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ABSTRACT

The current study sought to objectively evaluate cybersickness by
utilizing Electrogastrogram (EGG) physiological data in relation to
three different navigation axes: Translational movement along the
longitudinal and lateral axes, and rotation along the vertical Yaw axis.
EGG was employed as it has been clinically identified as a valuable
tool for capturing dysfunction in the stomach. This resulted in a
2x2x2 factorial design. Results from both subjective and objective
measurements (N=26, F=10) indicate that rotation along the Yaw
axis is the primary factor influencing cybersickness. Additionally, it
was found that individuals who are not susceptible to cybersickness
do not exhibit any dominant factors.

In summary, through the analysis of EGG data, several key physi-
ological indicators of individual susceptibility to cybersickness were
identified. The findings suggest that there is a positive correlation
between the mean dominant frequency and the tachygastria ratio
with individual susceptibility, while the normalgastria and normal-
tachy ratio were found to be negatively correlated with individual
susceptibility

1 INTRODUCTION

The phenomenon of cybersickness remains a significant challenge
that hinders the widespread adoption of virtual reality technology.
Researchers have proposed various theories to explain this complex
issue. One such theory is the sensory conflict theory, which posits
that a mismatch between the vestibular and visual senses may lead to
motion sickness. This theory suggests that the level of motion sick-
ness is positively correlated with the magnitude of the mismatch [23].
While this theory provides insight into the potential neural mecha-
nisms of motion sickness, it does not fully account for individual
differences in susceptibility [33].

Recently, the postural instability theory has been extensively ex-
amined as a potential explanation for cybersickness [3,4,36]. This
theory attributes motion sickness to an individual’s inability to main-
tain postural stability [24]. The key assumption is that the level
of motion sickness is linked to an individual’s capacity to control
their body posture [33]. Studies have intensively measured postural
instability as a symptom of disorientation in recent years [3, 18],
however, this measure was not adopted in the current study. This is
due to several reasons: first, postural instability measures are most
applicable in applications that require a standing posture, whereas
many applications such as the 3D game in this study are performed
in a seated position. Second, previous studies have indicated that
standing is more sickness-inducing than sitting, thus, adopting a
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standing posture would increase the likelihood of participants pre-
maturely ending the experiment and introducing random movement
noise. Third, fewer studies have explored nausea symptoms.

The issue of individual susceptibility in cybersickness has recently
gained significant attention in the literature [7,21,28]. However,
most discussions have focused on factors such as gender or age,
while the frequently observed phenomenon of individuals exhibiting
different sensitivities to various factors or combinations of factors
[31]is often under-explored.

For example, a study by Lo et al. [19] attempted to understand the
influence of three isolated rotational axes (Yaw, Pitch, and Roll) on
cybersickness and found that there was no dominant cybersickness-
inducing axis. However, a more recent study [22] has shown that
rotation around the front-to-back axis (Roll) has a stronger influence
than the other two axes. Additionally, some studies have found that
rotation around the side-to-side axis (Pitch) can induce sickness
symptoms faster than rotation around the vertical axis (Yaw) [12,30].
The differences in these findings may be attributed to factors such
as rotation magnitude, rotation patterns, duration of virtual reality
exposure, and, most importantly, individual susceptibility to different
factors.

The symptoms of cybersickness, also known as simulator sick-
ness, that individuals may experience during exposure to virtual
reality (VR) content can range from eye fatigue to severe nausea.
The Simulator Sickness Questionnaire (SSQ) [23] is the most widely
accepted standardized subjective measure of cybersickness and iden-
tifies three main symptoms: disorientation, oculomotor, and nausea.
However, subjective measures have been found to lack reliability
compared to objective measures [20]. Additionally, subjective mea-
sures may not be robust enough to accurately quantify individual
susceptibility, as ratings may not be calibrated in a consistent manner
between individuals.

Objective physiological signals have been investigated as a po-
tential means of assessing individual cybersickness, with a focus
on nausea symptoms. However, the interpretation of such signals is
generally more complex and results of studies in this area have been
inconsistent. The present study aims to clarify the potential of Elec-
trogastrogram (EGG) physiological signals for assessing individual
cybersickness.

