cybersickness; VR sickness; motion sickness; cognition; motor skills; pupil
dilation; gaming experience; immersion; susceptibility

1. Introduction

Immersive virtual reality (VR) represents one of the most remarkable technological
advancements of the 21st century. A digital interface that promises full immersion into
an alternate or simulated environment, VR’s potential has been tapped across an array
of disciplines. Entertainment industries have been early adopters, providing audiences
with experiences that were once relegated to the realms of imagination [1–3]. Concurrently,
the education sector has witnessed a paradigm shift, with VR-enhanced pedagogical tools
fostering enriched learning experiences [4–6].

Furthermore, the domain of professional training has embraced VR to craft realistic
scenarios for a myriad of professionals, from manual labourers mastering their craft to
surgeons simulating complex procedures [7–9]. The medical area is reaping the benefits
too. Beyond conventional treatments and therapies, VR is emerging as a powerful adjunc-
tive tool. Pain management, once reliant solely on pharmacological interventions, is now
exploring the pain-distracting potential of VR [10]. Rehabilitation, be it physical or neuro-
logical, is experiencing a renaissance with VR-infused therapies [11,12]. Neuropsychology,
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in particular, has found a robust partner in VR, aiding in cognitive assessments [13,14],
training [15], and targeted rehabilitation efforts [16–18].

Such broad applications further extend their arms to vulnerable populations. The
elderly, often considered tech-averse, find solace and cognitive rejuvenation in VR experi-
ences tailored to their needs [19,20]. Individuals with Mild Cognitive Impairment (MCI)
and/or a type of dementia [21,22], or developmental challenges such as Attention-Deficit
Hyperactivity Disorder (ADHD) [23–25]) and Autism Spectrum Disorder (ASD) [17,26,27]
are not mere spectators. VR interventions, designed with sensitivity and precision, are be-
ing administered to provide these populations with therapeutic as well as recreational relief.
Considering the importance of the aforementioned applications of VR and the fragility of
some of the targeted populations, the effective implementation of VR becomes imperative.

While the promise of VR in transforming various domains is indisputable, VR also
harbours an inherent limitation—cybersickness, a condition affecting a segment of its
users [28]. Manifesting as a triad of nausea, disorientation, and oculomotor disturbances,
cybersickness remains a significant concern. While there is a temptation to draw parallels
between cybersickness and simulator sickness, the two display distinct characteristics [29].
Notably, cybersickness presents with heightened general discomfort, particularly inten-
sified by nausea and disorientation [29]. Adding another layer to this complex tapestry,
cybersickness also stands apart from motion sickness. The former arises primarily from
visual cues in VR, whereas the latter emerges from actual physical movement [30].

Delving into the underlying causes of cybersickness, a comprehensive theoretical
understanding is still needed. The sensory conflict theory has gained traction, shedding
light on the root of the issue [28,30,31]. According to the neural mismatch theory, an
extension of the sensory conflict theory, the symptoms of cybersickness primarily arise
from discrepancies between expected and sensed motion, with a significant involvement of
the central nervous system (CNS) in the generation of cybersickness [28,31]. This theory
suggests that cybersickness is not merely a result of sensorial conflict between the visual
and vestibular systems but also involves the CNS’s interpretation of these conflicting cues.
Our sense of balance and spatial orientation relies on the integration of visual, vestibular,
and proprioceptive feedback. In VR environments, these systems often receive conflicting
cues, leading to a neural mismatch that causes sensory dissonance and contributes to the
onset of cybersickness. For VR, this conflict can be attributed to vection—an illusionary
perception of motion [32]. This illusion, particularly when accompanied by movements like
linear and angular accelerations, has been pinpointed as a major instigator of cybersickness
in VR [33,34]. As VR continues its ascendancy in the tech world, the quest to understand
and alleviate cybersickness remains a pressing concern.

Cybersickness in VR appears to be a result of both hardware and software issues, and
poses a significant challenge. Hardware problems like latency and refresh rate discrep-
ancies, alongside software issues such as inconsistencies in visual–vestibular integration,
contribute to a disorienting VR experience [35]. The industry is addressing these through
advancements in head-mounted displays (HMDs), enhanced display resolutions, and
software that aligns more closely with human physiology [35,36]. Strategies to mitigate
cybersickness symptoms include acclimatization, the use of medications or natural reme-
dies, and innovations in Human–Computer Interactions, although these methods have
limitations such as high costs, time consumption, or an impact on immersion [37–41].

The measurement of cybersickness has predominantly relied on questionnaires like
the Simulator Sickness Questionnaire (SSQ) [42] and the Virtual Reality Sickness Question-
naire (VRSQ) [43], which have been criticized for their limited effectiveness [44–47]. The
Cybersickness in Virtual Reality Questionnaire (CSQ-VR) is recognized as a more effective
tool, especially with its integration of eye-tracking technology [45]. Physiological metrics
like electroencephalography (EEG), electrocardiogram (ECG), and galvanic skin response
(GSR) have also been used to predict cybersickness, but their widespread use is limited by
costs and ergonomic issues [48–50]. Individual differences also influence cybersickness ex-
periences, with mixed findings regarding the role of gender and gaming experience [51–54].



Virtual Worlds 2024, 3 64

Furthermore, cybersickness can significantly impair cognitive and motor functions, which
are crucial in VR’s application in education, research, and training [35,52,55]. Studies
have shown varying impacts of cybersickness on these functions, indicating the need for
further research in this area [51,56–59]. Overall, this research highlights the ongoing need
for innovation and thorough assessment in mitigating and measuring cybersickness in
VR environments.

The current study aims to address several key gaps in the literature regarding the
impact of cybersickness on virtual reality (VR) environments, particularly focusing on
its effects on cognitive functions and individual differences. The outlined hypotheses
contribute to the literature in the following ways:

1. Pupil Size as a Predictor of Cybersickness Intensity (H1): This hypothesis explores
the relationship between physiological responses, specifically pupil size, and the
intensity of cybersickness. If confirmed, this would add to the understanding of how
physiological markers can be used as reliable predictors of cybersickness, offering a
more objective and potentially real-time method for assessing cybersickness severity.

2. The Link between Motion Sickness Susceptibility and Cybersickness (H2): By investi-
gating the connection between a person’s susceptibility to motion sickness and their
experience of cybersickness, this study could provide insights into individual differ-
ences in VR experiences. This would contribute to a more personalized approach toVR
design and usage, especially for populations that are more prone to motion sickness.

3. The Impact of Computer and Video Game Experience (H3): This hypothesis examines
the role of prior experience with computers and video games in predicting cyber-
sickness. Clarifying this relationship could have implications for understanding
how a familiarity with digital interfaces and interactive environments can influence
one’s adaptation to VR, potentially guiding training protocols and user onboarding
processes in VR applications.

4. The Effect of Cybersickness on Cognitive and Motor Skills (H4): Investigating the
impact of cybersickness on key cognitive functions like verbal and visuospatial work-
ing memory, and psychomotor skills, directly addresses the discrepancies noted in
previous studies about the extent of cybersickness’s impact. This could significantly
enhance our understanding of the cognitive costs of VR usage, informing the design
and application of VR in education, training, and rehabilitation.

5. The Comparison of Cybersickness Intensity During and After VR Exposure (H5): By
comparing the intensity of cybersickness during and after VR exposure, this study
aims to elucidate the temporal dynamics of cybersickness. This could lead to a better
understanding of how cybersickness evolves over time, which is crucial for designing
VR sessions and interventions to mitigate its effects.

In this paper, we delve into various aspects of cybersickness and its impact on users
during virtual reality (VR) experiences. Section 2 presents a comprehensive literature
review, examining existing research on cybersickness, including its causes, mitigation
strategies, and the role of various hardware and software factors in VR. Section 3, ‘Materials
and Methods’, details the VR hardware and software used, the development process of
the virtual environment, and the methodologies for assessing cognitive and motor skills,
as well as cybersickness in VR. In Section 4, ‘Results’, we present the findings from our
study, including descriptive statistics, regression analysis results, and comparisons of
cybersickness intensity during different stages of VR exposure. Section 5, ‘Discussion’,
integrates our findings with the broader body of research, discussing the implications of
our results and how they align with or contrast the existing literature. Finally, Section 6
concludes the paper, summarizing the key insights and contributions of our study to the
understanding of cybersickness in VR environments.
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2. Literature Review and Current Research Aims
2.1. Mitigation of Cybersickness

Two primary catalysts for cybersickness are VR’s hardware and software characteris-
tics [35]. Hardware issues such as latency, which refers to the delay between a user’s action
and the corresponding change in the virtual environment, can be incredibly disorienting.
Similarly, refresh rates that are not synchronized with a user’s natural perception can lead
to a jarring experience [35]. On the software side, inconsistencies in visual–vestibular
integration, where what one sees does not match what one feels, can throw off the body’s
equilibrium [35,36]. Similarly, increased cognitive workload and confusion may also play a
role in modulating cybersickness intensity [35,36,60].

However, the industry and the scientific community are not passive in the face of
these challenges. With advancements in head-mounted displays (HMDs), many of these
hardware-related issues are gradually being addressed [35]. Better display resolutions,
faster refresh rates, and improved motion tracking reduce the disconnect users feel. Simul-
taneously, on the software end, industry and research software developers are now more
attuned to creating experiences that align with human physiology. Guidelines tailored to
specific scientific fields and targeted populations are emerging, ensuring a more holistic
and comfortable VR experience for all [36,61–66].

Furthermore, various strategies have been employed to counteract the symptoms of
cybersickness, each with its own set of challenges. One such strategy is “acclimatization”,
which involves frequently exposing a person to elements that induce cybersickness to help
them build resilience against it [37]. While this might be an effective solution, it is both
time-intensive and costly, demanding significant effort and dedication. Additionally, there
are recommendations for using specific medications or natural remedies, such as ginger, to
tackle the effects [38,67]. However, these methods can be obtrusive and might introduce
unintended consequences like fatigue or potential allergies [38].

In the realm of Human–Computer Interactions (HCIs), innovations such as adjusting
the user’s perspective [39], introducing dynamic focus shifts [40], ensuring bodily equilib-
rium [68], and incorporating brief intervals [41] have been put forward. However, these
methods can impede certain virtual interactions (e.g., adjusting the user perspective and
maintaining balance) and might detract from the overall immersive experience (e.g., focus
shifts and intervals). Similarly, joyful and calming music effectively alleviates cybersickness
symptoms in VR [51]. However, again, using music is only suitable in some virtual environ-
ments, given that it may confound the purpose of a VR application. An efficient approach,
which may be a universal solution, is to detect and prevent cybersickness. However, this
universal solution should be adaptive to the user’s needs and requirements.

2.2. Questionnaires and Physiological Metrics of Cybersickness

One of the most common approaches to measure cybersickness is the administration
of questionnaires, typically before and after exposure to VR [36,52]. The effectiveness of
these tools in evaluating cybersickness in VR settings has been a topic of keen interest. The
Simulator Sickness Questionnaire (SSQ) [42] has received criticism from several studies for
its inability to adequately measure cybersickness in VR [44–47]. While the Virtual Reality
Sickness Questionnaire (VRSQ) was conceived of as an improvement on the SSQ, it too
exhibits considerable limitations, especially in terms of its structure and specificity [43,45].

On the other hand, the Cybersickness in Virtual Reality Questionnaire (CSQ-VR)
emerges as a more reliable and comprehensive tool [45,51,69,70]. Given that intense cy-
bersickness can significantly hamper a user’s cognitive and motor functions, especially
in terms of reaction times [34,45,51,56,57], it is imperative for a tool to detect these de-
clines effectively. The CSQ-VR, with its robust design and metrics, compared to both
SSQ and VRSQ, was substantially more efficient in detecting cognitive and/or motor skill
declines due to cybersickness. Furthermore, the CSQ-VR is offered in a 3D VR version,
allowing for a repeated evaluation of cybersickness while the user is immersed in VR.
This is essential considering that the intensity of cybersickness can vary throughout a VR
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session [32,45,51,71]. Additionally, considering that pupil size was a significant predictor
of cybersickness intensity [45,51] the integration of eye-tracking in the CSQ-VR further
augments its cybersickness assessment capabilities.

Beyond questionnaires, and the pupil size discussed above, other objective physiologi-
cal metrics have been used to examine and predict cybersickness symptomatology [30,48].
In this direction, electroencephalography (EEG), which captures electrical activity in the
brain’s cortical areas, is an efficient approach to detect cybersickness [49]. However, us-
ing an EEG in combination with the VR HMD is not feasible for widespread utilization
due to the high cost of EEG, as well as that it being ergonomically problematic to have
both cumbersome devices mounted on the head of the user. Other physiological met-
rics encompass the electrocardiogram (ECG), electrogastrogram (EGG), electrooculogram
(EOG), photoplethysmogram via pulse oximeter (PPG), breathing rate, and galvanic skin
response (GSR), which have been found to predict cybersickness symptomatology and
intensity [48,50]. For example, rises in bradygastric activity, breathing rate [50,72], heart
rate [57], and forehead skin conductance [73,74] offer reliable indicators of cybersickness.
However, beyond PPG and CSR, the other devices are also costly and not ergonomically
appropriate for effective use. On the other hand, PPG and GSR can be embedded in haptic
gloves (e.g., see TeslaGloves) and are ergonomically efficient [75,76]. Nevertheless, these
haptic devices are costly, so, beyond their applications in industry by enterprises, these
devices are not affordable for the general population [75,76]. Finally, pupil size is not the
only eye-tracking metric that may indicate cybersickness. Other eye-tracking metrics, such
as fixation duration and the distance between the eye gaze and the targeted object, may
assist in predicting cybersickness [77–79]. Therefore, except for the eye-tracking that is
embedded in many VR HMDs, the use of the rest of the physiological metrics is either
ergonomically and/or financially problematic.

