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Abstract
The use of virtual reality (VR) is frequently accompanied by motion sickness, and approaches for
preventing it are not yet well established. We explored the effects of synchronized presentations of sound
and motion on visually induced motion sickness (VIMS) in order to reduce VIMS. A total of 25
participants bike for 5 minutes with or without sound and motion synchronization presented on a head-
mounted display. As a result, the VIMS scores measured by the fast motion sickness scale and simulator
sickness questionnaire were signi�cantly lower in the participants who experienced the riding scene with
sound and motion than those who experienced the riding scene with sound only, motion only, or neither.
Furthermore, analysis of the EEG signal showed that the higher the VIMS, the signi�cant increase in alpha
and theta waves in the parietal and occipital lobes. Therefore, we demonstrate that the simultaneous
presentation of sound and motion, closely associated with synchronous and visual �ow speed, is
effective in reducing VIMS while experiencing simulated bike riding in a VR environment.

Introduction
Virtual reality (VR) is an arti�cial environment created by humans using computers and other
components that has since been used in a number of research1,2. Formerly, VR was primarily
implemented on televisions, monitors, or large computer screens; however, small and lightweight head-
mounted displays have recently become popular, not just in academics as well as in the public3–5. VR has
been applied extended to various purposes, including in medicine. Various VR video content is being used
including rehabilitation and clinical �elds through virtual reality exposure therapy, for educational
programs, video games, sports, and tourist guides3,6. However, the presence of adverse effects in VR
content is the main issue unresolved concern7,8.

Visually induced motion sickness (VIMS) is a comprehensive term that includes virtual reality motion
sickness and cybersickness that is induced with a 30–80% frequency when using VR9–11. Although the
probability and degree of VIMS are conditional on the simulator type and task, it derives from motion
sickness (MS) that occurs when the human sensory organ receives con�icting inputs from the visual and
vestibular systems4,12. VIMS symptoms include dizziness, drowsiness, exhaustion, cold sweat, nausea,
discomfort, stomach, headache, and vomiting 13,14. Previous studies have investigated the degree of
VIMS utilizing various auditory and visual cues such as driving situations and VR games, however, no
concord has been reached on how to reduce VIMS 15–17. Furthermore, proposed methods for reducing
VIMS (e.g., restricting the �eld of view) could reduce the VR experience, and immediate application of the
techniques has been restricted18,19. Many researchers have attempted to explain it in numerous ways,
including sensory con�ict, postural instability, optical �ow speed, verity, and other theories19,20. However,
the relationship of the neural mechanisms involved in the VIMS has not yet been explained21.

The most commonly used qualitative evaluations are the Motion Sickness Susceptibility Questionnaire
(MSSQ) and Simulator Sickness Questionnaire (SSQ) and fast motion sickness scale (FMS)22–24. A
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previous study that investigated the effects of vibration and air�ow on VIMS when viewing a visual scene
of driving a bicycle found a signi�cant reduction effect of air�ow on VIMS25. According to several studies
evaluating the level of VIMS by questionnaire, simulators are reported to be caused by an inconsistency
between expected and actual sensory inputs based on real experiences in terms of sensory
correspondence of visual, auditory, somatosensory, and vestibular sensory information11,19,23,24.
Therefore, presenting of more than one modality of sensory input that coincide is thought to reduce
VIMS. Even though questionnaires have been frequently used for VIMS in many studies, there has been a
barrier to objectively and quantitatively evaluating VIMS9,11.

Functional magnetic resonance imaging (fMRI), electroencephalography (EEG), electrogastrography
(EGG), electrocardiography (ECG), heart rate variability (HRV), and galvanic skin response (GSR) are
human body signals that could be used to measure the response to VR, including MS26. The EEG is a
method of recording the electrical activity of the brain that is used in electrophysiological monitoring27,28.
Furthermore, because of its high accuracy and portability, EEG is one of the best methods for measuring
the brain mechanics induced by MS 29,30. Recent EEG studies on MS suggest a correlation between
increasing subjective symptoms of the disease and increasing parietal brain activity as well as increased
motor cortex alpha power. Previous studies have used EEG changes in VR experiments such as
comparisons of real and virtual worlds, VR driving simulations, 2D and 3D display comparisons, and
cognitive training tasks31–33. However, none of these studies investigated aspects in VIMS using EEG to
sensory stimulus changes in a virtual environment.