Electrogastrography (EGG) is a non-invasive technique for as-
sessing gastric myoelectrical activity using surface electrodes with
conductive gel applied to the stomach [26]. The normal EGG fre-
quency for healthy individuals in a fasting state is three cycles per
minute (3 cpm) within a broad range of 2-4 cpm [2,26]. The normal
EGG ratio represents the proportion of EGG dominant frequencies
that fall within this normal range, and for healthy individuals, this
ratio is typically above 70 percent or even higher [25]

EGG signals have been clinically shown to be capable of detect-
ing stomach motor dysfunctions, particularly dysrhythmias such as
tachygastria (0.5-2 cpm) or bradygastria (4-9 cpm) (Koch, 2014;
Chen, 1991; Yin, 2013). However, only a few studies have used EGG
to detect cybersickness (Kim, 2005; Farmer, 2015). In the context of
cybersickness, an increase in tachygastria has been reported (Kim,
2005; Farmer, 2015; Dennison, 2016), while a decrease in bradygas-
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tria was reported in (Dennison, 2016). It is worth noting that only
Dennison et al. used true VR systems to induce cybersickness, and
the reporting of a large bradygastria ratio (above 70 percent) in the
resting state was in violation of previous studies that claimed that
normalgastria ratio should be dominant in healthy participants. This
discrepancy may be due to calculation errors or non-cleaned signals.

The contributions of this study are three-fold: to investigate
whether there exists a dominant factor or combination of factors
that contribute to cybersickness for each individual, to provide an ob-
jective characterization of cybersickness using Electrogastrography
(EGG) data and to investigate the parameters of EGG. Additionally,
the experiment design was deliberately crafted to re-evaluate prior
findings in the relevant literature. To that end, a comprehensive set
of data analyses was carried out.

The experimental design, including the full-factorial approach,
and the details of the EGG data processing are presented in the
following sections. Then the results of the study are described,
followed by a discussion and conclusion.

2 EXPERIMENT DESIGN

This study is a full factorial design with the longitudinal axis, the lat-
eral axis and yaw axis as three within-subject factors. The selection
of these factors is based upon their prevalence as navigation axes
within virtual reality gaming contexts. The longitudinal factor
(short as *X” in the later context) has two levels: 1) Has no transla-
tional movement 2) Has translational movement. Similarly, the
lateral axis factor (short as *Z’ in the later context) has two levels: 1)
Has no translational movement 2) Has translational movement.
Lastly, the yaw axis (short as "R’ in the later context) also has two
levels: 1) Has no rotational movement 2) Has rotational move-
ment. Overall, this eventually yields a 2#2*2 factorial design, with
the following combinations where the letter o indicates no move-
ment along the axis in the (X,Z,R) combination: ’000’,’x00’,’0z0’,
’xz0’, >oor’, *xor’,ozr’, *xzr’.

2.1 Game design

In order to maintain the quality of the physiological recordings and
minimize the potential impact of individual differences related to
navigation control, the displacements within the virtual environment
were pre-programmed. Additionally, to ensure that the participant
remained engaged and in the “game flow” [29] during the VR ex-
perience, minimal game interactions were implemented, requiring
the use of a controller to extinguish fires on buildings along the
path. The player’s view within the game is illustrated in Figure 1.
A supplementary video is also provided to further demonstrate the
gameplay experience.

2.2 Condition description

¢ 000 condition: in the 0oo condition, there is no movement in
the scene, the participants can use the controller to extinguish
the fire in the buildings in front of them.

¢ x00 condition: in the xoo condition, the movements are con-
strained in the longitudinal axis (forward and backward) within
a limited range. The movement follows a forward-backward
repetitive pattern with a change of speed on a fixed time inter-
val (10s).

* ozo condition: in the ozo condition, the movements are con-
strained in the lateral axis (left and right direction) within a
limited range (the same path as in the xoo condition but the user
was rotated 90 degrees on the yaw axis to move left and right
instead). The movement follows a forward-backward repetitive
pattern with a change of speed on a fixed time interval (10s).

¢ xzo condition: in the xzo condition, the movements are con-
strained in the longitudinal and lateral axis within a limited

range (the path is extended to a rectangular shape). Again, the
movement follows a forward-backward repetitive pattern with
a change of speed on a fixed time interval (10s).

¢ oor condition: in the oor condition, there is no translation
movement but only rotational movement along the yaw axis.
The user rotates left and right during a 10 seconds interval with
an angle randomly picked between (30°, 150°, 210°, 330°).

¢ xor condition: in the xor condition, there is a combination of a
translation movement on the longitudinal axis and a rotational
movement along the yaw axis.The periodic change of speed
happens simultaneously on both the axis at the fixed time
interval as above. The speed, acceleration and rotation profile
are the same as above.

