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ABSTRACT

Motion sickness, commonly introduced by conflicting visual-vestibular inputs,
remains inadequately characterized at the neurophysiological level, with limited
quantitative biomarkers for sensory conflict detection. This study investigated
electroencephalographic (EEG) activity patterns associated with varying degrees
of visual-vestibular congruence to identify potential neural correlates of sensory
conflict. Six healthy participants (aged 18–22 years) underwent controlled motion
stimuli while EEG data were recorded using a wireless system. Participants were
seated in an electrically powered wheelchair traversing a 3-meter linear track under
three experimental conditions: (1) congruent visual-vestibular stimuli, (2) vestibular
stimulation without visual input, and (3) conflicting visual-vestibular information. Both
forward and backward motion were explored. Spectral analysis of EEG data revealed
condition-dependent variations in neural oscillations. Notably, delta-band (1–4 Hz)
power demonstrated the highest magnitude during visual-vestibular conflict and the
lowest during congruent stimulation. Direction-specific effects were observed, with
significant differences in delta and alpha band power between forward and backward
motion, particularly in the central (Cz) and right occipital (O2) regions. These findings
suggest that EEG spectral signatures may serve as objective indicators of sensory
conflict during motion, potentially informing early detection strategies and therapeutic
interventions for motion sickness.
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INTRODUCTION

Motion sickness refers to a syndrome characterized by vestibular and
autonomic nervous responses, such as nausea, vomiting, dizziness, and
other discomforts, experienced in certain motion environments, such as
when people travel in enclosed vehicles like cars and airplanes, or when
immersed in 3D virtual reality environments (Tian et al., 2022; Wei et al.,
2024). The exact mechanisms behind motion sickness remain unclear. Several
theories have been proposed, including the sensory conflict theory, vestibular
hypersensitivity theory, and the postural instability theory. Among them,
the sensory conflict theory is the most widely accepted, with both animal
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and human studies confirming the critical role of the vestibular system
in the development of motion sickness (Fetsch et al., 2011; Koch et al.,
2018; Lackner, 2014; Schmäl, 2013; Wei et al., 2024). This theory, initially
proposed by Reason and Brand, suggests that the mismatch between actual
sensory input and the sensory information integrated into the “internal
model” formed by prior experiences can lead to motion sickness (Parker,
1977; Reason & Brand, 1975). According to the sensory conflict theory,
the new “internal model” can be generated by neural storage of previously
experienced motion patterns, and the existing “internal model” may be
offset by new models created after repeated exposure to motion (Zhang
et al., 2016). The vestibular system regulates cardiovascular function during
motion and posture changes via vestibular-sympathetic reflexes (Yates et al.,
2014). Research shows that brain regions associated with nausea and
vomiting not only receive vestibular signals but also gastrointestinal signals,
suggesting that visceral mechanosensory information may be involved in
the vestibular-autonomic response during motion sickness (Yates et al.,
2014).

Motion sickness susceptibility exhibits significant individual differences,
with age being a prominent factor. The incidence of motion sickness is low
in infants, typically starting around 6–7 years of age, peaking at 9 years
old (Henriques et al., 2014). The primary tool for studying motion sickness
susceptibility is the Motion Sickness Susceptibility Questionnaire (MSSQ-
short, Golding, 1998), and motion sickness severity is measured using
subjective assessment methods, including the Motion Sickness Questionnaire
(MSQ) and its various modified versions. Among them, the Simulator
Sickness Questionnaire (SSQ), proposed by Kennedy, is the most commonly
used by researchers (Jang et al., 2022). Jang et al., (2022) analyzed
the relationship between EEG signals and SSQ, finding that delta waves
significantly increased and alpha waves significantly decreased compared to
baseline conditions.

Research on cortical regions involved in self-motion perception has
identified several key areas. Regions such as FEF, VIP, and MST respond
to both visual and vestibular bimodal information and are involved in the
integration of multimodal information (Fetsch et al., 2011; Murray &
Wallace, 2012). However, due to the inability of brain imaging technologies
like MRI to accurately simulate real vestibular stimuli, studies often use
alternative stimuli such as electrical stimulation to activate the vestibular
organs (Berger et al., 2024; Yang et al., 2024). These alternative stimuli
are difficult to control and prone to confounding effects, introducing
numerous disruptive factors that complicate the study of the integration
mechanisms between visual and vestibular modalities. Single-modal stimuli
have many limitations, as changing the magnitude of the conflict may
introduce interference from factors like stimulus intensity, which hinders
the accurate reflection of the integration mechanisms underlying visual-
vestibular conflict.