2.3. Individual Differences and Cybersickness

The experience of cybersickness varies among individuals, with factors like gender
playing a potential role [51,52]. Some studies suggest female users may experience more
intense cybersickness than male users, but findings have been inconsistent [51,52]. For
instance, Petri et al.’s study [80] found no significant gender differences in objective metrics
like heart rate but did observe a difference in subjective experiences based on the SSQ.
Meanwhile, Melo et al. [53] found no such gender differences. Similarly, Stanney et al.’s
experiments [54,81] found gender insignificant in predicting cybersickness in certain condi-
tions. A meta-analysis also supported the absence of significant gender differences when
evaluating cybersickness in VR settings using the SSQ [52]. However, it is speculated that
gaming and VR experience might play a role.

Few studies have delved into the impact of computing, VR, or gaming experience on
cybersickness. While Stanney et al. [54] considered gaming experience, their methodology
regarding its measurement was ambiguous, and their results, postulating an absent effect,
cannot thus be considered reliable. Kourtesis et al., in a series of studies [13,82,83], found no
significant effect of gaming or VR experience on cybersickness. However, the VR software
implemented in these studies was thoroughly designed and developed to elicit minimal to
no cybersickness symptoms. Conversely, Weech et al. [84] found that gaming experience
might influence cybersickness, especially when paired with narratives. Likewise, in the
recent study of Kourtesis et al. [51] gaming experience was found to affect the experiencing
of cybersickness, where more gaming experience indicated a higher resilience. Also, the
same study showed that gaming experience explained the gender differences in terms of
cybersickness, as participants of the opposite sex but with the same gaming experience did
not experience different cybersickness intensities [51].

Moreover, each individual may demonstrate a diverse level of susceptibility to experi-
encing cybersickness [85,86]. Previous studies, using the Motion Sickness Susceptibility
Questionnaire (MSSQ), which measures susceptibility to experiencing intense symptoms
of motion sickness [87], found susceptibility to motion sickness to be associated with per-
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sonality traits and anxiety levels [88,89]. Similar to motion sickness susceptibility, visually
induced motion sickness (i.e., cybersickness induced by vection) demonstrates similar
patterns of susceptibility among individuals [85,86]. Taking these together, given the simi-
larities between motion sickness and cybersickness elicited by vection, the MSSQ scores
may indicate susceptibility to cybersickness. However, in previous studies, the MSSQ did
not predict cybersickness’s intensity [45,51]. Nevertheless, the aforementioned studies also
used the MSSQ to exclude participants with moderate-to-high motion sickness suscep-
tibility. Thus, the MSSQ’s utility in predicting cybersickness has not yet been examined
appropriately. Overall, while individual differences influence cybersickness, the exact
factors and their interplay remain a complex topic of investigation.

2.4. Effects of Cybersickness on Cognitive and Motor Skills

Apart from impacting the quality of the user experience in VR, cybersickness can
also detrimentally influence a user’s cognitive and motor functions. Considering VR’s
applications in areas demanding unimpaired cognitive and motor skills, like education,
research, clinical settings, and training, cybersickness poses significant challenges to VR’s
successful integration. Several systematic reviews [35,52,90] have highlighted a consider-
able, though temporary, decline in cognitive and/or motor functions due to cybersickness
in immersive VR. Dahlman et al. [55] theorized that motion sickness notably impairs users’
verbal working memory. Similarly, a study by Varmaghani et al. [58], with 47 participants
split into VR and control groups, found that the VR group did not experience the expected
enhancement in visuospatial skills seen in the control group, suggesting cybersickness’s
potential effect on visuospatial learning.

Mittelstaedt et al.’s research [56] explored cybersickness’s influence on various cogni-
tive areas before and after VR exposure. The study revealed that cybersickness resulted
in delayed reaction speeds and hindered the anticipated boost in visual processing speed,
indicating a negative impact on attention and reaction time. However, spatial and visu-
ospatial memory skills seemed unaffected. Similarly, studies by Nalivaiko et al. [57] and
Nesbitt et al. [34] reported slowed reaction times correlated with increasing cybersickness
severity, suggesting a link between cybersickness intensity and potential cognitive/motor
deterioration. It is important to note that while these studies underscore cybersickness’s
negative effects on cognitive and/or motor abilities, they assessed cybersickness post VR
exposure, not during the experience itself.

Since the users experience a readjustment to physical space while removing the VR
HMD and transitioning from the virtual to the physical environment [59], examining
cybersickness, cognition, and motor skills after exposure may confound the observations. In
a recent study examining cybersickness, and cognitive and motor skills during immersion,
cybersickness had a significant negative effect on verbal working memory and psychomotor
skills, but not on visuospatial working memory [51]. However, the order of the tasks was
not randomized and counterbalanced, and the researchers, using the MSSQ, excluded
participants who showed a high susceptibility to experiencing motion sickness. Thus,
based on the studies mentioned above, while the evidence postulates a negative impact
of cybersickness on cognitive and motor skills, there are still discrepancies, especially
regarding the size of these effects.

2.5. The Current Study’s Aims and Hypotheses

Based on the review of existing literature, it is clear that VR is a cutting-edge tool
with extensive applications spanning from entertainment to research and rehabilitation.
However, the applications of VR may be hindered by the onset of cybersickness. There
are discrepancies about the impact of cybersickness on core cognitive functions, which are
required in the VR applications in several fields (e.g., education, occupational training, and
rehabilitation). Also, the role of individual differences (e.g., IT skills, sex, and susceptibility
to cybersickness) in experiencing cybersickness has not been fully understood. Given this
background, our research inquiries have been articulated in the following hypotheses:
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H1: Pupil size will be a significant predictor of the intensity of cybersickness.

H2: Susceptibility to motion sickness will be a significant predictor of the intensity of cybersickness.

H3: Computer and/or videogame experience will predict the intensity of cybersickness symptomatology.

H4: Cybersickness symptomatology will have a negative effect on verbal working memory, visu-
ospatial working memory, and/or psychomotor skills.

H5: The cybersickness intensity during and after VR exposure will be significantly different.

3. Materials and Methods
3.1. Virtual Reality Hardware and Software

An HTC Vive Pro Eye was used, which embeds an eye-tracker with a binocular gaze
data output frequency of 120 Hz (i.e., refresh rate), a tracking accuracy of 0.5◦–1.1◦, a 5-point
calibration, and a 110◦ trackable field of view. The HTC Vive Pro Eye substantially surpasses
the minimum hardware criteria for alleviating and/or avoiding cybersickness [35]. Thus,
beyond facilitating the collection of eye-tracking metrics, its utilization further ensures
that the linear and angular accelerations will be inducing cybersickness (see description
below) in the virtual environment and not hardware inadequacies. Likewise, the software’s
development was performed in line with the guidelines for VR software for research and
clinical settings, which have been found efficient in substantially mitigating cybersickness
symptomatology [14,63]. This further ensured the avoidance or decrease in the effects of
software characteristics on the expression or intensity of cybersickness.

3.2. Virtual Environment Development

The virtual environment was based on the one used in our previous studies on cyber-
sickness [45,51]. The Unity3D game engine was utilized to develop a virtual environment.
Also, the SteamVR SDK aided in the creation of interactions. Given the potential influence
of gaming experience on task performance [14], the virtual hands/gloves feature of the
SteamVR SDK was integrated to enable straightforward interactions. Crucially, these in-
teractions were designed to be intuitive, initiated by touching the object for selection and
maintaining touch for confirmation, eliminating the need for button presses. The virtual
gloves offered by SteamVR were neutral, not hinting at any particular gender or race, which
helped mitigate any biases tied to these factors [91].

For audio instructions, Amazon Polly was used to generate neutral, realistic voice
clips. To ensure clarity and user comprehension, instructions were offered in video, audio,
and text formats, promoting smooth task execution. The SteamAudio plugin was employed
for spatial audio effects, particularly feedback sounds. Eye-tracking and pupillometry,
including monitoring pupil size, fixation counts, fixation duration, and the distance of the
object from the eye, were facilitated through the SRapinal SDK. The bmlTUX SDK [92]
enabled the randomization of experimental sequences, data exportation into a CSV format,
and overall experimental management.

3.3. Roller Coaster Ride: Linear and Angular Accelerations

The design of the roller coaster ride in this research was modelled after the rides used
in our prior cybersickness studies [45,51]. A 12 min ride was designed, in which each
participant had to undergo the experience of linear and angular accelerations throughout
the ride. The trajectory was animated to represent the moving platform the user stood on
(see Figure 1). The general direction of movement was forward, with an exception towards
the end (see the reverse z-axis). Overall, the platform’s motions mimicked the dynamics of
a roller coaster.
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The designed route encompassed a specific sequence of accelerations: (1) linear on
the z-axis, (2) angular, involving the z- and y-axes, (3) angular, encompassing the z-, x-,
and y-axes, (4) angular on the roll axis, (5) heightened linear acceleration on the z-axis,
(6) angular on the yaw axis, and (7) intense linear acceleration involving the y-axis followed
by an inverse on the z-axis. The environment was kept minimalistic, predominantly in
shades of black and white (as illustrated in Figure 1). This design was selected to minimize
extraneous factors that could influence or elicit cybersickness symptoms. Moreover, the
tiled pattern provided visual references, helping users discern changes in direction and
altitude. For further information please also see the video abstract of this article, which is
available in the Supplementary Materials.

3.4. Cognitive and Motor Skills Assessments in Virtual Reality

Due to the need for repeated evaluations of cybersickness, cognition, and motor abili-
ties, while users were immersed in VR, immersive VR iterations of recognized tasks/tests
were used (see Figure 2). These VR cognitive and motor skills tests have been used in our
previous studies [45,51]. In designing these VR-based cognitive and psychomotor tasks,
we adhered to the specific design principles and development guidelines for cognitive
evaluations in immersive VR as outlined in [14,63]. Also, given that these tasks necessitate
physical actions, their design was aligned with the ISO 9241-400:2007 standards from the
International Organization for Standardization, which focus on the ergonomics of human–
system interactions [93]. This approach, which includes considerations like personalizing
object heights and the distance between the shoulder and the object, has been used in a
prior study [94]. For further information please also see the video abstract of this article.

3.4.1. Verbal Short/Working Memory: Digit Span Test

A VR version of the Digit Span Test (DST) [95] was developed and used (see Figure 2).
The test encompasses two tasks, the forward and backward recall tasks, which examine
verbal short-term memory and verbal working memory, respectively [96]. The order
of the administration of the tasks is standardized, where examinees perform first the
forward recall task, and then the backward recall task [95,96]. In the DST, participants were
presented with a sequence of numbers to listen to, which they were then required to recall
in the same (i.e., forward recall task) and reverse order (i.e., backward recall task). For
instance, if the given sequence was 2, 4, 3, they were to correspondingly respond with 2,
4, 3 (i.e., forward recall task); or 3, 4, 2 (i.e., backward recall task). Post listening, a virtual
keypad materialized for the participants to input their answers. To select a digit, they
touched the corresponding white box on the keypad (see Figure 2). This box turned blue
upon touch. A continuous touch for more than a second provided confirmation of their
selection. Correct selections turned the button green accompanied by an affirmative sound,
while incorrect ones made it turn orange, with a disapproving sound. A trial concluded
either upon an error or once the sequence was correctly inputted. With every other correct
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trial, the sequence length increased. The task terminated after two consecutive errors at the
same sequence length (e.g., three digits) or after completing the maximum sequence length
(two trials of 7 digits). The total score combined the count of correctly completed trials and
the longest digit sequence (i.e., digit span). A video description of the test can be accessed
via the following link: https://www.youtube.com/watch?v=1H8cqci-lFs accessed on 1
January 2024).
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3.4.2. Visuospatial Short and Working Memory: The Corsi Block Test

A VR version of the Corsi Block Test (CBT) [97] was developed and employed (see
Figure 2). Comparable to the DST described above, the CBT incorporates a forward recall
task and a backward recall task, which evaluate visuospatial short-term memory and
visuospatial working memory correspondingly [97,98]. The sequence in which tasks are
performed is also standardized: participants first perform the forward recall task and
then conclude with the backward recall task [97,98]. Each task displays 27 white cubes,
positioned distinctively across the x, y, and z dimensions. However, 9 of these 27 cubes
were randomly showcased to participants in each trial (see Figure 2). Each trial began
with nine cubes. Based on the current sequence length, a subset of these cubes would light
up in blue for a second each, accompanied by a bell sound. Once this sequence finished,
participants needed to recall and select the cubes in the same (i.e., forward recall task) or
reverse order (i.e., backward recall task). A cube was selected by touching it and turning
it blue. Maintaining the touch for a second confirmed the choice: the cube turned green
and sounded a positive tone if correct, or orange with a negative tone if wrong. The trial
ended upon a mistake or once the full normal (i.e., forward recall task) or reversed (i.e.,
backward recall task) sequence was recalled correctly. Trials started with sequences of two
cubes, increasing by one if at least one of the two attempts was correct. The task concluded
after two errors at a specific sequence length or reaching the maximum sequence of seven

https://www.youtube.com/watch?v=1H8cqci-lFs
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cubes. Perfect performance meant achieving up to seven cubes without errors. The total
score was the sum of the highest achieved sequence length (i.e., Corsi block span) and the
total number of correctly recalled sequences. A video description of the test can be accessed
via the following link: https://www.youtube.com/watch?v=MLilvkyMt-g (accessed on 1
January 2024).