¢ ozr condition: in the ozr condition, there is a combination
of a translation movement on the lateral axis and rotational
movement along the yaw axis, similar to the xor condition.

e xzr condition: in the xzr condition, there is a combination of
translational on both longitudinal and lateral axis and rotational
movement along the yaw axis. The translation movement is
similar to the xzo condition with an additional rotation on every
vehicle overtake with an angle randomly selected between (30°,
150°, 210°, 330°) as in the oor,xor and ozr conditions.

Figure 1: First person view of the VR game environment.

2.3 Experiment protocol:

The experimental design consisted of eight sessions, with a minimum
interval of one day (up to three days) between each session. To
counterbalance the potential impact of order effects, participants
always began with the ”000” condition, which was expected to be the
least sickness-inducing condition. The remaining seven conditions
were randomized using a Latin-Square design. All experimental
sessions were conducted in a sound-attenuated room.

At the onset of the first session, participants were asked to com-
plete a demographic questionnaire to provide information on their
gender and past experience with VR and motion sickness. Prior
to each subsequent session, participants completed the Simulator
Sickness Questionnaire (SSQ) as a baseline measure of their health
status. During the 20-minute VR exposure, physiological measures
of gastric and heart activity were continuously monitored, and the
Fast Motion Sickness Questionnaire (FMS) score was recorded at
one-minute intervals. The session concluded with the post-SSQ



Only Once Repeated 8 sessions
H Before i ‘ During VR ‘ ‘ After VR ‘ |
VIMSSQ R
MSSQ . VR .
Gender |Pre-SSQ T““’T'a' exposure|Post-SSQ |nter\{|ew
1min - 2min
Age 20 min
FMS/min
EGG
ECG

Figure 2: Experiment flow of all sessions. The VIMSSQ and MSSQ
were assessed for only once before the VR experiments. Each session
started with a pre-SSQ following a short tutorial and the 20 min
VR exposure. During the VR exposure, the Fast Motion sickness
questionnaire (FMS) was applied very minute.

and a participant interview to gather subjective feedback on their
experience, as outlined in Figure 2.

2.4 Hardware
The participant was always seated during the VR exposure (Fig. 3).

2.4.1 VR apparatus

The delivery of the Virtual Reality (VR) experience was facilitated
by the HTC Vive Pro Eye (HTC, 2019). The headset was equipped
with Tobii Eye Tracker units, which allowed for precise tracking
of eye movements during the VR exposure. The eye-tracking data
was recorded with a sampling rate of 120 Hz and boasted a level
of accuracy as high as 0.5 degrees with a latency of 10 ms. The
advanced HTC Vive Pro Eye headset features dual OLED screens,
providing a diagonal Field of View (FOV) of 110°, a combined
screen resolution of 2880 x 3200 pixels, and a refresh rate of 90Hz.
The headset was powered by a 2.8GHz Intel Core 19 processor with
32GB of memory and an NVIDIA GeForce GTX 2080 graphics
card, operating on a Windows 10 platform.

2.4.2 EGG and ECG

The gastric signals were acquired using the Smart EGG100D Electro-
gastrogram Amplifier and the MP160 System from BioPac Inc. The
sampling frequency was set at 250 Hz. Two triggers, corresponding
to the start and end of rotation, were sent via a parallel port from the
customized VR game. The Electrogastrogram (EGG) was collected
via three electrodes placed on the participant’s stomach, following
the standard positions recommended by BioPac (see Figure in sup-
plementary materials). The recordings were monitored using the
Acknowledge software version 5.0 from BioPac. The Electrocar-
diogram (ECG) signal was also collected and used to extract the
breathing signal, which was necessary for the EGG data analysis.

2.5 EGG data processing

The processing of EGG signals adhered to the standardized block
diagram outlined by Komorowski et al in their publication [14]. In
the following sections, a comprehensive explanation of the signal
processing steps will be provided.

a) Preprocessing: In the preprocessing stage, the EGG data was
initially segmented based on the timestamp triggers received from
the VR game. The original EGG raw data was collected at a rate of
250Hz to concurrently acquire the ECG recording, hence requiring
a reduction in sampling frequency to 4Hz through downsampling.
Subsequently, a Butterworth bandpass filter with a frequency range
of 0.015 to 0.5Hz was applied to the down-sampled signal, followed
by the application of a low-pass filter with a cutoff frequency of
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Figure 3: Settings of the experiment, participants were seated during
the VR exposure. They used controllers to aim at fires on buildings