Numerous studies have reported brain regions associated with
susceptibility to motion sickness, including the prefrontal cortex (PFC,
IFG), occipital, temporal (MT+), parietal, and central motor regions.
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A significant portion of these regions likely contributes to the integration of
visual-vestibular self-motion perception (e.g., MT+, parietal, and occipital
areas), while some brain regions may also participate in the integration of
other forms of sensory information, such as somatosensory (Blume et al.,
2022; Jang et al., 2022; Krokos & Varshney, 2022; Li & Zanto, 2024;
Liu et al., 2022; Nürnberger et al., 2021; Sakai et al., 2022; Zhu et al.,
2024). However, the precise role of these brain regions in mitigating motion
sickness remains unclear.

There is relatively limited research on using visual-vestibular bimodal
stimulation to study self-motion perception. This study, by employing
EEG to measure brain activity, investigates the mechanisms underlying
motion sickness and attempts to further explore the brain’s response
to varying degrees of conflict between visual and vestibular stimuli.
An experimental platform combining visual and vestibular stimuli
was developed, incorporating an experimental electric wheelchair,
wheelchair tracks, and wireless EEG devices. This platform allows for
controlled experimental conditions for visual-vestibular stimulation,
providing brain activity data under real vestibular stimulation
conditions.

METHOD

Participants and Equipment

Six healthy university students (3 males and 3 females, aged 18–22 years)
were recruited for the experiment. Participants reported no history of
gastrointestinal disorders, cardiovascular diseases, vestibular dysfunction,
or alcohol abuse. They also confirmed good sleep quality, no medication
use, and normal or corrected-to-normal vision during the experiment.
Participants were instructed to remain relaxed throughout the session
and wore noise-canceling earplugs to minimize external environmental
disturbances.

In this study, EEG signals were recorded using the Neuracle NeuSen
W-series 32-channel wireless EEG system during the experimental process
(see Figure 1). The experiment was conducted in a quiet, enclosed, and dark
room with all unnecessary electronic devices removed to minimize signal
interference. A straight wheelchair track approximately 3 meters long was set
up in the room, and a remote control was used to maneuver the wheelchair
for horizontal back-and-forth movement along the track during the
experiment.

To prevent interruptions, EEG signals were continuously recorded
throughout the entire experimental process. The EEG recorder was set to a
sampling frequency of 1000 Hz. To ensure signal quality, the conductive gel
was applied between the EEG electrodes and the participants’ scalp, reducing
the impedance of all channels to below 10 k�.



140 Xinjia and Yue

Figure 1: Participant equipped with EEG cap (a) and electrode positions (b).

Experimental Protocol

Before the experiment, participants were instructed to clean their scalps to
reduce interference from natural oils that might affect EEG signal acquisition.
Following this, participants were assisted in wearing the EEG recorder and
seated securely in the motorized wheelchair, ensuring stability to minimize
movement artifacts.

The experiment consisted of three conditions: Condition one: Conducted
in a dark room, participants kept their eyes open throughout the session.
Condition two: Conducted in a bright room, participants kept their eyes
open while wearing a translucent, non-visual eye mask that allowed them to
perceive brightness without visualizing objects. Condition three: Conducted
in a bright room, participants kept their eyes open and were instructed to
continuously focus on a fixation point on the wall.

During all three conditions, participants were not required to respond
actively, and their EEG signals were recorded continuously.

The experimental procedure for each trial was as follows:
Upon hearing an auditory cue (300 ms), the experimenter maneuvered the

wheelchair forward for 8 seconds. A second auditory cue (300 ms) signaled
the experimenter to maneuver the wheelchair backward for 12 seconds.

Each trial consisted of one forward and one backward movement.
Participants completed 120 trials per condition, with a 5-minute rest
provided after every 20 trials. At the end of the experiment, participants filled
out a questionnaire.

For condition two, the translucent, non-visual eye mask allowed
participants to perceive light but prevented them from seeing objects.
Participants were required to wear the mask and keep their eyes open
throughout the session. In condition three, participants maintained
continuous focus on a cross-shaped fixation point on the wall (see Figure 2).
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Figure 2: Experimental protocol.

Data Processing

Preprocessing
The raw EEG data contained interference from physiological, instrumental,
and environmental sources. Before feature analysis, a 50 Hz notch
filter was applied to remove power line noise. EEG spectra were
broadly divided into five frequency bands: δ (1–4 Hz), θ (4–8 Hz),
α (8–12 Hz), β (12–32 Hz), and γ (32–64 Hz). A band-pass filter of 0.1–32
Hz was used to extract δ to β band power.

Following digital filtering, the EEG data were resampled to 500 Hz to
reduce data volume. Eye blinks, a common source of electrooculogram
(EOG) artifacts, were addressed using Independent Component Analysis
(ICA). The MATLAB-based EEGLAB toolbox was employed to decompose
the EEG signals into 32 independent components. Components with an
artifact probability exceeding 0.6, such as EOG, electromyogram (EMG),
and electrocardiogram (ECG) artifacts, were removed.