3.4.3. Psychomotor Skills: Deary–Liewald Reaction Time Test

A VR version of the Deary–Liewald Reaction Time test (DLRT) [99] test was developed
and used to evaluate psychomotor skills. The DLRT incorporates two tasks: a simple
reaction time (SRT) task and a choice reaction time (CRT) task [99]. In the SRT task,
participants watched a white box, which they had to quickly touch whenever it turned blue
(see Figure 2). This was repeated for 20 trials. For the CRT task, any one of four horizontally
aligned boxes would randomly turn blue, prompting participants to touch it as fast as
they could (see Figure 2). This occurred over 40 trials. In both tasks, participants were
directed to touch the highlighted boxes swiftly using either hand. Before starting, a practice
round ensured that participants grasped the instructions. The SRT score was derived by
averaging the reaction times across the 20 trials, as was the CRT score. However, the CRT
provided three separate scores. Using eye-tracking, we gauged the time to notice the target
(i.e., attentional time) and the time between noticing and touching the target (i.e., Motor
Time). An overall reaction time, from target appearance to touch, was also recorded. Thus,
three scores emerged:

• Reaction Time (RT), reflecting overall psychomotor speed.
• Attentional Time (AT), showing attention processing speed.
• Motor Time (MT), representing movement speed.

A video description of the test can be accessed via the following link: https://www.
youtube.com/watch?v=wXdrt0PjNsk (accessed on 1 January 2024).

3.5. Cybersickness in Virtual Reality Questionnaire (CSQ-VR)

To assess the symptoms and intensity of cybersickness, the CSQ-VR was used, which
is a valid tool for assessing cybersickness and has shown superior psychometric properties
to the SSQ and the VRSQ [45]. Also, originating from the VR-Induced Symptoms and
Effects section of the VR Neuroscience Questionnaire, the CSQ-VR boasts strong structural
and construct validity [36]. Its strengths include a concise format (just six questions)
and the generation of comprehensible results [45,70]. Additionally, it captures various
cybersickness subcategories, such as nausea, disorientation, and oculomotor disturbances.
Each category has two questions, scaled on a 7-point Likert scale, with options ranging from
“1—absent feeling” to “7—extreme feeling”—each option combines text and a number (see
Figure 3). From the CSQ-VR, a total score and three subscores (i.e., one for each subcategory:
nausea, disorientation, and oculomotor symptoms) can be derived. The total score is the
summation of the three subscores. The questions and the scoring of the CSQ-VR can be
seen on the actual questionnaire, which is available in the Supplementary Materials. The
paper-and-pencil version of the CSQ-VR was administered twice, before and after exposure
to VR.

Given the study’s goal of repeatedly measuring cybersickness during VR immersion,
the 3D VR version of the CSQ-VR was implemented. The question appeared at the top of
the designed user interface, with the chosen response (in red) situated centrally. Users could
modify their answers using a slider, by selecting a number directly or sliding along the
scale (see Figure 3). The VR version of the CSQ-VR also incorporates eye-tracking metrics.
Invisible tracking markers were positioned ahead of the text, and their dimensions always
matched the visible text per line (see Figure 3). This setup allows us to gauge the duration
of fixation on the text as an indicator of reading rate. Additionally, continuous pupil
measurement occurred while users engaged with the CSQ-VR, allowing us to determine
the average pupil size (for both eyes) during interactions, which has been previously seen
as a biomarker of cybersickness intensity [45,51]. A video description of the 3D VR version

https://www.youtube.com/watch?v=MLilvkyMt-g
https://www.youtube.com/watch?v=wXdrt0PjNsk
https://www.youtube.com/watch?v=wXdrt0PjNsk
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of the CSQ-VR can be accessed via the following link: https://www.youtube.com/watch?
v=npW4NKNLXok (accessed on 1 January 2024).
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3.6. Demographics and Motion Sickness Susceptibility Questionnaire (MSSQ)

A custom questionnaire was used to collect demographic information, such as gender,
age, education, and computer and videogame skills. Smartphone/computing/gaming
experiences were determined by summing up scores from two specific questions, each
based on a 6-point Likert scale. The initial question gauged the participant’s proficiency or
skill level in using smartphone/computer/games, with ratings like ‘5: highly skilled’. In
contrast, the subsequent question focused on how often they engage with these platforms,
with responses such as ‘4: once a week’. This custom questionnaire is the same one that has
been used in previous studies (e.g., [45,51,94]). Also, the short form of the Motion Sickness
Susceptibility Questionnaire (MSSQ) was used to measure participants’ predisposition to
experience motion sickness [87]. The MSSQ serves as a diagnostic instrument designed
to gauge an individual’s vulnerability to motion sickness and pinpoint specific triggers
associated with the onset of the symptoms. It delineates experiences into two distinct
categories:

1. Childhood Experience (prior to the age of 12): here, respondents specify the frequency
with which they encountered sensations of sickness or nausea in different modes of
transport or during specific entertainment scenarios.

2. Experience over the Last 10 Years: this section requires individuals to recount the
number of times they felt symptoms of sickness or nausea under similar circumstances
within the past decade.

Each section receives an independent score, and the cumulative result from both areas
offers the raw MSSQ score. This raw score can be translated into a percentile through
reference tables or a dedicated polynomial for enhanced interpretability. Thus, three
scores were derived from the MSSQ: the MSA-Child, the MSB-Adult, and the MSSQ-Total.
However, it is pivotal to understand that the term “sickness” within the MSSQ’s framework
encapsulates feelings ranging from mere queasiness to outright nausea or even vomiting.
Notably, the MSSQ has clinical significance as it can indicate inherent motion sickness

https://www.youtube.com/watch?v=npW4NKNLXok
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susceptibility, which is especially valuable for those diagnosed with vestibular diseases, as
well as examining susceptibility to visually induced cybersickness in VR [85–89].

3.7. Participants and Experimental Procedures

Participants were recruited through convenience sampling, utilizing the internal
mailing lists of the National and Kapodistrian University of Athens, as well as promotions
on social media platforms. The research received approval from the Ethics Committee of
the Department of Psychology of the National and Kapodistrian University of Athens. The
sample consisted of 30 participants, 17 women and 13 men, aged 20 to 45 years old. All
participants had normal or corrected vision using contact lenses or glasses.

In our study, participants stood while wearing the VR headset, as standing was
necessary to ensure they experienced the vestibular symptoms integral to our research. We
took several measures to ensure participant safety during the experiment:

• Supervision by an Experimenter: each participant was closely monitored by an experi-
enced experimenter throughout the VR session to immediately address any signs of
discomfort or loss of balance.

• Design of the VR Area: The VR area was specifically designed with health and safety
considerations in mind. We ensured that the space was clear of obstacles, had soft
padding on the floor, and was of sufficient size to allow free movement without the
risk of collisions.

• Use of Safety Equipment: we also used additional safety equipment, such as non-slip
mats, to further minimize the risk of falls or other injuries.

Upon arrival, all participants were informed about the procedure and gave their
informed consent in written form before proceeding with the experimental procedures.
The process began with the completion of the demographic data questionnaire and the
questions of the MSSQ questionnaire. Then, before using the VR HMD, the participants
were asked to complete the CSQ-VR questionnaire in paper-and-pencil form. Only then did
participants receive an induction to VR technology and how to use and wear the HTC Vive
Pro Eye. The induction also described the cognitive and motor tasks they had to perform
in VR. After the induction, under the guidance of the experimenter, the participants wore
the VR HMD and performed the eye-tracking calibration offered by the HTC Vive in
collaboration with SteamVR. Once in VR, they stood on a designated spot marked ‘X’ (see
Figure 1). The session began with tutorials. For each task, a video tutorial, along with
verbal and written guidelines, was provided.

During immersion, the first task participants had to perform was to provide their
responses to the questions of the 3D VR version of the CSQ-VR. After that, the participants
had to perform the VR versions of the cognitive (i.e., DST and CBT) and psychomotor
skills (i.e., DLRT) tests (see Figure 2). After going through the tutorial of each task, where
participants received audiovisual (i.e., audio, video, and label) information about the task,
they then performed the corresponding task. This stage of going through the tutorials and
performing all the tasks served as the baseline assessment, which lasted approximately
25 min. Note that the order of the tests was counterbalanced across participants. Given
that the tests were DST, CBT, and DLRT, three different orders were used:

1. DST, CBT, and DLRT.
2. CBT, DLRT and DST.
3. DLRT, DST, and CBT.

Thus, the full circle of orders was complete for every three participants. Across the
whole sample, the circle of orders was completed ten times (i.e., 30 participants divided by
three orders).

The roller coaster ride followed, which lasted about 12 min, after this baseline assess-
ment. After the ride, participants performed the same set of assessments as the baseline (i.e.,
CSQ-VR, DST, CBT, and DLRT). Note that the order of the administration of the tests was
identical to the baseline assessment. Participants thus underwent one ride of 12 min and
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two assessment sessions (i.e., before and after the ride). The entire VR procedure spanned
roughly 60 min for every participant. Finally, after removing the VR HMD (i.e., post VR
exposure), participants completed a paper-and-pencil version of the CSQ-VR questionnaire.
Then, refreshments rich in electrolytes were offered to the participants, and they were
given a 10–15 min rest before departure. Before leaving, participants were advised against
driving or operating heavy machinery for the rest of the day.

3.8. Statistical Analyses

All the statistical analyses were conducted using R language [100] in RStudio [101].
Furthermore, the psych (correlational analyses and t-tests) [102], the ggplot2 (plots) [103],
and the lme4 (regression analyses) [104] R packages were used to perform their respective
analyses. Descriptive statistical analysis was performed to provide an overall review
of the sample. The paired-samples t-test examined the differences in the intensity of
cybersickness during and after exposure to VR. Finally, multiple linear regression analyses
were performed to examine the predictors of cybersickness symptomatology, and multiple
mixed linear regression model analyses were performed to examine the predictors of
performance on cognitive and psychomotor skills tasks. As the variables violated the
condition of normality, the bestNormalize R package [105] was used to transform (e.g., into
logarithms) and centre the data (i.e., converting them into z-scores). In this way, there was
a normal distribution in the data to conduct parametric statistical analyses.

Regression Analyses

The assumption of normality for event- and time-based scores was evaluated using
the Shapiro–Wilk Normality test. The Non-Constant Error Variance test was applied to
verify the homoscedasticity assumption for the models. Multicollinearity was assessed by
calculating the variance inflation factor for the predictors in each model. Linear regression
analyses were utilized to explore the predictors of everyday PM functioning based on
everyday cognitive functions. Model comparisons were made using analyses of variance.
The comparison criteria among the models included Akaike’s information criterion (AIC),
Bayesian criterion (BIC), the F statistic and its significance level, and the proportion of
variance explained (i.e., R2).

In the analytical approach adopted, a wide array of variables was considered as
potential predictors for the models. Specifically:

For the Linear Multiple Regression analyses, the following variables were considered:
sex, education, age, computing experience, smartphone app experience, gaming expe-
rience, MSA-Child, MSB-Adult, MSSQ Total, pupil size while responding to the CSQ-VR,
and pupil size during the ride.

For the Mixed Model Regression analyses (i.e., prediction of performance on cognitive
and psychomotor skills tasks) the following variables were considered: CSQ-VR Total Score,
CSQ-VR Nausea Score, CSQ-VR Vestibular Score, CSQ-VR Oculomotor Score, sex, educa-
tion, age, computing experience, smartphone app experience, and gaming experience.

With these variables as the foundation, a systematic and incremental model develop-
ment process was initiated:

Single-Predictor Models: Initially, separate models were developed. A single cognitive
predictor from the list was incorporated into each of these models. When the performance
of these models was compared, the individual variable that yielded the best preliminary
results was identified.

Dyadic Predictor Models: A new set of models was crafted in the next phase, each
containing two predictors. The top-performing variable from the first step was consistently
used as one of the predictors in these models. The second predictor was drawn sequentially
from the remaining list of variables. After the two-predictor models had been designed,
their performances were critically evaluated. The top-performing two-predictor model was
then juxtaposed with the best model from the first step.
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Subsequent Iterations in the Incremental Approach: The methodology was character-
ized by its iterative nature. In each subsequent phase, the best predictors from the previous
step were retained, and an additional predictor from the list was introduced. With each
iteration, the models were rendered more complex. This step-by-step comparison contin-
ued until a point was reached where the introduction of more variables failed to enhance
the model’s performance significantly. When a model from an earlier step outperformed a
more complex model from a subsequent step, it indicated that the optimal combination of
predictors had been identified, and the simpler model from the previous step was chosen
as the final best model. This rigorous process ensured that the final model was robust and
represented the best combination of the variables initially considered.