0.16Hz. These filters were utilized to effectively eliminate high-
frequency noise from the signal.

b) ECG-Derived Respiration (EDR):The respiratory signal, EDR,
was derived from the ECG signal by first identifying the R peaks
and calculating the ECG rates. The ECG signals were then formed
through interpolation of the values of the normalized area under
the QRS complex. The computations were carried out using the
neurokit2 software. The raw EDR signals were resampled at a rate
of 4Hz and filtered using a bandpass filter with a frequency range of
0.0175 to 0.5Hz.

¢) Mitigation of Respiratory Disturbances in EGG Signals: Dur-
ing the experiment, it was observed that participants often took deep
breaths when they experienced discomfort or fatigue after prolonged
periods of maintaining a static posture. To address this issue, adap-
tive filtering was employed to effectively remove the respiratory-
related noise in the signals. The adaptive filtering approach was
based on the utilization of the EDR signals, as previously described,
to obtain maximum correlation with the respiratory components in
the EGG signals [17]. The implementation of the adaptive filtering
was achieved through the use of the discrete cosine transform (DCT)
and the least mean square (LMS) algorithm, as described in Liang’s
paper [17] and illustrated in Figure 4.

In the adaptive filtering approach, the primary inputd; corre-
sponds to the down-sampled EGG recordings after undergoing basic
filtering, and the reference input f; represents the down-sampled
EDR signals after basic filtering. The time index, j, ranges from
1 to T, where T is the length of the signal d; The objective of the
adaptive filtering is to adjust the reference signal f; through the use
of an adaptive filter, creating a replica y; that is highly correlated
with the respiratory component of the input EGG signals [14, 17].
The adaptive filter is implemented in the transform domain using
the discrete cosine transform (DCT), as transform-domain adaptive
filtering has been shown to converge more effectively compared to
time-domain and frequency-domain adaptive filtering [14, 17]. The
weights of the adaptive filter are updated using the least mean square
algorithm, in order to minimize the residual error e; [14,17]

Following Liang’s paper [17], the reference input vector Fj is
defined as:

Fi=[fj, fi—tefijons1]" 1)

The DCT of reference input vector Z; as:

Z; = [35(0).2(1)-i (V= D] @

Wi = [w;(0),w;(1).ccow;(N = 1)]T 3)



And the output of the adaptive filter y; can be written as:
i =2Z]W; “
The LMS algorithm for the adaptation of the filter weights is written

as.
u
e —eiz(k (5)
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“where w (k) is the ky, filter weight at time point j, W is the learning
rate that helps to control the convergence, N denotes the number
of filter weights, and e; is the residual error between the output of
adaptive filter and the original input of d;, e; = d; - y;” [14,17].
The parameters for the DCT-based adaptive filter in this paper are
chosen as follows: u =0.0001, N = 10, w is randomly generated at
the beginning.

wit1(k) =w;(k)

d) PostProcessing: following the standardized procedure in [14],
a bandpass filter (0.015-0.5Hz) and a low pass filter (0.16Hz) were
applied to the signals after the adaptive filter.

e) Running Spectrum Analysis: to extract clinically established
EGG parameters, such as mean dominant frequency, dominant
power, normal gastric ratio, tachy gastric ratio, and normal to tachy
gastric ratio, we employed a running spectrum analysis utilizing
short-time Fourier transform with a Hanning window size of 64s, in
accordance with recommendations.
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Figure 4: Overview graph of the Adaptive filter that was adopted for
the treatment of EGG signals (from [17])

Following the review from Riezzo et al [2,26,37], we identified
five essential parameters:

* Mean dominant frequency: the Mean dominant frequency
was calculated by averaging the dominant frequency of each
window size with running spectrum analysis. The dominant
frequency was defined as the frequency that had the maximum
power.

* Normal gastric ratio: “The percentage of normal slow waves
can be computed from the running power spectra of the EGG.
one spectrum is derived from every window size of EGG data;
the minute is considered normal if its EGG spectrum exhibits a
dominant power in the range of 2-4 cpm. A normal ratio above
70% is considered as the normal state in human beings.” [37].