Feature Extraction
Fast Fourier Transform (FFT) was used to convert time-domain signals
into the frequency domain. The frequency-domain signals were averaged,
and the mean values for δ (0.1–4 Hz), θ (4.1–8 Hz), α (8.1–12 Hz),
and β (12.1–32 Hz) bands were extracted for each electrode.
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Statistical Analysis
Average power across different frequency bands was calculated, and
differences between conditions were analyzed.

RESULT

MSSQ and SSQ

The SSQ scale demonstrated high reliability with a Cronbach’s α coefficient
of 0.972. Since nausea scores under consistent visual information conditions
exhibited slight skewness, logarithmic transformation (Ln) was applied. After
transformation, the Shapiro-Wilk normality test yielded P > 0.05 for all
variables, indicating normal distribution.

A single-variable within-subjects design was used to analyze participants’
scores across the sub-score of oculomotor, disorientation, and nausea under
the three experimental conditions. Repeated-measures ANOVA indicated
no significant differences across conditions for any of the sub-scores
(see Figure 3).

Figure 3: SSQ score of different conditions.

EEG Feature Extraction Results

Significant differences in delta wave (4–8 Hz) power were observed under
different movement direction conditions at the FCz, Cz, O1, and O2
channels. Specifically, the delta power at FCz during backward motion was
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significantly greater than during forward motion (P = 0.022, F = 13.243,
partial η2 = 0.768). Similarly, at Cz, the backward delta power was
significantly higher than the forward condition (P = 0.025, F = 12.250,
partial η2 = 0.754). In contrast, at O1 and O2, forward motion showed
significantly greater delta power compared to backward motion (O1:
P = 0.022, F = 12.250, partial η2 = 0.754; O2: P = 0.033, F = 10.286,
partial η2 = 0.720). Additionally, delta power was positively correlated with
the degree of visual information conflict (P < 0.05, r = 0.633) (see Figure 4).

Figure 4: The estimated marginal mean value of the delta wave.

Figure 5: Topographic of absolute energy value and power of channel Cz and O2.
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For alpha waves (8–12 Hz), significant differences were found under
different movement direction conditions at the O1 and O2 channels. At O1,
forward motion elicited significantly greater alpha power than backward
motion (P = 0.045, F = 8.340, partial η2 = 0.676). A similar pattern
was observed at O2, where forward motion resulted in significantly greater
alpha power compared to backward motion (P = 0.035, F = 9.846, partial
η2 = 0.711). No significant differences were observed for other frequency
bands under movement direction conditions or for any frequency band under
motion conflict conditions (P > 0.05).

Re-referencing analysis was conducted to calculate the absolute differences
in significant frequency bands under different movement direction
conditions. The most notable differences were observed in the delta wave
at the parietal Cz and occipital O2 channels. At Cz, the delta wave exhibited
substantial differences at 1.2 Hz (∼0.4 W) and 2.2 Hz (∼0.3 W). At O2, the
delta wave showed a pronounced difference at 1.0 Hz (∼0.65 W), while the
alpha wave displayed a notable difference at 9.5 Hz (∼0.1 W) (see Figure 5).

DISCUSSION

Understanding the mechanisms underlying motion sickness has significant
practical implications, particularly given its widely accepted association with
“sensory conflict”—especially between visual and vestibular inputs. This
study aimed to explore EEG characteristics under conditions of visual–
vestibular conflict. We examined neural responses to two directions of
motion (forward and backward) combined with three types of conflict
conditions.

Empirical studies have shown that backward motion tends to induce
stronger motion sickness than forward motion (Hartmann et al., 2022;
Hughes et al., 2024; Kuiper et al., 2020; Salter et al., 2019)—for instance,
passengers sitting backwards in vehicles are more susceptible to discomfort
than those facing forward. In this study, we found that delta-band activity
was higher during backward motion compared to forward motion. This is
consistent with previous findings that delta activity tends to be stronger under
conditions that are more likely to induce motion sickness (Woo et al., 2023;
Wood et al., 1990; Yeo et al., 2022). Our results extend these findings by
providing neural evidence under real physical motion, suggesting that delta
activity could serve as a potential indicator of motion sickness severity. This
offers valuable insights for future applications, such as predicting individual
susceptibility in dynamic travel settings.

Furthermore, delta power was highest under conditions of conflicting
visual-vestibular information. Although both subjective reports and EEG
measures exhibited only trend-level differences—due to the small sample
size—this experimental paradigm holds promise for future research.

Future studies should increase the sample size, refine experimental
paradigms, and explore additional EEG features to characterize motion
sickness. The feasibility of using spectral features for quantitative evaluation
of motion sickness episodes could also be investigated.
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