Therefore, this study aims to investigate the differences in VIMS according to various sensory stimuli
through anatomical activation and questionnaires survey of cortical areas of the brain found in the VIMS-
induced environment.

Methods

Participants
Twenty-�ve healthy, right-handed volunteers (17 males and 8 females, an average age of 24.12 ± 2.8
years old) with no history of cardiovascular, gastrointestinal, or vestibular diseases or drug or alcohol
abuse, no medication, and normal or corrected-to-normal vision participated in this study (Table 1). Prior
to the experiment, all subjects obtained written consent after being informed of the study's nature and its
consequences. The experiments were performed in accordance with the experimental protocol approved
by the Institutional Review Board of Dankook University (IRB, 2021-03-069).

Signal acquisition
Thirty-two-channel EEG signals were acquired at a sampling rate of 128 Hz using an EMOTIV EPOC Flex
(Emotiv, San Francisco, CA, USA). The electrode locations were based on a 10–20 international system
provided in the Matlab toolbox, EEGLAB (http:// sccn.ucsd.edu/eeglab)28,34. The acquired EEG signals



Page 4/16

were �rst inspected to remove bad EEG channels. A high-pass �lter with a cut-off frequency at 1 Hz with a
transition band of 0.2 Hz was used to remove baseline-drifting artifacts. Then, a lowpass �lter with a cut-
off frequency of 50 Hz and a transition band of 7 Hz was applied to the signal to remove muscular
artifacts and line noise32. Artifacts such as eye blinks and eye movements were removed using the
EEGLAB toolbox based on Independent Component Analysis (ICA)26,34.

Questionnaires (FMS and SSQ)
While each experiment, the severity of disease during EEG recordings was reported orally by each subject
using FMS with a continuous scale ranging from 0 (no sickness at all) to 20 (severe sickness). It allows a
quick estimate of the subject's MS level through verbal reporting11. Notably, the traditional SSQ was
applied after each experiment to provide overall motion-sickness rating information. SSQ was composed
of 16 questions that check the symptoms of motion sickness, including general discomfort, fatigue,
headache, nausea, vertigo, etc.; 0 is for no symptoms, and 3 is for severe symptoms21. The SSQ total
score ranges from 0 to 235, with higher scores indicating higher severity of symptoms.

Time-frequency analysis
The dynamics of the ICA power spectra were tested throughout the experiment using time-frequency
analysis. The power of the EEG signal was calculated as a 2-second with an overlapping of 50%. The
total duration of the signal was 5 min i.e., 300 s. For each participant, the absolute power was calculated
for 32 electrodes, and decomposed with Fast Fourier Transform (FFT) function in MATLAB into �ve
bands: Delta (~ 4 Hz), Theta (4 − 8 Hz), Alpha (8–12 Hz), Beta (12–30 Hz), and Gamma (> 30 Hz)35. The
delta wave was excluded from the analyzes of the data collected in the current study, because it could be
in�uenced by eye blinking and motion artifacts36. Two types of power were calculated from the bands,
absolute and relative power. Relative power could be calculated by performing a frequency transform on
the absolute power. The ratio of a band's power to the total power is referred to as the relative power.
Relative power helps determine how much a given band contributes to the overall EEG37.