4. Results

Descriptive statistics of the data are presented in Table 1. Demographically, partici-
pants were relatively young adults with a wide range of educational backgrounds. Their
technology engagement was evident from the experience they had with computing, smart-
phones, and gaming. This provides an interesting lens through which to understand the
effects of VR, given their wide range of familiarity with digital tools. Regarding motion sick-
ness, participants displayed varied susceptibility. Their scores from childhood to adulthood
in motion sickness susceptibility showed a notable shift, suggesting that reactions to motion
may evolve with age. When diving into the cybersickness, as assessed by the CSQ-VR, it
seemed to intensify post VR exposure across all its subcategories: nausea, vestibular, and
oculomotor symptoms.

Table 1. Descriptive statistics.

Stage Mean (SD) Range

Age – 29.17 (4.17) 22–38
Education – 16.27 (2.92) 12–25

Computing XP – 10.30 (1.05) 8–12
Smartphone XP – 10.70 (0.75) 9–12

Gaming XP – 37.23 (14.64) 22–72
MSA–Child – 6.02 (4.38) 0–14.14
MSB–Adult – 3.61 (3.18) 0–12.60
MSSQ Total – 9.63 (6.73) 0–26.74

CSQ-VR–Total
Baseline 8.73 (3.06) 6–19

Post-Ride 14.78 (7.84) 6–34

CSQ-VR–Nausea
Baseline 2.50 (0.90) 2–6

Post-Ride 5.20 (3.22) 2–14

CSQ-VR–Vestibular
Baseline 2.63 (0.89) 2–5

Post-Ride 4.63 (3.18) 2–14

CSQ-VR–Oculomotor
Baseline 3.60 (1.70) 2–8

Post-Ride 4.93 (2.87) 2–12

DST–Forward
Baseline 16.63 (2.58) 12–20

Post-Ride 16.90 (2.63) 11–20

CBT–Forward
Baseline 14.63 (2.72) 10–20

Post-Ride 15.17 (3.05) 5–20

DST–Backward
Baseline 14.83 (3.58) 8–20

Post-Ride 15.63 (3.64) 7–20

CBT–Backward
Baseline 15.10 (2.00) 11–19

Post-Ride 14.43 (2.89) 8–20

DLRT–RT
Baseline 0.57 (0.10) 0.36–0.81

Post-Ride 0.61 (0.16) 0.38–1.13
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Table 1. Cont.

Stage Mean (SD) Range

DLRT–AT
Baseline 0.30 (0.09) 0–0.42

Post-Ride 0.34 (1.44) 0–0.87

DLRT–MT
Baseline 0.24 (0.10) 0–0.45

Post-Ride 0.27 (0.17) 0–0.83
XP = experience; MS = motion sickness; MSSQ = Motion Sickness Susceptibility Questionnaire; CSQ-VR = Cyber-
sickness in Virtual reality Questionnaire; DST = Digit Span Test; CBT = Corsi Block Test; DLRT = Deary–Liewald
Reaction Time test; RT = reaction time; AT = Attention Time; MT = Motor Time.

4.1. Linear Regression Analyses: Prediction of Cybersickness Intensity

Linear regression analyses were conducted to detect and compare the significant
predictors of overall, and per symptom category, cybersickness intensity. Table 2 elucidates
how various individual factors predict overall cybersickness. In support of H1, the pupil
size while responding to the CSQ-VR questionnaire and during the VR ride demonstrated
significant cybersickness prediction. In agreement with H2, the most significant predictor
is the motion sickness susceptibility score as an adult (MSB-Adult), with an impressive 39%
variance (R2 = 0.39) accounted for. Finally, in line with H3, smartphone experience and
gaming experience were notable for their significance in predicting cybersickness.

Table 2. Single-predictor models for overall cybersickness.

Predictor β Coefficient p-Value R2

Sex (Male) −0.71 & 0.053 0.13
Education 0.14 0.470 0.02

Age −0.08 0.657 0.01
Computing XP −0.35 0.056 0.12
Smartphone XP −0.40 0.027 * 0.16

Gaming XP −0.44 0.024 * 0.17
MSA-Child 0.40 0.031 * 0.16
MSB-Adult 0.66 <0.001 *** 0.39
MSSQ Total 0.47 0.010 ** 0.22

Pupil–CSQ-VR −0.35 0.056 0.15
Pupil–Ride −0.38 0.036 * 0.16

XP = experience; MS = motion sickness; MSSQ = Motion Sickness Susceptibility Questionnaire; Pupil–CSQ-
VR = Pupil Size While Reading CSQ-VR Questions; Pupil Ride = Pupil Size During Ride; * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001; & unstandardized beta.

Table 3 provides insights specific to nausea symptoms. Once again, in line with H1,
pupil size, both during CSQ-VR reading and the VR ride, was a significant predictor of
nausea symptomatology. Notably, in agreement with H2, the MSB-Adult stands out as the
most potent predictor. The child motion sickness score (MSA-Child) and the total motion
sickness susceptibility (MSSQ Total) were also significant, hinting that one’s propensity to
motion sickness earlier in life could have repercussions in a virtual environment. Finally,
in support of H3, experience with using smartphones and playing videogames were
significant predictors of the intensity of nausea symptoms.

In Table 4, the focus shifts to vestibular symptoms. While some predictors overlap
with those for nausea, in disagreement with H1, the pupil size did not significantly predict
vestibular symptoms. However, the MSB-Adult was found to be a robust predictor of
nausea, further confirming H2. Finally, it is intriguing to see that smartphone and gaming
experience are significant predictors of vestibular symptomatology, which agrees with H3
and implies a potential link between technological experience and experiencing vestibular
symptoms in a VR.
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Table 3. Single-predictor models for nausea symptoms.

Predictor β Coefficient p-Value R2

Sex (Male) −0.65 & 0.076 0.11
Education 0.13 0.484 0.02

Age 0.04 0.851 0.00
Computing XP −0.34 0.064 0.12
Smartphone XP −0.37 0.045 * 014

Gaming XP −0.38 0.041 * 0.14
MSA-Child 0.44 0.014 * 0.20
MSB-Adult 0.63 <0.001 *** 0.39
MSSQ Total 0.54 0.002 ** 0.29

Pupil–CSQ-VR −0.38 0.041 * 0.14
Pupil–Ride −0.36 0.043 * 0.14

XP = experience; MS = motion sickness; MSSQ = Motion Sickness Susceptibility Questionnaire; Pupil–CSQ-
VR = Pupil Size While Reading CSQ-VR Questions; Pupil Ride = Pupil Size During Ride; * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001; & unstandardized beta.

Table 4. Single-predictor models for vestibular symptoms.

Predictor β Coefficient p-Value R2

Sex (Male) −0.61 & 0.100 0.09
Education 0.24 0.203 0.06

Age 0.00 0.980 0.00
Computing XP −0.22 0.238 0.05
Smartphone XP −0.31 0.047 * 0.13

Gaming XP −0.40 0.029 * 0.16
MSA-Child 0.20 0.290 0.04
MSB-Adult 0.53 0.003 ** 0.28
MSSQ Total 0.28 0.137 0.08

Pupil–CSQ-VR −0.25 0.182 0.06
Pupil–Ride −0.24 0.208 0.06

XP = experience; MS = motion sickness; MSSQ = Motion Sickness Susceptibility Questionnaire; Pupil–CSQ-
VR = Pupil Size While Reading CSQ-VR Questions; Pupil Ride = Pupil Size During Ride; * p ≤ 0.05, ** p ≤ 0.01,
& unstandardized beta.

Table 5 centres on oculomotor symptoms. Unlike previous findings and discrepantly
to H1–H3, no single predictor emerges as significant. The table largely communicates that
more conventional metrics (age, education, tech experience) do not have significant associ-
ations with oculomotor symptoms in VR. This highlights the complexities of predicting
these specific symptoms.

Table 5. Single-predictor models for oculomotor symptoms.

Predictor β Coefficient p-Value R2

Sex (Male) −0.26 & 0.486 0.02
Education −0.14 0.468 0.02

Age −0.23 0.213 0.06
Computing XP −0.25 0.179 0.06
Smartphone XP −0.22 0.249 0.05

Gaming XP −0.18 0.336 0.03
MSA-Child 0.21 0.265 0.04
MSB-Adult 0.27 0.152 0.07
MSSQ Total 0.23 0.221 0.05

Pupil–CSQ-VR −0.11 0.569 0.01
Pupil–Ride −0.28 0.138 0.08

XP = experience; MS = motion sickness; MSSQ = Motion Sickness Susceptibility Questionnaire; Pupil–CSQ-
VR = Pupil Size While Reading CSQ-VR Questions; Pupil Ride = Pupil Size During Ride; & unstandardized beta.
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Table 6 aggregates the best models for predicting various aspects of cybersickness. This
table reemphasizes the overarching role of the MSB-Adult in determining cybersickness,
nausea, and vestibular symptoms. This connotes that the susceptibility to experiencing
motion sickness as an adult is robustly associated with experiencing visually induced
cybersickness symptoms in VR. Interestingly, no predictors were identified for oculo-
motor symptoms, indicating a potential gap in our understanding or the need for more
refined measures.

Table 6. Best models for predicting cybersickness.

Predicted Predictors β Coefficient p-Value (β) R2

CSQ-VR–Total MSB-Adult 0.66 <0.001 *** 0.39
CSQ-VR–Nausea MSB-Adult 0.63 <0.001 *** 0.39

CSQ-VR–Vestibular MSB-Adult 0.53 0.003 ** 0.28
CSQ-VR–Oculomotor Null Model – – –

CSQ-VR = Cybersickness in Virtual reality Questionnaire; MS = motion sickness; ** p ≤ 0.01, *** p ≤ 0.001.

In essence, these results underscore the multifaceted nature of cybersickness and its
determinants. While some predictors like the MSB-Adult consistently emerge as influential,
others show symptom-specific associations. Furthermore, they accentuate the importance
of not only considering the user’s history and demographics but also real-time metrics like
pupil size in understanding their VR experience.

4.2. Mixed Model Regression Analyses: Effects on Cognitive and Motor Performance

Mixed linear regression model analyses were carried out to determine and evalu-
ate the significant predictors of performance on cognitive and psychomotor skills tasks.
Tables 7 and 8 delve into the predictors for verbal short-term and working memory, respec-
tively. In disagreement with H4, the critical observation here is that none of the predictors
were significant predictors of verbal short-term and working memory. This might sug-
gest that verbal memory is less susceptible to variations in these predictors, or that other
unmeasured factors may have a more substantial impact.

Table 7. Single-predictor models for verbal short-term memory.

Predictor β Coefficient p-Value R2 (Fixed Effects/Overall)

Sex (Male) 0.35 & 0.249 0.03/0.52
Education −0.13 0.411 0.02/0.52

Age 0.09 0.534 0.01/0.52
Computing XP 0.10 0.496 0.01/0.52
Smartphone XP 0.29 0.153 0.05/0.52

Gaming XP 0.10 0.525 0.01/0.52
CSQ-VR–Total −0.12 0.244 0.02/0.51

CSQ-VR–Nausea −0.01 0.965 0.01/0.50
CSQ-VR–Vestibular −0.17 0.105 0.03/0.52

CSQ-VR–Oculomotor −0.15 0.173 0.03/0.54

CSQ-VR = Cybersickness in Virtual reality Questionnaire; XP = experience; & unstandardized beta.

Table 9 elucidates the predictors of visuospatial short-term memory. In contrast with
H4, none of the cybersickness measurements was found to be a significant predictor of
performance. However, it reveals some compelling findings. Sex, computing experience,
and gaming experience were shown as significant predictors of visuospatial short-term
memory. Gaming experience, in particular, accounts for a substantial 19% of the variance.

Table 10 examines predictors for visuospatial working memory. Supporting H4, the
vestibular symptoms’ intensity was found to be a significant predictor of visuospatial
working memory, although other cybersickness metrics did not substantially predict it.
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Furthermore, sex and gaming experience stand out as significant predictors, indicating that
gaming might shape how individuals process and manipulate visual–spatial information.

Table 8. Single-predictor models for verbal working memory.

Predictor β Coefficient p-Value R2 (Fixed Effects/Overall)

Sex (Male) 0.27 & 0.404 0.02/0.54
Education 0.09 0.592 0.01/0.54

Age 0.15 0.351 0.02/0.54
Computing XP −0.02 0.911 0.01/0.54
Smartphone XP 0.10 0.668 0.01/0.54

Gaming XP 0.07 0.679 0.01/0.54
CSQ-VR–Total −0.03 0.798 0.01/0.53

CSQ-VR–Nausea −0.02 0.862 0.01/0.52
CSQ-VR–Vestibular −0.05 0.669 0.01/0.53

CSQ-VR–Oculomotor −0.01 0.941 0.01/0.53

CSQ-VR = Cybersickness in Virtual reality Questionnaire; XP = experience; & unstandardized beta.

Table 9. Single-predictor models for visuospatial short-term memory.

Predictor β Coefficient p-Value R2 (Fixed Effects/Overall)

Sex (Male) 0.83 & 0.006 ** 0.17/0.56
Education −0.13 0.468 0.07/0.57

Age 0.15 0.363 0.02/0.57
Computing XP 0.34 0.029 * 0.11/0.57
Smartphone XP 0.12 0.476 0.01/0.57

Gaming XP 0.46 0.003 ** 0.19/0.56
CSQ-VR–Total −0.07 0.538 0.01/0.54

CSQ-VR–Nausea −0.06 0.541 0.01/0.54
CSQ-VR–Vestibular −0.04 0.694 0.01/0.54

CSQ-VR–Oculomotor −0.04 0.760 0.01/0.55

CSQ-VR = Cybersickness in Virtual reality Questionnaire; XP = experience; * p ≤ 0.05, ** p ≤ 0.01; & unstandard-
ized beta.