» Tachy gastric ratio: It is computed with the same method as
the normal ratio except that the target frequency range is 4-9
cpm [37]

* Brady gastric ratio: It is computed with the same method as
the normal ratio except that the target frequency range is 0.5-2
cpm [37]

* Normal to tachy gastric ratio: This ratio is calculated as
(Normal gastric ratio) /(Tachy gastric ratio).

3 REsuULTS
3.1 Participants

Participants were recruited through the intranet of EPFL. Inclusion
criteria stipulated that participants complied with the following rules:
1) abstain from consuming alcohol, motion-sickness medication, or
similar substances for a minimum of 12 hours prior to the experiment,
and 2) have their last meal at least two hours before the session. A
total of 26 participants (10 female) aged between 18 to 25 (M =21,
SD = 1.9) participated in this study. Participants were compensated
with cash. The study was approved by the relevant institutional
review board and adhered to the ethical guidelines set forth by the
associated project.

3.2 Statistical analysis

Data analysis was conducted using custom-written Python code. Nor-
mality tests were applied to determine whether the sample data were
normally distributed. The Shapiro-Wilk test was used to perform
the normality test. For parametric data in a normal distribution, the
Paired t-test was used. For non-parametric data, the Friedman and
Wilcoxon-signed rank tests were applied for post-hoc analysis. To
examine the presence of a statistically significant interaction effect
between three factors, a three-way repeated-measure ANOVA was
used. Additionally, a permutation test was used to compare groups
with different sample sizes. The strength of the linear relationship
between two variables was assessed using Pearson correlation (e.g.,
correlation between Motion Sickness Susceptibility Questionnaire
(MSSQ) and Simulator Sickness Questionnaire (SSQ)).

3.2.1 General results-SSQ

Fig. 5 shows the variation of the Simulator Sickness Questionnaire
(SSQ) Total Scores (noted ASSQ or Delta_TS) for all conditions.
Fig. 6 highlights the most sick condition for all participants. Nor-
mality distribution was examined using the Shapiro-Wilk test and
the resulting p-values were calculated. The results indicated that
only the "000” condition did not follow a normal distribution. There-
fore, the Wilcoxon signed-rank test was applied for this condition,
while the pairwise t-test was used for the remaining conditions. The
analysis revealed that all p-values, except for the 000 condition,
were less than 0.05, indicating that the ”000” condition was the least
sickness-inducing. The conditions with Yaw rotation induced signifi-
cantly more cybersickness than those without. Specifically, the "ozr”
condition was ranked as the most sickness-inducing combination,
followed by “xor” and “’xzr.” In contrast, the ”000,” ’x00,” 0z0,”
and “’xzo” conditions induced less sickness.

3.2.2 Three-way Repeated measure ANOVA

Given the within-subject design with a repeated measure of 8 ses-
sions, a three-way repeated measure analysis of variance (ANOVA)
was performed to study the main effects and interactions of the
three independent factors. The assumptions of the repeated mea-
sure ANOVA were examined prior to conducting the analysis. The
Shapiro-Wilk test was used to determine whether all levels of delta
total SSQ scores followed a normal distribution, and it was found
that only the ”x00” condition did not. However, as the sample size
was more than 25, this requirement was considered inconsequential.
Secondly, Mauchly’s test was conducted, and the results did not
indicate any violation of sphericity. As the assumptions were met, a
three-way repeated measure ANOVA was performed. The results
are presented in Table 1.
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Figure 6: The distribution of the most sick condition for each individual.
The Count axis presents how many participants eventually experi-
enced the strongest sickness in the axis, grouping by Gender

3.2.3 Post-hoc analysis

The three-way repeated measure ANOVA revealed that rotation had a
main effect on cybersickness, and the interaction of the three factors
also had a strong effect. Therefore, pairwise post-hoc tests (paramet-
ric and non-parametric) were conducted to examine the differences.
The p-values were corrected using the Bonferroni correction. The
pairwise tests demonstrated that the interaction of the ZR factors
and the XR factors had a strong significant effect on cybersickness,
both with p-values less than 0.001. However, the result was different
when considering the interaction of X*Z, with a p-value of (p =
0.23), further confirming the main effect of rotation. In terms of the
single axis, X and Z had a non-significant effect on cybersickness
(p =0.13 and p = 0.32), while R had a strong significant impact on
cybersickness (p < 0.001).

3.2.4 Gender factor

We further examined the effect of gender on cybersickness. As the
number of participants per gender was not balanced, a permutation
test was applied. The results showed that there was no significant
difference between genders in general or in each condition.