Event Related Spectral Perturbations (ERSP)
The time sequence of ICA activations was subject to Fast Fourier Transform (FFT) with overlapped
moving windows. Spectra in each epoch were smoothed by 2- windows moving average to reduce
random error. Spectra prior to event onsets were considered as baseline spectra for every trial. The mean
baseline spectra were converted into dB power and subtracted from spectral power after stimulus onsets
so that we can visualize spectral ‘perturbation’ from the baseline38. This procedure is applied to all the
epochs, the results were then averaged to yield an ERSP image. For all cases, the continuous EEG signals
were extracted into several epochs, each of which contained the sampled EEG data from − 100 s to 300 s
with the stimulus onset at 0 s. The ERSP image mainly showed spectral differences after the event since
the baseline spectra were removed prior to event onsets. Therefore, we can compare each component by
ERSP analysis of these four tasks between the tasks.
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Experimental protocol
For the bicycle riding HMD-VR scene, a four-task experimental protocol was designed. Before each
experiment, subjects were given a 10-minute explanation of the experiment and completed an SSQ
questionnaire to familiarize themselves with the laboratory environment. A baseline EEG was then
recorded with the EEG electrode cap and eyes closed, referred to as the “baseline phase”27. Then, in the
bike riding HMD-VR phase, each of the four tasks was experienced: 1) VR task (VR): sitting in a chair and
watching a simulated bike ride through the HMD; 2) VR-Sound task (VRS); sitting in a chair and watching
the bike ride through the HMD while listening to the screen sounds through earphones; 3) VR-Motion task
(VRM): riding a stationary bike while watching the bike ride through the HMD; and 4) VR-Motion-Sound
task (VRMS): riding a stationary bike while watching the bike ride through the HMD and listening to the
screen sounds through earphones. Each task was experienced for 5 minutes, with a 10-minute recovery
time between tasks. The task order was randomly applied. Furthermore, subjects reported their level of
MS while each task verbally once per minute and completed the SSQ immediately after �nishing the
task11,39. To minimize in�uences on the EEG data recording, the laboratory temperature was maintained
constant, and the measuring environment was quiet and free of noise.

Statistical analysis
Data were statistically analyzed with SPSS version. 25.0. (SPSS, Inc., Chicago, Illinois). The Shapiro-Wilk
test was used to determine the normal distribution of the data of each subject. SSQ, FMS, and EEG data
between the four tasks repeated were performed with repeated measures ANOVA. Changes in EEG-band
relative power were compared between tasks, and then the relative alpha, beta, gamma, and theta power
in the parietal and occipital lobes were compared for all tasks using repeated measures ANOVA.
Corresponding comparisons between tasks were performed using Bonferroni correction. Statistical
signi�cance was accepted for p-value < 0.05.

Results

Questionnaires results
The SSQ and FMS score quanti�es subjective feedback from the participants. A repeated measured
ANOVA on the SSQ and FMS score for VR, VRS, VRM, and VRMS tasks showed statistically signi�cant
differences within the VR, VRS, VRM, and VRMS tasks (p < 0.05) (Table 2). After Bonferroni correction, the
SSQ and FMS score indicated a statistically signi�cant decrease in the VRMS task compared to the VR
task (p < 0.05). In contrast, there were no signi�cant differences in SSQ and FMS scores between the VR,
VRS, and VRM tasks (p > 0.05) (Fig. 1).

Power changes under different conditions
A repeated measures ANOVA of relative alpha and theta power for all tasks showed statistically
signi�cant differences within the VR, VRS, VRM, and VRMS tasks (p < 0.05) (Table 3). After Bonferroni
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correction, the relative alpha and theta power indicated showed a statistically signi�cant decrease in the
VRMS task compared to the VR task (p < 0.05). In contrast, there were no signi�cant differences in relative
alpha and theta power between the VR, VRS, and VRM tasks (p > 0.05) (Fig. 2).

Motion-sickness-related Event Related Spectral
Perturbations responses
Figure 3 shows the average ERSP response of 25 subjects. ERSP responses were related to MS according
to task. Frequency responses at 4–8 Hz and 8–13 Hz were observed in the parietal lobe with increasing
levels of MS. The subjects’ dB power also shows synchronized responses in the 4-8-Hz and 8-13-Hz
ranges. This MS-related phenomenon is observed in parietal and occipital area.