Table 10. Single-predictor models for visuospatial working memory.

Predictor β Coefficient p-Value R2 (Fixed Effects/Overall)

Sex (Male) 0.82 & 0.013 * 0.14/0.65
Education −0.12 0.519 0.01/0.65

Age 0.20 0.233 0.04/0.65
Computing XP 0.21 0.221 0.04/0.65
Smartphone XP 0.30 0.186 0.05/0.65

Gaming XP 0.40 0.015 * 0.14/0.65
CSQ-VR–Total −0.19 0.056 0.04/0.63

CSQ-VR–Nausea −0.12 0.209 0.02/0.63
CSQ-VR–Vestibular −0.23 0.022 * 0.05/0.66

CSQ-VR–Oculomotor −0.16 0.141 0.03/0.63

CSQ-VR = Cybersickness in Virtual reality Questionnaire; XP = experience; * p ≤ 0.05,; & unstandardized beta.

Table 11, on attentional time, displays that the CSQ-VR—specifically the oculomotor
component—has a notable relationship with attentional time. The positive β coefficient
suggests a direct correlation, meaning that as cybersickness symptoms increase, attentional
time might also increase.

Table 12 targets motor time. Here, gaming experience and the CSQ-VR–Nausea are
prominent predictors. This implies that one’s gaming experience might influence motor
response times, and individuals experiencing nausea-related cybersickness symptoms
might exhibit changes in their motor time.
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Table 11. Single-predictor models for attentional time.

Predictor β Coefficient p-Value R2 (Fixed Effects/Overall)

Sex (Male) −0.06 & 0.837 0.01/0.33
Education −0.14 0.367 0.02/0.33

Age −0.16 0.276 0.03/0.33
Computing XP −0.28 0.060 0.07/0.33
Smartphone XP −0.17 0.249 0.03/0.33

Gaming XP −0.25 0.093 0.06/0.33
CSQ-VR–Total 0.25 0.044 * 0.06/0.34

CSQ-VR–Nausea 0.21 0.078 0.05/0.32
CSQ-VR–Vestibular 0.16 0.192 0.03/0.32

CSQ-VR–Oculomotor 0.28 0.026 * 0.08/0.36

CSQ-VR = Cybersickness in Virtual reality Questionnaire; XP = experience; * p ≤ 0.05; & unstandardized beta.

Table 12. Single-predictor models for motor time.

Predictor β Coefficient p-Value R2 (Fixed Effects/Overall)

Sex (Male) −0.59 & 0.075 0.08/0.69
Education 0.18 0.298 0.03/0.69

Age −0.03 0.874 0.01/0.69
Computing XP −0.14 0.417 0.02/0.69
Smartphone XP −0.14 0.410 0.02/0.69

Gaming XP −0.38 0.018 * 0.14/0.69
CSQ-VR–Total 0.18 0.067 0.03/0.67

CSQ-VR–Nausea 0.20 0.030 * 0.04/0.67
CSQ-VR–Vestibular 0.14 0.145 0.02/0.67

CSQ-VR–Oculomotor 0.09 0.368 0.01/0.67

CSQ-VR = Cybersickness in Virtual reality Questionnaire; XP = the Experience; * p ≤ 0.05; & unstandardized beta.

In Table 13, the focus is on reaction time (i.e., psychomotor skills). In full support of H4,
every cybersickness metric was a significant predictor of psychomotor skills, postulating
that overall cybersickness, nausea, vestibular, and oculomotor symptoms play a role in
determining reaction times. Interestingly, gaming experience also emerges as a significant
negative predictor, likely hinting that frequent gamers might have quicker reaction times.

Table 13. Single-predictor models for reaction time.

Predictor β Coefficient p-Value R2 (Fixed Effects/Overall)

Sex (Male) −0.65 & 0.054 0.10/0.75
Education 0.10 0.590 0.01/0.75

Age −0.07 0.691 0.01/0.75
Computing XP −0.24 0.157 0.06/0.76
Smartphone XP −0.20 0.239 0.04/0.75

Gaming XP −0.41 0.013 * 0.16/0.75
CSQ-VR–Total 0.25 0.004 ** 0.06/0.76

CSQ-VR–Nausea 0.22 0.009 ** 0.04/0.74
CSQ-VR–Vestibular 0.19 0.028 * 0.04/0.75

CSQ-VR–Oculomotor 0.22 0.020 * 0.05/0.76

CSQ-VR = Cybersickness in Virtual reality Questionnaire; XP = experience; * p ≤ 0.05, ** p ≤ 0.01; & unstandard-
ized beta.

Lastly, Table 14 consolidates the most impactful predictors for various cognitive and
motor skills. A recurring theme here is the influence of gaming experience on cognitive and
motor skills, emphasizing its potential cognitive benefits or the development of specific
skills associated with gaming. Interestingly, overall cybersickness and its vestibular and
oculomotor components were also included in the best models, postulating the negative
effects of cybersickness on cognitive functioning and psychomotor skills.
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Table 14. Best models for predicting cognitive and motor skills.

Predicted Predictors β Coefficient p-Value (β) R2 (Fixed Effects/Overall)

DST–Forward Null Model – – –
DST–Backward Null Model – – –
CBT–Forward Gaming XP 0.46 0.003 ** 0.19/0.56

CBT–Backward
Gaming XP 0.36 0.034 *

0.20/0.68CSQ-VR–Vestibular −0.21 0.025 *

DLRT–AT CSQ-VR–Oculomotor 0.28 0.026 * 0.08/0.36

DLRT–MT
Gaming XP −0.36 0.023 *

0.18/0.69CSQ-VR–Nausea 0.19 0.049 *

DLRT–RT
Gaming XP −0.35 0.028 *

0.21/0.77CSQ-VR–Total 0.23 0.008 **

CSQ-VR = Cybersickness in Virtual reality Questionnaire; XP = experience; DST = Digit Span Test; CBT = Corsi
Block Test; DLRT = Deary–Liewald Reaction Time test; RT = reaction time; AT = Attention Time; MT = Motor
Time; * p ≤ 0.05, ** p ≤ 0.01.

In summary, these results underscore the potential cognitive and motor influences
of digital experiences like gaming. They also hint at the intertwined nature of cyber-
sickness symptoms and cognitive/motor skills, suggesting that our experience in virtual
environments can have multifaceted impacts on our cognitive functioning.

4.3. Comparison of Cybersickness during and after Exposure to Virtual Reality

Paired-sample t-test analyses were performed to examine whether there was a differ-
ence in terms of cybersickness symptomatology during VR immersion and after exposure to
VR (i.e., immediately after the removal of VR equipment). Figure 4 illustrates the z-scores,
representing the intensity of the overall and various cybersickness symptoms experienced
by participants both during their immersion in VR and after their exposure to VR (i.e., after
the removal of the VR headset). In line with H5, the overall cybersickness intensity was
found to have a significant and large decrease after the removal of the VR headset (i.e.,
re-adaptation to the physical world), t(29) = 3.59, p < 0.001, Hedges g = 0.64. Furthermore,
other cybersickness symptoms showed significant decreases after removing the VR headset
and transitioning from the virtual to the physical environment, further supporting H5.

For vestibular symptoms, after exposure to VR (Post-VR), a noticeable shift towards
negative z-scores was identified, indicating that the experience of vestibular symptoms
was less intense. This difference between the two stages was confirmed to be statistically
significant and large, t(29) = 2.74, p = 0.010, Hedges g = 0.49. Regarding nausea, post-VR, a
slightly broader spread of z-scores, predominantly on the negative side, was detected. This
decrease in the nausea symptoms’ intensity was deemed significant and large, t(29) = 3.12,
p < 0.001, Hedges g = 0.56. Finally, for oculomotor symptoms, after exposure to VR, the
distribution pattern of the z-scores remained largely unchanged, t(29) = 1.22, p = 0.230,
Hedges g = 0.22, indicating that the removal of the headset and re-adaptation to the physical
world had a non-significant effect on the oculomotor symptoms’ intensity. To summarize, of
the three cybersickness symptom categories examined, the vestibular and nausea symptoms
exhibited a statistically significant decrease after headset removal (i.e., post VR exposure).
It was determined, however, that the oculomotor symptoms’ intensity remained relatively
stable after exposure to VR.
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5. Discussion

Considering that VR is implemented in educational, professional, research, and clinical
settings, the present study aimed to examine cybersickness symptoms during immersion in
VR. The study explored the role of several factors pertinent to individual differences, such
as motion sickness susceptibility, experience with playing videogames, experience using
computers, sex, and age, in the experiencing of cybersickness symptomatology and its
intensity. For predicting cybersickness overall, and the symptoms’ intensities, eye-tracking
metrics, such as pupil dilation, were also considered. Furthermore, the study aimed to
determine the effects of cybersickness symptoms on cognitive functions and motor skills.
Finally, given that users experience a readjustment to physical space while removing the
VR HMD and transitioning from the virtual to the physical environment, the current study
also examined the differences in cybersickness intensity during and after immersion. A
comprehensive discussion is offered by integrating findings from the current study with
the insights from the reviewed literature.

5.1. Pupil Dilation as a Biomarker of Cybersickness

Pupil dilation has been previously seen as a biomarker of an affective state, where a
bigger size indicates a positive (e.g., joy) and a smaller size indicates a negative affective
state (e.g., fear) [106]. Our results demonstrated a comparable pattern in cybersickness,
where more intense cybersickness induced a smaller diameter (i.e., more negative affective
state), and less intense cybersickness a bigger diameter of the pupils (i.e., more positive
affective state). In VR, pupil size has been previously incorporated into a deep fusion
model to predict cybersickness [79]. However, this previous study did not assess pupil



Virtual Worlds 2024, 3 83

size’s association, predictive capacity, or role within this model, making it challenging
to determine whether pupil size acts as a biomarker for cybersickness. However, in our
previous studies, evidence was offered that pupil dilation while reading the questions of the
CSQ-VR substantially predicts cybersickness intensity [45,51]. In line with all the studies
mentioned above, pupil dilation was found to be a significant predictor of cybersickness
in this study. However, the pupil dilation was measured during reading of the CSQ-
VR questions, as well as during the ride. The pupil size during the ride was deemed
a significant predictor of overall cybersickness and nausea symptoms, while the pupil
size while responding to the CSQ-VR significantly predicted only overall cybersickness.
Also, for overall cybersickness intensity, pupil dilation during the ride was a substantially
better predictor than pupil dilation during the CSQ-VR. This suggests that pupil size is a
more reliable biomarker during the triggering and experience of cybersickness than post
exposure to stimuli eliciting symptomatology.

5.2. Modulators of Cybersickness: Sex, Smartphone Experience, and Videogame Experience

None of the demographics appeared to be a significant predictor of cybersickness
intensity. Notably, age was not a significant predictor of cybersickness. Given the younger
demographic of the participants, it is worth investigating these effects in a broader age range.
Also, experience using computers failed to predict cybersickness. Finally, in disagreement
with previous studies [54,107], sex (i.e., male, female) did not predict cybersickness’s
intensity or symptoms, postulating that cybersickness is not more frequent or intense in
either sex. Interestingly, Stanney et al. [54] proposed that the variations stemmed from the
VR headset’s InterPupillary Distance (IPD). In their subsequent experiment, no disparities
between the two sexes were observed when participants deemed the IPD agreeable. In
our research, the HTC Vive Pro Eye was employed, known for its universal comfort.
Each participant underwent an eye-tracking calibration to fine-tune the IPD, ensuring its
appropriateness and comfort. Also, in our previous study [51], the differences between
sexes in terms of cybersickness were eliminated when we controlled for gaming experience
(i.e., male and female users with the same experience playing videogames). In this study, a
balanced sample was attempted, with both female and male participants with a comparable
level of (e.g., high/low) gaming experience. Therefore, the calibration of the IPD via eye-
tracking, as well as the balance in terms of gaming experience among participants, may
explain the non-significant effect of sex on experiencing cybersickness. In combination,
the findings of this study and our previous study [51], along with the findings of Stanney
et al., [54] suggest that the sex/gender of the participant does not modulate the intensity of
their cybersickness symptomatology.

On the contrary, experience with playing videogames and experience using apps on a
smartphone, for improving everyday functionality, significantly predicted the intensity of
the perceived cybersickness symptoms. Notably, our study is the first to show that experi-
ence with smartphones may be a predictor of cybersickness. Specifically, more experience
with smartphones was associated with a substantially lower intensity of cybersickness
symptomatology. Interestingly, the usage of smartphones for performing various tasks
(e.g., surfing on the internet, sending emails, writing documents, editing photos and videos,
etc.), which traditionally were performed on a computer, is currently significantly higher
compared to the usage of computers/laptops for performing the same tasks [108]. Note that
visually induced cybersickness can be elicited by exposure to any screen, including smart-
phones [109–111]. Also, exposure to and experience with tech mediums with screens is
associated with cultivating tolerance towards experiencing cybersickness symptomatology
due to the user adapting to their spatial requirements and motion [32]. Thus, the finding of
this study regarding smartphone experience for developing a resilience to cybersickness is
aligned with the relevant literature.