Lateral =0 Lateral = 1

Delta TS

Longitudinal Longitudinal

Figure 7: Three-way Anova graph, error bars represent the standard
deviation.

Table 1: Three-way repeated measure Anova

Factor F-Valuee NumDF DenDF pr>F
X 2.36 1.00 25.00 0.137

zZ 0.99 1.00 25.00 0.329

R 38.48 1.00 25.00 0.000
X:Z 2.65 1.00 25.00 0.116
X:R 0.00 1.00 25.00 0.931
Z:R 0.55 1.00 25.00 0.465
X:Z:R 9.73 1.00 25.00 0.004

3.2.5 Individual susceptibility classification with SSQ
3.2.6 Fast Motion Sickness questionnaire (FMS)
3.2.7 Correlation analysis

With regard to the correlation between MSSQ and SSQ scores, it
was surprising to find that there was a weak positive correlation
between MSSQ and Delta_TS (coefficient = 0.12, p = 0.04). An
examination of the correlation between VIMSSQ and Delta_TS also
revealed a very weak positive correlation (coefficient = 0.11, p =
0.09). These findings, along with the corresponding questionnaires
and calculations, are documented in the supplementary materials.

3.2.8 Electrogastrogram

In order to evaluate the relationship between gastric activity and
cybersickness, we examined the mean dominant frequency and the
normal ratio of gastric signals recorded during the VR exposure. The
results, as presented in Figures 13 and 14, indicated that participants
exhibited a higher dominant frequency and a lower normal ratio
in conditions that involved rotations, compared to those that did
not. Furthermore, the addition of rotations resulted in a decrease in
the normal ratio when combined with translational movement. The
normal ratio was found to be negatively correlated with Delta_TS,
with the ozr condition reporting the smallest normal ratio compared
to the other conditions. Additionally, we also examined the tachy
ratio, which is known to be a nausea indicator according to previous
studies [13]. The results were consistent with Delta_TS, with ozr
and xor conditions reporting the highest tachy ratio. The tachy ratio
of participants in conditions with rotations significantly increased
compared to conditions without rotations. Furthermore, the normal
to tachy ratio, as presented in Figure 16, revealed a significant
decrease in xor, ozr, and xzr conditions, indicating that the stomach
activities of participants were generally stronger in these conditions,
driven mainly by nausea. Participants experienced less nausea in
000, X00, 0z0 and xzo conditions.
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Figure 9: Descriptive lineplot of Mean FMS for each minutes (with
standard deviation), colors represent different conditions,Generally,
mean FMS scores exhibited an increasing trend with minutes across
all sessions, but with variations in the rate of increase. It was observed
that conditions x00, 0zo and xzo increased relatively slowly. These
results were consistent with the SSQ findings, as conditions xor and
ozr exhibited a faster increase in discomfort than the other conditions.

3.2.9 EGG with individual susceptibility

The investigation aimed to examine the correlation between sus-
ceptibility to cybersickness, as categorized by ASSQ scores (noted
Delta_TS), and EGG parameters. The analysis specifically compared
the mean dominant frequency and tachy ratio across the suscepti-
bility groups, as illustrated in Figures 17 and 18. A comparable
outcome was observed when participants were classified based on
FMS scores.

The results showed that individuals with high susceptibility exhib-
ited a higher mean dominant frequency and tachy ratio compared to
those in the medium and low susceptibility groups. A one-way anal-
ysis of variance (ANOVA) was conducted to assess the differences
in mean scores among the three susceptibility groups (low, medium,
and high) with EGG as the dependent variable. The normality test
results indicated that the data met the assumptions of normality. The
one-way ANOVA revealed a significant effect of severity in Tachy
ratio (F = 6.86, p = 0.02), Normal ratio (F = 8.38, p < 0.01), mean
dominant frequency (F = 8.32, p < 0.001) and normal tachy ratio (F
=1.45,p=0.23).

Given the unbalanced sample size across the groups, a permu-
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Mean FMS
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Figure 10: Individual susceptibility classfied by mean FMS of all
sessions.The thresholds were adapted from Garrido et al’'s study [5]
(Low: FMS < 4, Medium: 4 < FMS < 10, High: FMS > 10).

tation test was performed to determine the statistical significance
of the differences. The results indicated a significant difference in
mean dominant frequency between the high and low groups (p j
0.001) and between the high and medium groups (p = 0.004). A
significant difference was also found in normal ratio between the
high and medium groups (p = 0.04) and between the high and low
groups (p = 0.03). Furthermore, a significant difference was ob-
served in tachy ratio between the high and medium groups (p = 0.04)
and between the high and low groups (p = 0.03), with no significant
difference between the low and medium groups (p = 0.54). Finally,
no significant difference was found between normal to tachy ratio
across the groups, although a trend of lower normal to tachy ratio
was observed in the high susceptibility group.