Discussion
In the present study, we investigated whether the synchronized presentation of sound and motion reduces
MS while experience a simulated bicycle ride in a VR environment, using EEG and questionnaire analyses.
As a result, it showed that SSQ and FMS scores signi�cantly decreased during the VRMS task that
provided subjects with both types of additional sensory stimulation, compared to the VR task that did not
provide subjects with either sound or motion stimulation. In addition, the parietal and occipital lobes
exhibited signi�cant EEG power changes in response to vestibular and visual stimuli. The ERSP of the
spectral changes revealed differences in the subject's level of MS during each task. During the VR task,
the dB power in the alpha, beta, gamma, and theta band increased in the parietal and occipital lobe
relative to the dB power recorded during the VRMS task.

MS felt by an individual in a VR environment could be measured using a questionnaire. The results of this
study found that SSQ total scores and FMS scores were higher in the VR task and lower in the VRMS
task23–25. Many studies have suggested that higher SSQ total and FMS scores indicate more severe MS
symptoms. In 2020, Sawada et al found that when a synchronized stimulus of engine sound and
vibration was applied while subjects experienced a simulated motorcycle ride in a VR environment, SSQ
and FMS scores signi�cantly decreased, and MS was reduced11. A study that compared direct
participation in a VR game to only watching showed that when subjects participated in the game, MS
levels were reduced. However, there was no reduction in MS with sound stimulation only40. In 2001,
Nakadai et al reported that wind sounds and proprioceptive sensory stimuli, which re�ect the speed of
movement, are helpful in predicting incoming visual feedback, which is increasingly likely to coincide with
stored sensory integration41. In contrast, adding sound or movement to a visual has not been found to be
enough to reduce MS. It has been reported that adding only one sensory stimulus to a visual VR
environment has only a limited effect in reducing the discrepancy between perception and movement,
which is consistent with the results of the current study11,25,41.

Several studies have shown that when MS is induced, the alpha and theta power bands near the parietal
lobe show the most observable variations on EEG. These results have been related to the location of the
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parietal lobe, a transition region between the somatosensory and motor cortex, which is involved in the
integration of spatial information, including somatosensory information from vestibular sensory system
input14,23. These studies concurrence with our results. In 2019, Li et al compared EEG changes in HMD-
based VR roaming scenes with various road conditions and found that the alpha and theta power in the
parietal lobe increased as MS levels increased12. Previous theta wave studies have concluded that the
increase in parietal theta power with MS is related to increased sensory input and motor planning
integration42. It has also been suggested that theta oscillations play a role in coordinating the activity of
various brain regions to update the motor plan in response to somatosensory input43. Therefore,
increased alpha and theta power in the parietal lobe is thought to be associated with MS.

In 2015, Naqvi et al reported a signi�cant increase in occipital lobe alpha power when the SSQ score
increased. It has also been reported that increased alpha power in the parietal and occipital regions is
likely to indicate the presence of MS23. Studies on the correlation between VR symptoms and EEG
recordings showed that nausea and theta power in the occipital lobe were positively correlated 26. It has
been suggested that visual information con�icts have the greatest in�uence and, by reducing the role of
the visual domain, result in an increase in theta power. Consequently, this change in occipital lobe power
could be an indirect result of multi-sensory system con�ict, increasing brain load compared to the steady-
state, because the multi-sensory system con�ict continues to look at the virtual environment despite
MS44,45.

However, Motion-sickness-induced EEG power changes are not consistent among all of the cited studies.
One reason could be the different paradigms used to induce motion sickness 28,30,44. In this study, we
used a combination of visual and vestibular inputs. This could be a way to increase the realism with
respect to changes in EEG power for sensory impingement in a VR environment rather than a single
modality scheme. Nevertheless, this study has several limitations. First, it is di�cult to generalize the
results of this study, because the age range of the recruited subjects (20s) is rather limited, and the
sample size is small. Second, since only a limited selection of sensory stimuli types was used in this
study, we suggest conducting future studies that include multi-sensory feedback, such as tactile and
temperature factors. Third, the presence or absence of VR experiences, and gender differences were not
taken into consideration in this study.