In the same direction, the current study showed that more experience with playing
videogames predicts a higher resilience to cybersickness. This finding corroborates with
the findings of our previous studies [45,51] and a large-scale study by Weech et al., [84], as
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well as other studies on cybersickness [112] and simulator sickness [113]. Therefore, a more
significant gaming background seems to act as a protective factor against cybersickness,
whereas a limited one might heighten vulnerability. Notably, similar to our previous studies
on cybersickness [45,51], in this study, experience with playing videogames considered both
proficiency and frequency, which appears to be a refined measure of gaming experience.
However, videogames are clustered under several diverse genres (e.g., action, first-person
shooting, role-playing, etc.), and each one may modulate the physiological and biochemical
state [114], as well as cognitive functioning and brain structure [115], in a significantly
different way. Thus, further research is required for examining the effects of gaming
on cybersickness, through considering experience with playing games of each genre as
distinct metrics.

5.3. Cybersickness and Susceptibility to Motion Sickness

Susceptibility to motion sickness during adulthood (i.e., the MSB-Adult score of the
MSSQ) emerged as the best predictor of cybersickness intensity. Except for oculomotor
symptoms, the MSB-Adult was a significant predictor of overall cybersickness, nausea
symptoms, and vestibular symptoms. Notably, the single-predictor models with the MSB-
Adult (i.e., with only the MSB-Adult as a predictor) were found to be the best regression
models for predicting the respective scores of the CSQ-VR. Considering that motion sickness
and cybersickness induced by vection share common characteristics, such as motion cues
acting as elicitors of sickness, it comes with no surprise that the findings of previous studies
postulated that visually induced cybersickness and motion sickness demonstrate similar
patterns of susceptibility among individuals [85,86]. The findings of this study agree with
the findings of the aforementioned studies, since the MSB-Adult was the most prominent
predictor of overall cybersickness, as well as nausea and vestibular symptoms.

However, in our previous study, the MSSQ scores failed to predict cybersickness’s
intensity and symptoms [51]. Nonetheless, in this previous study, the MSSQ was also
used to exclude participants who demonstrated a high susceptibility to motion sickness.
This may explain why the MSSQ scores were not identified as significant predictors in our
previous study. Finally, taken together, the MSSQ scores, especially the MSB-Adult, may be
used to identify individuals who are prone to experience a vection-induced cybersickness.
However, the Visual Induced MSSQ (VIMSSQ) has been recently developed and validated,
which is specific to exposure to screens (e.g., computers, tablets, and VR HMDs) [111,116].
Also, it should be noted that vection is only one of the reasons for experiencing cyber-
sickness in VR [31,35,36,45]. Thus, further research is required to examine whether MSSQ
and/or VIMSSQ scores may predict cybersickness induced by other factors such as low
latency or latency fluctuations, non-ergonomic navigation, and low-quality graphics.

5.4. Cybersickness’s Effects on Verbal Short-Term Memory and Working Memory

The study of Dahlman et al. [55] posited a direct negative effect of motion sickness
on verbal working memory. Also, significant negative effects of cybersickness on verbal
working memory were observed in our previous study [51]. Discrepantly to these previous
studies, cybersickness was seen to significantly affect neither verbal short-term memory nor
verbal working memory. Regarding short-term and working memory, there is consensus
that they are two different cognitive constructs stemming from the activation of diverse
brain regions, where the former requires substantially fewer cognitive resources than
the latter [117,118]. Hence, short-term memory may not appear to decrease due to low
difficulty. Furthermore, the study of Dahlman et al. [55] was on motion sickness. While
motion sickness and cybersickness share some similarities, they are substantially different
in terms of symptoms’ frequency and intensity [29,30]. Thus, this difference between
cybersickness and motion sickness may explain the disagreement between the findings of
this study and the findings of Dahlman et al.’ study.

Furthermore, in our previous study, only working memory was examined [51]. Also,
the order of the tasks was not counterbalanced, as the verbal working memory task was
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always the first to be performed after exposure to linear and angular accelerations. Finally,
the size effect of the performance decrease during the verbal working memory task was
small [51]. These limitations of our previous study may thus explain the discrepancy
between the findings of the two studies. Nonetheless, given that cybersickness effects
are transient and of relatively short duration [44], if performing a task immediately after
exposure to stimuli inducing cybersickness does indeed have an impact, then this poses
a severe methodological consideration that should be further explored in future studies.
However, in this study, in line with the design of the original tests (see [95,97]), short-
term memory tasks always preceded working memory tasks. Thus, if the order had a
significant impact, the cybersickness effects should have also been observed during short-
term memory tasks.

5.5. Cybersickness’s Effects on Visuospatial Short-Term Memory and Working Memory

Cybersickness was found to have a significant negative effect on visuospatial working
memory. This finding aligns with the findings of the study of Mittelstaedt et al. [56],
where performance on the visuospatial working memory task was substantially decreased.
The two studies hence postulate that cybersickness does indeed have a negative impact
on visuospatial working memory. However, again, there was no effect on visuospatial
short-term memory. Considering that the administration of the CBT tasks, the forward
(short-term memory) and backward (working memory) recall tasks, should be in this order
(i.e., forward recall and then backward recall) [97,98], the absence of an effect on short-term
memory or a significant effect on working memory further supports that order of the tasks
does not have an impact on observing the effects of cybersickness on cognitive performance.
Furthermore, similar to verbal short-term and working memory, it is widely agreed that
visuospatial short-term memory and working memory are distinct cognitive processes
facilitated by different brain structures, with the former requiring fewer cognitive resources
than the latter [118,119]. This difference between the two explains why visuospatial short-
term memory was left intact by cybersickness while visuospatial working memory was
substantially decreased.

Moreover, in this study, vestibular symptomatology, which implies a transient dys-
function of the vestibular system, was found to have a significant negative impact on
visuospatial working memory. The functioning of visuospatial working memory pertains
to the processing of visuospatial information [118,119]. The vestibular system has been sug-
gested to have an important implication in visuospatial cognitive functioning [120]. Thus,
the decrease in visuospatial working memory by predominantly vestibular symptoma-
tology that was observed in this study further supports the importance of the vestibular
system to visuospatial information processing. Nevertheless, the best model for predicting
visuospatial working memory also included gaming experience, which revealed a positive
effect on working memory. Notably, gaming experience was also included in the best
model of visuospatial short-term memory. These findings are in line with the relevant
literature, which suggests that gamers have enhanced short-term and working memory
abilities [121]. In the investigation of cybersickness, these findings indicate that gaming
experience should always be considered (e.g., as a covariate or an additional factor) when
examining the effects of cybersickness on cognition.

5.6. Cybersickness’s Effects on Psychomotor Skills: Reaction, Attention, and Motor Speed

Psychomotor skills, such as attentional speed, motor speed, and overall reaction time
were found to be substantially negatively affected by cybersickness’s symptomatology and
intensity. In this study, the VR version of the DLRT was implemented, which, in contrast
with the traditional version that produces a single score (i.e., reaction time), produces three
metrics corresponding to attentional speed, motor speed, and overall reaction time. Since
the previous studies on cybersickness (e.g., [34,56,57]) used the traditional version, and
assessed participants after immersion, the current study may further decipher the effects
of cybersickness on psychomotor skills. The observed significant deceleration of overall
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reaction speed is in line with our [45,51] and other previous studies [34,56,57]. Additionally,
the current and previous findings thus offer robust evidence that cybersickness substantially
compromised psychomotor skills. However, experience with playing videogames was
also included in the best model, where a significant positive effect on reaction time (i.e.,
acceleration of reaction speed) was detected. This finding aligns with the previous literature
pertaining to the effects of gaming experience on psychomotor speed [122–125]. In the
context of cybersickness, this outcome indicates that the gaming experience has to be
considered (e.g., as a covariate) to effectively examine the effects of cybersickness on
psychomotor skills.

While the effects on overall reaction speed are well established by the current and
previous findings, the cybersickness’s effects on the components of psychomotor skills
(i.e., attentional and motor speed) still need to be investigated in depth. In this study, the
attentional speed was found to be significantly decelerated by the oculomotor symptoms’
intensity. This outcome is in agreement with previous studies that revealed a significant
negative effect on attentional processing speed [56,58]. However, these previous studies
attributed the deceleration of attentional speed to overall cybersickness. In the current study,
while both overall cybersickness intensity and the oculomotor symptoms’ intensity were
deemed significant predictors of attentional speed, only the oculomotor symptomatology
was incorporated in the respective best model. This outcome is in line with the established
understanding that the oculomotor system is essential for facilitating visual attention
functioning, especially for orienting attention [126,127]. Hence, our findings connote that a
transient dysfunction of the oculomotor system (e.g., eye fatigue or strain) substantially
compromises attentional speed.

However, the deceleration of the motor speed was found to be predominantly at-
tributed to nausea symptomatology. This finding is aligned with the current understanding
of the negative effects of nausea on motor coordination and skills due to a modulation
of the activation of sensorimotor brain regions [128,129]. Nevertheless, gaming experi-
ence was also included in the best predictive model of motor speed, where a significant
acceleration of motor speed was observed due to more gaming experience. This aligns
with the relevant literature that postulates that gaming experience promotes an enhanced
motor speed, especially for fine motor functions [130,131]. Thus, this finding suggests that
gaming experience should be considered in the examination of cybersickness effects on
motor speed. In summary, gaming experience appears central to enhancing psychomotor
speed, while cybersickness substantially decelerates overall reaction speed. Regarding
the components of psychomotor skills, the intensity of oculomotor and nausea symptoms
significantly decelerates attentional and motor speed, respectively.

5.7. Cybersickness Symptoms and Their Intensity during and after Immersion

The intensities of overall cybersickness, nausea symptoms, and vestibular symptoms
were substantially decreased after immersion (i.e., immediately after removing the headset).
However, oculomotor symptoms did not decrease, which suggests that they may have
a more lasting impact. This appears to be similar to simulator sickness, where oculomo-
tor symptoms like eye strain persist long after the exposure to the simulator [132]. In
contrast, vestibular and nausea symptoms are the most frequent and predominant in cy-
bersickness [29,71,133]. Thus, these findings draw a stark contrast between the experience
of cybersickness during immersion in a virtual environment and after immersion. This
agrees with the suggestion that the human body and mind strive to readjust to the physical
environment immediately after the removal of the VR headset [59].

Based on our results, after the exposure to stimuli inducing cybersickness, and during
this transitory period of readapting to the physical space and body, the cybersickness’s
intensity and symptoms substantially fade away. This also agrees with the current predom-
inant understanding that cybersickness symptoms and effects are transient [44]. However,
there is no consensus concerning how long cybersickness symptoms may persist, with some
previous reviews suggesting that they may last for up to 12 h after exposure to VR [31,134].



Virtual Worlds 2024, 3 87

However, our results suggest that the period of experiencing a substantial alleviation
of cybersickness intensity commences during immersion (i.e., after exposure to stimuli
inducing cybersickness, such as linear and angular accelerations) and that users attained a
significant decrease after immersion, during their readaptation to the physical body and
environment. Hence, this natural process counteracts or alleviates some of the dissonances
experienced in the virtual environment during immersion. However, the cybersickness
was measured after the ride (i.e., not during the exposure to the stimuli inducing vection
and cybersickness), and not during the ride, which allows room for further research.

Nevertheless, our findings posit fundamental ramifications for the methodology used
in VR research on cybersickness. To the best of our knowledge, except for the current
and our previous studies [45,51], the studies on cybersickness (e.g., [28,39–41,43,68]) or
cybersickness’s effects on human physiology or cognitive functioning or psychomotor skills
(e.g., [34,50,56–58,72,73,133]) measure cybersickness’s intensity, symptomatology, and/or
its effects, after immersion. Our findings indicate that this approach may only capture a
part of the overall picture, or even worse, a substantially distorted picture.

If cybersickness symptoms subside or change in intensity immediately after VR ex-
posure, then solely post-immersion evaluations could lead to unreliable conclusions. For
instance, evaluations performed post immersion might underestimate the true intensity of
the symptoms experienced during VR exposure, as well as the effects of cybersickness on
cognition and motor skills. From a research design standpoint, these insights underscore
the importance of adopting a more temporally accurate approach. Hence, in studies at-
tempting to attain a holistic view of cybersickness, researchers should endeavour to capture
data at multiple points—before, during, and after VR exposure. On the other hand, studies
attempting to examine cybersickness aftereffects or the persistence of symptomatology may
perform their examination after immersion. Lastly, it is crucial for studies striving to assess
cybersickness’s intensity and symptomatology, as well as its effects on physiology (e.g.,
autonomic responses such as heart rate and temperature), cognition, and motor skills, to
perform their examination during the VR immersion.

5.8. Limitations and Future Studies

This study also has some limitations that should be considered. While allowing for the
conduction of the required statistical analyses, the sample size was relatively small. Also,
the sample consisted predominantly of young adults aged 20–45 years old. A future study
should incorporate a larger and/or more age-diverse sample (e.g., considering adolescents
and/or older adults). Moreover, this study utilized the MSSQ and did not consider the
VIMSSQ, which is specific to the vection elicited by screen-based mediums. Using both in a
future study may assist in deciphering whether generic motion sickness susceptibility or
a susceptibility that is specific to vection is an indicator for experiencing cybersickness’s
symptomatology and intensity. Also, overall gaming experience was used for investigating
gaming experience’s effects on cybersickness, cognitive functioning, and psychomotor
skills. Since each genre of videogames offers diverse content that may stimulate distinct
physiological and cognitive aspects, future studies should attempt to examine the effects of
gaming experience by genre.