3.2.10 EGG correlation with the variation of nausea
(Delta_N)

The perception of nausea among individuals is subjective in nature
and poses a challenge, as the same subjective rating may not neces-
sarily correspond to an equivalent level of discomfort. To address
this issue, a correlation analysis was performed between the key
parameters of EGG and the Nausea subscale of the SSQ. The results
revealed a medium positive correlation between the tachy ratio of
the EGG and Delta_N (coefficient = 0.45, p < 0.01) as well as a
medium negative correlation between the normal ratio of the EGG
and Delta_N (coefficient = -0.31, p < 0.001). Furthermore, a nega-
tive correlation was observed between the normal-tachy ratio and
Delta_N (coefficient = -0.36, p < 0.001).

Given that both the FMS and EGG were recorded during the VR
exposure, a correlation analysis was also conducted between the
EGG parameters and the 20th-minute score of the FMS. The results
demonstrate that the correlations between the FMS and EGG are
stronger compared to the correlations between the EGG and ASSQ.
Specifically, the 20th-minute FMS score was found to be negatively
correlated with the normal ratio (coefficient = -0.47, p < 0.001)
and the normal-tachy ratio (coefficient = -0.38, p < 0.001), and
positively correlated with the tachy ratio (coefficient = 0.44, p <
0.001).

4 DiscussION

The results of our study indicate that the Yaw axis rotation is the
primary cause of cybersickness among the three factors, with the ozr
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Figure 11: EGG running spectrum analysis of non-sensitive Partici-
pant A in oor condition, the EGG frequencies are mostly within the
normal range
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Figure 12: EGG running spectrum analysis of high-sensitive Partici-
pant B in oor condition, the EGG frequencies are shifted to tachygas-
tria.

condition being the worst combination. A comparison of single axes
showed no significant difference between the longitudinal and lateral
axes, whereas the Yaw axis rotation was found to be worse than the
other two. Additionally, there was no evidence of an interaction
effect or increased power when comparing the translational axes
and their combinations. The ooo condition, which did not involve
locomotion, was found to be the least sickness-inducing condition.
However, it was noted that the mean FMS score for this condition
was slightly higher than expected, potentially due to participants
turning their heads more frequently or experiencing aliasing jitters in
peripheral vision. Conversely, the xzr condition, which was initially
expected to be the most sickness-inducing, was found to be lower
than the xor and ozr conditions. This discrepancy may be attributed
to a smaller proportion of rotation time in the xzr condition, due to
the fixed duration of each condition.

In regards to gender, our study did not find a significant difference,
which may be due to an imbalance in the number of participants of
each gender. The use of a state-of-the-art HMD with eye tracking
allowed for proper interpupillary distance (IPD) calibration for each
individual [27], which could have minimized any potential gender
differences.

Concerning individual susceptibility, low-sick or even non-sick
individuals generally experienced steady levels of sickness across
all conditions, while highly susceptible individuals were easily af-
fected, particularly in conditions with rotation. Furthermore, some
participants were found to be only sensitive to specific combinations
of axes, while others were sensitive to several combinations.

Our results indicate that the MSSQ and VISSQ measures, com-
monly employed in previous literature as predictors of cybersickness,
were not found to be as effective in this study. This is in contrast
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Figure 13: Results of Mean Dominant Frequency for each session
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Figure 14: Results of Normal ratio for each session

to previous studies that have reported strong correlations between
these measures and cybersickness [6, 8, 10, 15,34,35]. However, our
findings align with studies that have reported a lack of correlation
between MSSQ and cybersickness [1,9,32]. The discrepancy in
results may be attributed to the distinction of cybersickness from
motion sickness, as discussed in [16]. Additionally, the low correla-
tion between VISSQ and cybersickness may be due to the limited
past VR experience of participants, as most of them had rarely or
never experienced VR before, or the dilution of VR experience pre-
diction power by other past experiences. These results might be
explained by the fact that the VISSQ includes 11 questions, only two
of which are related to VR, and that there is no weighting applied to
the calculation of the final score.