The present study was conducted to investigate activity changes in cerebral cortex regions and
questionnaires that might be related to reductions in MS-induced in a VR environment. The results
obtained indicate that discrepancies between visual perception and proprioception are associated with
increases in MS. Thus, provide insights that could be used in the development of VR applications that
reduce MS. Consequently, they suggest that the relationship between visual perception and
proprioception is important for the user to adjust to the VR environment and that synchronization of
sensory stimulation is necessary.
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Table 1
General characteristics of the subjects

Number of subjects Sex

(male/female)

Age(year) Height(cm) Weight(kg)

25 17/8 24.12(2.80) 172.12(8.04) 74.08(13.38)

Values represent the mean (± standard deviation)

 
Table 2

of the results of SSQ total score and
S score between the tasks
dition Mean F p

39.49

(14.89)

4.852 0.004*

35.31

(21.51)

M 34.56

(16.77)

MS 27.68

(14.44)

3.51

(2.68)

3.042 0.034*

3.25

(3.22)

M 3.21

(3.10)

MS 2.16

(1.98)

Values represent the mean (± standard deviation)

SSQ: simulator sickness questionnaire, FMS: fast motion sickness scale, VR: virtual reality, VRS: virtual
reality sound, VRM: virtual reality motion, VRMS: virtual reality motion sound; *p < 0.05.
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Table 3
Comparison of the results of relative power in the parietal and occipital area between the tasks

Band Condition parietal occipital

Relative power F p Relative power F p

Alpha VR 12.74

(5.22)

5.136 0.003* 10.85

(6.53)

4.526 0.006*

VRS 10.74

(5.08)

9.78

(5.55)

VRM 11.53

(4.06)

9.04

(6.06)

VRMS 9.57

(7.09)

8.53

(6.70)

Beta VR 17.37

(4.20)

70.596 < 0.001* 17.25

(3.65)

1.482 0.227

VRS 16.79

(2.46)

16.77

(3.88)

VRM 16.84

(2.90)

16.55

(3.63)

VRMS 16.42

(2.83)

16.29

(3.70)

Gamma VR 25.34

(7.72)

1.826 0.150 26.41

(11.46)

0.839 0.443

VRS 24.24

(7.94)

25.34

(7.72)

VRM 23.95

(7.94)

26.36

(9.79)

VRMS 21.81

(6.20)

23.61

(9.30)

Theta VR 33.12

(6.83)

2.961 0.038* 34.41

(11.29)

3.522 0.019*
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VRS 29.75

(11.02)

31.35

(11.85)

VRM 30.93

(7.72)

30.37

(9.48)

VRMS 28.53

(6.30)

29.28

(10.29)

Values represent the mean (± standard deviation)

VR: virtual reality, VRS: virtual reality sound, VRM: virtual reality motion, VRMS: virtual reality motion
sound; *p < 0.05.
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Figures

Figure 1

Bonferroni correction of SSQ total score and FMS score according to task performance

SSQ: simulator sickness questionnaire, FMS: fast motion sickness scale, VR: virtual reality, VRS: virtual
reality sound, VRM: virtual reality motion, VRMS: virtual reality motion sound; *p < 0.05.
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Figure 2

Comparison of relative power in parietal and occipital area according to task performance by Bonferroni
correction

(A) Parietal area, (B) Occipital area; VR: virtual reality, VRS: virtual reality sound, VRM: virtual reality
motion, VRMS: virtual reality motion sound; *p < 0.05.
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Figure 3

Event-related spectral perturbation analysis of the parietal and occipital area between the tasks

A: Parietal virtual reality task, B: Parietal virtual reality sound task, C: Parietal virtual reality motion task, D:
Parietal virtual reality sound and motion task, E: Occipital virtual reality task, F: Occipital virtual reality
sound task, G: Occipital virtual reality motion task, H: Occipital virtual reality sound and motion task; VR:
virtual reality, VRS: virtual reality sound, VRM: virtual reality motion, VRMS: virtual reality motion sound.