Moreover, this study explored the cybersickness intensity and symptoms in VR that
were induced by vection. While vection is indeed one of the main reasons for cybersickness,
several factors (e.g., low latency or latency fluctuations, non-ergonomic navigation, and low-
quality graphics) may induce cybersickness. Future research should explore the intensity
and symptomatology of cybersickness induced by each factor. The current study included
several cognitive and psychomotor tasks. Given that a task’s characteristics may modulate
cybersickness [135], future studies should either consider a single task or examine each
task’s effects on cybersickness. Finally, considering that significant differences were found
during and post immersion, future attempts should consider multiple assessment points of
cybersickness to effectively scrutinize the cybersickness’s symptoms and intensity before,
during (i.e., with several assessments), and after immersion.
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6. Conclusions

This study comprehensively explored the modulators, symptomatology, and effects of
cybersickness on an array of cognitive, physiological, and psychomotor functions. Notably,
in line with our previous studies [45,51], it was found that pupil dilation was a valuable
biomarker for cybersickness, reflecting the intensity of the experienced symptoms. Inter-
estingly, demographic factors like sex and age did not significantly predict cybersickness.
However, experience with videogames and smartphones emerged as protective factors,
suggesting that familiarity with screen-based interactions could mitigate cybersickness
symptoms. A particularly significant insight was the relationship between motion sick-
ness susceptibility in adulthood and cybersickness intensity, suggesting an intertwined
susceptibility pattern between these two phenomena. Furthermore, the research identified
a selective impact of cybersickness when dissecting its effects on cognitive domains. While
visuospatial working memory suffered from cybersickness, verbal short-term and working
memory remained largely untouched. This distinction underscores the complex interplay
between neural mechanisms and their susceptibility to cybersickness. One of the most cru-
cial takeaways from this study was the marked difference in the experience and intensity of
cybersickness during VR immersion compared to the post-immersion phase. Cybersickness
symptomatology showed substantial changes post-immersion. This temporal difference
poses significant methodological implications: if cybersickness evaluations are exclusively
conducted post immersion, they might not offer reliable results and conclusions. Therefore,
for a more accurate understanding of cybersickness, future research endeavours should
consider assessment points during immersion and/or post-immersion phases, respective
to their research aims.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/virtualworlds3010004/s1, Video S1: Video Abstract.

Author Contributions: Conceptualization, P.K.; methodology, P.K.; software, P.K.; validation, A.P.,
P.R. and P.K; formal analysis, P.K.; investigation, A.P.; resources, P.R. and P.K.; data curation, A.P. and
P.K.; writing—original draft preparation, A.P. and P.K.; writing—review and editing, A.P., P.R. and
P.K.; visualization, P.K.; supervision, P.K.; project administration, P.R. and P.K.; funding acquisition,
A.P. and P.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the Department of Psychology of the National
and Kapodistrian University of Athens (796-14/07/2023).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical approval requirements.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Cruz-Neira, C.; Fernández, M.; Portalés, C. Virtual Reality and Games. Multimodal Technol. Interact. 2018, 2, 8. [CrossRef]
2. Hartmann, T.; Fox, J. 717C36Entertainment in Virtual Reality and Beyond: The Influence of Embodiment, Co-Location, and

Cognitive Distancing on Users’ Entertainment Experience. In The Oxford Handbook of Entertainment Theory; Vorderer, P., Klimmt,
C., Eds.; Oxford University Press: Oxford, UK, 2021; ISBN 978-0-19-007221-6. [CrossRef]

3. McGill, M.; Brewster, S. Virtual Reality Passenger Experiences. In Proceedings of the 11th International Conference on Automotive
User Interfaces and Interactive Vehicular Applications: Adjunct Proceedings (AutomotiveUI ’19), Utrecht, The Netherlands,
21–25 September 2019; Association for Computing Machinery: New York, NY, USA, 2019; pp. 434–441.

4. Radianti, J.; Majchrzak, T.A.; Fromm, J.; Wohlgenannt, I. A systematic review of immersive virtual reality applications for higher
education: Design elements, lessons learned, and research agenda. Comput. Educ. 2020, 147, 103778. [CrossRef]

5. Rojas-Sánchez, M.A.; Palos-Sánchez, P.R.; Folgado-Fernández, J.A. Systematic literature review and bibliometric analysis on
virtual reality and education. Educ. Inf. Technol. 2023, 28, 155–192. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/virtualworlds3010004/s1
https://www.mdpi.com/article/10.3390/virtualworlds3010004/s1
https://doi.org/10.3390/mti2010008
https://doi.org/10.1093/oxfordhb/9780190072216.013.37
https://doi.org/10.1016/j.compedu.2019.103778
https://doi.org/10.1007/s10639-022-11167-5
https://www.ncbi.nlm.nih.gov/pubmed/35789766


Virtual Worlds 2024, 3 89

6. Villena-Taranilla, R.; Tirado-Olivares, S.; Cózar-Gutiérrez, R.; González-Calero, J.A. Effects of virtual reality on learning outcomes
in K-6 education: A meta-analysis. Educ. Res. Rev. 2022, 35, 100434. [CrossRef]

7. Barteit, S.; Lanfermann, L.; Bärnighausen, T.; Neuhann, F.; Beiersmann, C. Augmented, Mixed, and Virtual Reality-Based
Head-Mounted Devices for Medical Education: Systematic Review. JMIR Serious Games 2021, 9, e29080. [CrossRef] [PubMed]

8. De Ponti, R.; Marazzato, J.; Maresca, A.M.; Rovera, F.; Carcano, G.; Ferrario, M.M. Pre-graduation medical training including
virtual reality during COVID-19 pandemic: A report on students’ perception. BMC Med. Educ. 2020, 20, 332. [CrossRef]

9. Xie, B.; Liu, H.; Alghofaili, R.; Zhang, Y.; Jiang, Y.; Lobo, F.D.; Li, C.; Li, W.; Huang, H.; Akdere, M.; et al. A Review on Virtual
Reality Skill Training Applications. Front. Virtual Real. 2021, 2, 645153. [CrossRef]

10. Pourmand, A.; Davis, S.; Marchak, A.; Whiteside, T.; Sikka, N. Virtual Reality as a Clinical Tool for Pain Management. Curr. Pain
Headache Rep. 2018, 22, 53. [CrossRef]

11. de Araújo, A.V.L.; de Oliveira Neiva, J.F.; de Mello Monteiro, C.B.; Magalhães, F.H. Efficacy of Virtual Reality Rehabilitation after
Spinal Cord Injury: A Systematic Review. BioMed Res. Int. 2019, 2019, 7106951. [CrossRef]

12. Lei, C.; Sunzi, K.; Dai, F.; Liu, X.; Wang, Y.; Zhang, B.; He, L.; Ju, M. Effects of virtual reality rehabilitation training on gait and
balance in patients with Parkinson’s disease: A systematic review. PLoS ONE 2019, 14, e0224819. [CrossRef]

13. Kourtesis, P.; Collina, S.; Doumas, L.A.A.; MacPherson, S.E. Validation of the Virtual Reality Everyday Assessment Lab (VR-EAL):
An Immersive Virtual Reality Neuropsychological Battery with Enhanced Ecological Validity. J. Int. Neuropsychol. Soc. 2021, 27,
181–196. [CrossRef]

14. Kourtesis, P.; MacPherson, S.E. How immersive virtual reality methods may meet the criteria of the National Academy of
Neuropsychology and American Academy of Clinical Neuropsychology: A software review of the Virtual Reality Everyday
Assessment Lab (VR-EAL). Comput. Hum. Behav. Rep. 2021, 4, 100151. [CrossRef]

15. Liao, Y.-Y.; Chen, I.-H.; Lin, Y.-J.; Chen, Y.; Hsu, W.-C. Effects of Virtual Reality-Based Physical and Cognitive Training on
Executive Function and Dual-Task Gait Performance in Older Adults With Mild Cognitive Impairment: A Randomized Control
Trial. Front. Aging Neurosci. 2019, 11, 162. [CrossRef]

16. Chatterjee, K.; Buchanan; Cottrell, K.; Hughes, S.; Day, T.W.; John, N.W. Immersive Virtual Reality for the Cognitive Rehabilitation
of Stroke Survivors. IEEE Trans. Neural Syst. Rehabil. Eng. 2022, 30, 719–728. [CrossRef]

17. Kourtesis, P.; Kouklari, E.-C.; Roussos, P.; Mantas, V.; Papanikolaou, K.; Skaloumbakas, C.; Pehlivanidis, A. Virtual Reality
Training of Social Skills in Adults with Autism Spectrum Disorder: An Examination of Acceptability, Usability, User Experience,
Social Skills, and Executive Functions. Behav. Sci. 2023, 13, 336. [CrossRef]

18. Shahmoradi, L.; Rezayi, S. Cognitive rehabilitation in people with autism spectrum disorder: A systematic review of emerging
virtual reality-based approaches. J. Neuroeng. Rehabil. 2022, 19, 91. [CrossRef]

19. Bauer, A.C.M.; Andringa, G. The Potential of Immersive Virtual Reality for Cognitive Training in Elderly. Gerontology 2020, 66,
614–623. [CrossRef] [PubMed]

20. Piech, J.; Czernicki, K. Virtual Reality Rehabilitation and Exergames—Physical and Psychological Impact on Fall Prevention
among the Elderly—A Literature Review. Appl. Sci. 2021, 11, 4098. [CrossRef]

21. Clay, F.; Howett, D.; FitzGerald, J.; Fletcher, P.; Chan, D.; Price, A. Use of Immersive Virtual Reality in the Assessment and
Treatment of Alzheimer’s Disease: A Systematic Review. J. Alzheimer’s Dis. 2020, 75, 23–43. [CrossRef] [PubMed]

22. Riaz, W.; Khan, Z.Y.; Jawaid, A.; Shahid, S. Virtual Reality (VR)-Based Environmental Enrichment in Older Adults with Mild
Cognitive Impairment (MCI) and Mild Dementia. Brain Sci. 2021, 11, 1103. [CrossRef] [PubMed]

23. Corrigan, N.; Păsărelu, C.-R.; Voinescu, A. Immersive virtual reality for improving cognitive deficits in children with ADHD: A
systematic review and meta-analysis. Virtual Real. 2023, 18, 1–20. [CrossRef]

24. Parsons, T.D.; Duffield, T.; Asbee, J. A Comparison of Virtual Reality Classroom Continuous Performance Tests to Traditional
Continuous Performance Tests in Delineating ADHD: A Meta-Analysis. Neuropsychol. Rev. 2019, 29, 338–356. [CrossRef]
[PubMed]

25. Romero-Ayuso, D.; Toledano-González, A.; Rodríguez-Martínez, M.D.; Arroyo-Castillo, P.; Triviño-Juárez, J.M.; González, P.;
Ariza-Vega, P.; Del Pino González, A.; Segura-Fragoso, A. Effectiveness of Virtual Reality-Based Interventions for Children and
Adolescents with ADHD: A Systematic Review and Meta-Analysis. Children 2021, 8, 70. [CrossRef] [PubMed]

26. Glaser, N.; Schmidt, M. Systematic Literature Review of Virtual Reality Intervention Design Patterns for Individuals with Autism
Spectrum Disorders. Int. J. Hum.-Comput. Interact. 2022, 38, 753–788. [CrossRef]

27. Zhang, M.; Ding, H.; Naumceska, M.; Zhang, Y. Virtual Reality Technology as an Educational and Intervention Tool for Children
with Autism Spectrum Disorder: Current Perspectives and Future Directions. Behav. Sci. 2022, 12, 138. [CrossRef]

28. Rebenitsch, L.; Owen, C. Estimating Cybersickness from Virtual Reality Applications. Virtual Real. 2021, 25, 165–174. [CrossRef]
29. Stanney, K.M.; Kennedy, R.S.; Drexler, J.M. Cybersickness is Not Simulator Sickness. Proc. Hum. Factors Ergon. Soc. Annu. Meet.

1997, 41, 1138–1142. [CrossRef]
30. Davis, S.; Nesbitt, K.; Nalivaiko, E. A Systematic Review of Cybersickness. In Proceedings of the 2014 Conference on Interactive

Entertainment, Newcastle, NSW, Australia, 2–3 December 2014; Association for Computing Machinery: New York, NY, USA,
2014; pp. 1–9.