In our paper, we posit that there exists a strong correlation be-
tween shifts in gastric dysrhythmias, specifically tachy and brady
variations, and the onset of nausea. We provide an illustration of
both a non-sensitive individual, who reported minimal sickness dur-
ing the VR condition, and a sensitive individual, who experienced
high levels of nausea during the VR session in figures Fig. 11 and
Fig. 12, to demonstrate the range of responses to the VR environ-
ment . Through a running spectrum analysis of the EGG signals, we
are able to discern the physiological changes that occur in the stom-
ach during the onset of nausea. The results of our analysis reveal
that the non-sensitive participant exhibited regular gastric activity
throughout the 20-minute exposure, while in the sensitive individual,
an acute frequency shift from the normal gastric rhythm to a tachy
gastric rhythm was observed from the onset of the exposure.

The results of our between-conditions statistical analysis indicate
that there is an increase in the tachy ratio, a finding that is consistent
with previous studies in the literature (Kim et al., 2005; Koch et al.,
2014). Additionally, we evaluated a comprehensive set of clinical
electro-gastrographic (EGG) parameters and their correlation with
cybersickness. The decrease in the EGG normal ratio, dominant
mean frequency, and the increase in the EGG tachy ratio and normal-
tachy ratio are indicative of nausea. This finding contradicts the
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Figure 16: Results of Normal-Tachy ratio for each session

results reported by Dennison et al., as the brady ratio of all par-
ticipants in our study was less than 5 percent (mostly 0 percent)
during experimental sessions. However, we remain cautious about
the results reported by Dennison et al., as previous studies have
established that the brady ratio should not be the dominant ratio
in healthy participants (Koch et al., 2014; Riezzo et al., 2013; Ko-
morowski et al., 2015). Furthermore, our study is the first to examine
the EGG parameters in relation to individual susceptibility, as shown
in figures Fig. 17 and Fig. 18. As hypothesized, the more sensitive
the participants, the higher the ratio of tachy gastria and mean domi-
nant frequency when experiencing nausea, and correspondingly, the
lower the ratio of normal gastria and the normal-tachy ratio.

4.1 Limitation and future work

Due to limitations in the study design, the sample size in the gender
and individual susceptibility groups was not equitably distributed.
In order to address this limitation in future research, utilizing a
screening process to achieve a more balanced distribution of partici-
pants within each group would be beneficial [31]. Additionally, the
current study focused on utilizing physiological signals collected
from the stomach to investigate the phenomenon of nausea. How-
ever, it is acknowledged that electrogastrography (EGG) signals,
while useful in measuring the intensity or changes in cybersickness,
do not provide insight into the neural processes underlying these
symptoms. As such, future studies may benefit from utilizing brain
imaging techniques to investigate the neural mechanisms underlying
the development of nausea, as well as potential interactions between
the brain and gut in this process. The scope of our research is con-
strained in terms of the types of games and interactions investigated.
To achieve more generalized conclusions, it would be beneficial to
expand the study to include a wider range of games and interactions.

5 CONCLUSION

In this paper, we conducted a full-scale factorial design to determine
the cybersickness severity to the three common navigation axes in
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Figure 17: Results of normal ratio classified with individual suscep-
tibility with SSQ, we added normal-tach ratio in the supplementary
material
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Figure 18: Results of Tachy ratio classified with individual susceptibility
with SSQ, we added mean dominant frequency in the supplementary
material

VR games (longitudinal, lateral, and yaw). Our results show that,
for individuals highly susceptible to cybersickness, Yaw was the
dominant factor. However, low-sensitivity individuals were found
to be immune to all factors. Furthermore, it was determined that
increasing the number of translational axes did not have a significant
effect on cybersickness. What was observed to be more important
was the varying combinations of factors that induced cybersickness
in different individuals, thus emphasizing the need to understand
individual susceptibility in order to prevent cybersickness. Addition-
ally, our results revealed that four essential EGG parameters had a
strong correlation with cybersickness, three of which were newly
identified in this paper. These parameters included the tachy ratio
and mean-dominant frequency which had a positive correlation with
nausea, and the normal ratio and normal-tachy ratio which had a
negative correlation with nausea.

In conclusion, our results provide key insights into individual
susceptibility to navigation axis factors. Individuals were found
to have dominant factors or combinations of factors that induced
cybersickness. Identifying these dominant factors for an individual
is essential in order to avoid them or adopt strategies in order to
mitigate their effects.
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