31. LaViola, J.J. A discussion of cybersickness in virtual environments. SIGCHI Bull. 2000, 32, 47–56. [CrossRef]

https://doi.org/10.1016/j.edurev.2022.100434
https://doi.org/10.2196/29080
https://www.ncbi.nlm.nih.gov/pubmed/34255668
https://doi.org/10.1186/s12909-020-02245-8
https://doi.org/10.3389/frvir.2021.645153
https://doi.org/10.1007/s11916-018-0708-2
https://doi.org/10.1155/2019/7106951
https://doi.org/10.1371/journal.pone.0224819
https://doi.org/10.1017/S1355617720000764
https://doi.org/10.1016/j.chbr.2021.100151
https://doi.org/10.3389/fnagi.2019.00162
https://doi.org/10.1109/TNSRE.2022.3158731
https://doi.org/10.3390/bs13040336
https://doi.org/10.1186/s12984-022-01069-5
https://doi.org/10.1159/000509830
https://www.ncbi.nlm.nih.gov/pubmed/32906122
https://doi.org/10.3390/app11094098
https://doi.org/10.3233/JAD-191218
https://www.ncbi.nlm.nih.gov/pubmed/32280091
https://doi.org/10.3390/brainsci11081103
https://www.ncbi.nlm.nih.gov/pubmed/34439723
https://doi.org/10.1007/s10055-023-00768-1
https://doi.org/10.1007/s11065-019-09407-6
https://www.ncbi.nlm.nih.gov/pubmed/31161465
https://doi.org/10.3390/children8020070
https://www.ncbi.nlm.nih.gov/pubmed/33494272
https://doi.org/10.1080/10447318.2021.1970433
https://doi.org/10.3390/bs12050138
https://doi.org/10.1007/s10055-020-00446-6
https://doi.org/10.1177/107118139704100292
https://doi.org/10.1145/333329.333344


Virtual Worlds 2024, 3 90

32. Stanney, K.; Lawson, B.; Rokers, B.; Dennison, M.; Fidopiastis, C.; Stoffregen, T.; Weech, S.; Fulvio, J. Identifying Causes of
and Solutions for Cybersickness in Immersive Technology: Reformulation of a Research and Development Agenda. Int. J.
Hum.-Comput. Interact. 2020, 36, 1783–1803. [CrossRef]

33. Kim, J.; Palmisano, S.; Luu, W.; Iwasaki, S. Effects of Linear Visual-Vestibular Conflict on Presence, Perceived Scene Stability and
Cybersickness in the Oculus Go and Oculus Quest. Front. Virtual Real. 2021, 2, 582156. [CrossRef]

34. Nesbitt, K.; Davis, S.; Blackmore, K.; Nalivaiko, E. Correlating reaction time and nausea measures with traditional measures of
cybersickness. Displays 2017, 48, 1–8. [CrossRef]

35. Kourtesis, P.; Collina, S.; Doumas, L.A.A.; MacPherson, S.E. Technological Competence Is a Pre-condition for Effective Implemen-
tation of Virtual Reality Head Mounted Displays in Human Neuroscience: A Technological Review and Meta-Analysis. Front.
Hum. Neurosci. 2019, 13, 342. [CrossRef] [PubMed]

36. Kourtesis, P.; Collina, S.; Doumas, L.A.A.; MacPherson, S.E. Validation of the Virtual Reality Neuroscience Questionnaire:
Maximum Duration of Immersive Virtual Reality Sessions without the Presence of Pertinent Adverse Symptomatology. Front.
Hum. Neurosci. 2019, 13, 417. [CrossRef]

37. Cheung, B.; Hofer, K. Desensitization to Strong Vestibular Stimuli Improves Tolerance to Simulated Aircraft Motion. Aviat. Space
Environ. Med. 2005, 76, 1099–1104.

38. Golding, J.F.; Gresty, M.A. Pathophysiology and treatment of motion sickness. Curr. Opin. Neurol. 2015, 28, 83–88. [CrossRef]
39. Farmani, Y.; Teather, R.J. Evaluating Discrete Viewpoint Control to Reduce Cybersickness in Virtual Reality. Virtual Real. 2020, 24,

645–664. [CrossRef]
40. Nie, G.-Y.; Duh, H.B.-L.; Liu, Y.; Wang, Y. Analysis on Mitigation of Visually Induced Motion Sickness by Applying Dynamical

Blurring on a User’s Retina. IEEE Trans. Vis. Comput. Graph. 2020, 26, 2535–2545. [CrossRef] [PubMed]
41. Szpak, A.; Michalski, S.C.; Saredakis, D.; Chen, C.S.; Loetscher, T. Beyond Feeling Sick: The Visual and Cognitive Aftereffects of

Virtual Reality. IEEE Access 2019, 7, 130883–130892. [CrossRef]
42. Kennedy, R.S.; Lane, N.E.; Berbaum, K.S.; Lilienthal, M.G. Simulator Sickness Questionnaire: An Enhanced Method for Quantify-

ing Simulator Sickness. Int. J. Aviat. Psychol. 1993, 3, 203–220. [CrossRef]
43. Kim, H.K.; Park, J.; Choi, Y.; Choe, M. Virtual reality sickness questionnaire (VRSQ): Motion sickness measurement index in a

virtual reality environment. Appl. Ergon. 2018, 69, 66–73. [CrossRef]
44. Bouchard, S.; Berthiaume, M.; Robillard, G.; Forget, H.; Daudelin-Peltier, C.; Renaud, P.; Blais, C.; Fiset, D. Arguing in Favor of

Revising the Simulator Sickness Questionnaire Factor Structure When Assessing Side Effects Induced by Immersions in Virtual
Reality. Front. Psychiatry 2021, 12, 739742. [CrossRef]

45. Kourtesis, P.; Linnell, J.; Amir, R.; Argelaguet, F.; MacPherson, S.E. Cybersickness in Virtual Reality Questionnaire (CSQ-VR): A
Validation and Comparison against SSQ and VRSQ. Virtual Worlds 2023, 2, 16–35. [CrossRef]

46. Sevinc, V.; Berkman, M.I. Psychometric evaluation of Simulator Sickness Questionnaire and its variants as a measure of
cybersickness in consumer virtual environments. Appl. Ergon. 2020, 82, 102958. [CrossRef] [PubMed]

47. Stone Iii, W.B. Psychometric Evaluation of the Simulator Sickness Questionnaire as a Measure of Cybersickness. Ph.D. Thesis,
Iowa State University, Digital Repository, Ames, IA, USA, 2017; p. 11054762.

48. Weech, S.; Kenny, S.; Barnett-Cowan, M. Presence and Cybersickness in Virtual Reality Are Negatively Related: A Review. Front.
Psychol. 2019, 10, 158. [CrossRef] [PubMed]

49. Chang, E.; Billinghurst, M.; Yoo, B. Brain activity during cybersickness: A scoping review. Virtual Real. 2023, 27, 2073–2097.
[CrossRef]

50. Dennison, M.S.; Wisti, A.Z.; D’Zmura, M. Use of physiological signals to predict cybersickness. Displays 2016, 44, 42–52. [CrossRef]
51. Kourtesis, P.; Amir, R.; Linnell, J.; Argelaguet, F.; MacPherson, S.E. Cybersickness, Cognition, & Motor Skills: The Effects of Music,

Gender, and Gaming Experience. IEEE Trans. Vis. Comput. Graph. 2023, 29, 2326–2336. [CrossRef]
52. Saredakis, D.; Szpak, A.; Birckhead, B.; Keage, H.A.D.; Rizzo, A.; Loetscher, T. Factors Associated With Virtual Reality Sickness in

Head-Mounted Displays: A Systematic Review and Meta-Analysis. Front. Hum. Neurosci. 2020, 14, 96. [CrossRef]
53. Melo, M.; Vasconcelos-Raposo, J.; Bessa, M. Presence and cybersickness in immersive content: Effects of content type, exposure

time and gender. Comput. Graph. 2018, 71, 159–165. [CrossRef]
54. Stanney, K.; Fidopiastis, C.; Foster, L. Virtual Reality Is Sexist: But It Does Not Have to Be. Front. Robot. AI 2020, 7, 4. [CrossRef]

[PubMed]
55. Dahlman, J.; Sjörs, A.; Lindström, J.; Ledin, T.; Falkmer, T. Performance and Autonomic Responses During Motion Sickness. Hum.

Factors 2009, 51, 56–66. [CrossRef]
56. Mittelstaedt, J.M.; Wacker, J.; Stelling, D. VR Aftereffect and the Relation of Cybersickness and Cognitive Performance. Virtual

Real. 2019, 23, 143–154. [CrossRef]
57. Nalivaiko, E.; Davis, S.L.; Blackmore, K.L.; Vakulin, A.; Nesbitt, K.V. Cybersickness provoked by head-mounted display affects

cutaneous vascular tone, heart rate and reaction time. Physiol. Behav. 2015, 151, 583–590. [CrossRef] [PubMed]
58. Varmaghani, S.; Abbasi, Z.; Weech, S.; Rasti, J. Spatial and Attentional Aftereffects of Virtual Reality and Relations to Cybersickness.

Virtual Real. 2022, 26, 659–668. [CrossRef]
59. Knibbe, J.; Schjerlund, J.; Petraeus, M.; Hornbæk, K. The Dream is Collapsing: The Experience of Exiting VR. In Proceedings of the

2018 CHI Conference on Human Factors in Computing Systems (CHI ’18), Montreal, QC, Canada, 21–26 April 2018; Association
for Computing Machinery: New York, NY, USA, 2018; pp. 1–13.

https://doi.org/10.1080/10447318.2020.1828535
https://doi.org/10.3389/frvir.2021.582156
https://doi.org/10.1016/j.displa.2017.01.002
https://doi.org/10.3389/fnhum.2019.00342
https://www.ncbi.nlm.nih.gov/pubmed/31632256
https://doi.org/10.3389/fnhum.2019.00417
https://doi.org/10.1097/WCO.0000000000000163
https://doi.org/10.1007/s10055-020-00425-x
https://doi.org/10.1109/TVCG.2019.2893668
https://www.ncbi.nlm.nih.gov/pubmed/30668475
https://doi.org/10.1109/ACCESS.2019.2940073
https://doi.org/10.1207/s15327108ijap0303_3
https://doi.org/10.1016/j.apergo.2017.12.016
https://doi.org/10.3389/fpsyt.2021.739742
https://doi.org/10.3390/virtualworlds2010002
https://doi.org/10.1016/j.apergo.2019.102958
https://www.ncbi.nlm.nih.gov/pubmed/31563798
https://doi.org/10.3389/fpsyg.2019.00158
https://www.ncbi.nlm.nih.gov/pubmed/30778320
https://doi.org/10.1007/s10055-023-00795-y
https://doi.org/10.1016/j.displa.2016.07.002
https://doi.org/10.1109/TVCG.2023.3247062
https://doi.org/10.3389/fnhum.2020.00096
https://doi.org/10.1016/j.cag.2017.11.007
https://doi.org/10.3389/frobt.2020.00004
https://www.ncbi.nlm.nih.gov/pubmed/33501173
https://doi.org/10.1177/0018720809332848
https://doi.org/10.1007/s10055-018-0370-3
https://doi.org/10.1016/j.physbeh.2015.08.043
https://www.ncbi.nlm.nih.gov/pubmed/26340855
https://doi.org/10.1007/s10055-021-00535-0


Virtual Worlds 2024, 3 91

60. Sepich, N.C.; Jasper, A.; Fieffer, S.; Gilbert, S.B.; Dorneich, M.C.; Kelly, J.W. The impact of task workload on cybersickness. Front.
Virtual Real. 2022, 3, 943409. [CrossRef]

61. Abeele, V.V.; Schraepen, B.; Huygelier, H.; Gillebert, C.; Gerling, K.; Van Ee, R. Immersive Virtual Reality for Older Adults:
Empirically Grounded Design Guidelines. ACM Trans. Access. Comput. 2021, 14, 14. [CrossRef]

62. Garcia Fracaro, S.; Chan, P.; Gallagher, T.; Tehreem, Y.; Toyoda, R.; Bernaerts, K.; Glassey, J.; Pfeiffer, T.; Slof, B.; Wachsmuth, S.;
et al. Towards design guidelines for virtual reality training for the chemical industry. Educ. Chem. Eng. 2021, 36, 12–23. [CrossRef]

63. Kourtesis, P.; Korre, D.; Collina, S.; Doumas, L.A.A.; MacPherson, S.E. Guidelines for the Development of Immersive Virtual
Reality Software for Cognitive Neuroscience and Neuropsychology: The Development of Virtual Reality Everyday Assessment
Lab (VR-EAL), a Neuropsychological Test Battery in Immersive Virtual Reality. Front. Comput. Sci. 2020, 1, 12. [CrossRef]

64. Monge Pereira, E.; Molina Rueda, F.; Alguacil Diego, I.M.; Cano De La Cuerda, R.; De Mauro, A.; Miangolarra Page, J.C. Use
of virtual reality systems as proprioception method in cerebral palsy: Clinical practice guideline. Neurología 2014, 29, 550–559.
[CrossRef] [PubMed]

65. O’Connor, E.A.; Domingo, J. A Practical Guide, With Theoretical Underpinnings, for Creating Effective Virtual Reality Learning
Environments. J. Educ. Technol. Syst. 2017, 45, 343–364. [CrossRef]

66. Monteiro, D.; Liang, H.-N.; Wang, J.; Chen, H.; Baghaei, N. An In-Depth Exploration of the Effect of 2D/3D Views and Controller
Types on First Person Shooter Games in Virtual Reality. In Proceedings of the 2020 IEEE International Symposium on Mixed and
Augmented Reality (ISMAR), Porto de Galinhas, Brazil, 9–13 November 2020; pp. 713–724.

67. Wood, C.D.; Manno, J.E.; Wood, M.J.; Manno, B.R.; Mims, M.E. Comparison of Efficacy of Ginger with Various Antimotion
Sickness Drugs. Clin. Res. Pract. Drug Regul. Aff. 1988, 6, 129–136. [CrossRef]

68. Risi, D.; Palmisano, S. Effects of postural stability, active control, exposure duration and repeated exposures on HMD induced
cybersickness. Displays 2019, 60, 9–17. [CrossRef]

69. Sokołowska, B. Impact of Virtual Reality Cognitive and Motor Exercises on Brain Health. Int. J. Environ. Res. Public Health 2023,
20, 4150. [CrossRef]
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